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ABSTRACT 

Microbial polysaccharides are widely used in many industrial and therapeutic 

applications as bioactive compounds, drug release and encapsulation materials for 

pharmaceuticals, and as natural ingredients or additives in food applications. To 

increase the utilisation or to improve for the food and healthcare applications of 

these polysaccharides, it is critical to have the detailed knowledge of 

macromolecular properties and interactions with other polymers. In this study, to 

properly understand the relationship between physical properties and functionality, 

the microbial polysaccharides-namely xanthan, gellan, microbial hyaluronic acid 

(HA) and schizophyllan, which have widely been used for many food and medical 

applications, were investigated. Taking advantage of recent advances in 

hydrodynamic techniques, including analytical ultracentrifugation (AUC) based on 

sedimentation velocity and equilibrium, size exclusion chromatography coupled to 

multi angle light scattering (SEC-MALS) and viscometry, the solution properties of 

these polysaccharides were studied. Since conformation analyses are important for 

macromolecular structure-function relationships, the conformation of these microbial 

polysaccharides were examined using the accomplished method-Multi- 

HYDFIT. For schizophyllan and gellan, the samples were depolymerised using heat 

treatment to estimate the conformation. The results indicated that, the three microbial 

polysaccharides (xanthan, gellan, schizophyllan) adapted the rigid rod conformation 

whereas another polysaccharide-microbial HA adapted semi-flexible coil structure.  

Then, the possible interactions of these polysaccharides were investigated with 

chitosan of different degrees of acetylation using the principle of co-sedimentation in 

AUC. Xanthan-chitosan mixture presented strong evidence by proving a clear 
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interaction on the basis of changes in the distribution of sedimentation coefficients in 

the solution form of mixture whereas the mixture of chitosan-schizophyllan and 

chitosan-HA did not show or prove any clear interactions at studied concentrations 

and solution conditions. 
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CHAPTER 1  

INTRODUCTION 

1.1.  INTRODUCTION 

Carbohydrates are the most abundant class of natural organic compound, which have 

different functions in both plant and animal tissues. The carbohydrates are classified 

into three groups according to their chemical structure: monosaccharides, 

disaccharides and polysaccharides (Patel, 2007). Polysaccharides consist of 

monosaccharide units linked with glycosidic bonds. The variety and complexity in 

polysaccharides originate from different types of monosaccharides in the backbone 

and the variety of glycosidic linkage between them. This diversity leads to many 

potential industrial applications, particularly, cosmetics, pharmaceuticals and food 

applications. Ubiquitously availability and renewable properties of polysaccharides 

make them useful in almost all sectors of human activities (e.g. materials science, 

nutrition, health care and energy)  (Persin et al., 2011). 

Polysaccharides, in many forms, play an important role as an energy provider or 

storage, a structural unit and as a protector for cells in all living organisms. They can 

be classified according to their molecular structure (homopolysaccharide or 

heteropolysaccharide), their molecular shape (e.g. linear, branched, alternating 

repeat), their properties (e.g. gelling, non-gelling) and their electrostatic charge (e.g. 

anionic, cationic or neutral). However, categorisation by their origin (e.g. higher 
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plants, microorganisms, marine plants) is the most commonly used (Table 1.1) 

(Huber et al., 2005).   

Among all types of polysaccharides (e.g. animal, marine), microbial polysaccharides 

promise more benefits as compared to other polysaccharides that have the same 

functions in terms of availability, well-manageable process conditions and stable 

chemical characteristics (Giavasis and Biliaderis, 2007a). Since microorganisms are  

 

Table1.1:  Classification of polysaccharides considering the source1 

Source/Origin Polysaccharide Examples 

Higher Plants  

Cell wall associated cellulose, hemicellulose, pectin 

Energy stores (seeds, roots, tubers) starch, guar gum, locust bean gum 

Exudates gum arabic, gum karaya 

Marine plants (seaweed extracts) carrageenan, alginate, agar 

Microorganisms  xanthan, gellan 

Animal  glycogen, glycosaminoglycans, 

chitin, chitosan 

Chemical derivatives (of varied native 

origin) 

hydroxyproply starch, starch 

acetate, starch phosphate, 

carboxymethylcellulose, 

hydroxyproply methylcellulose, 

methylcellulose 

Synthetic  polydextrose  

1adapted from (Huber et al., 2005) and (Izydorczyk, 2005). 



3 
 

also more susceptible for genetic manipulation than higher organisms, the 

biosynthetic or degradation pathways by manipulation of enzymes can be improved. 

Thus, the production of polysaccharides can be improved indirectly (Tombs and 

Harding, 1997). 

1.2. MICROBIAL POLYSACCHARIDES 

Microbial polysaccharides produced by microorganisms show particular diversity in 

structural and functional properties. These polysaccharides may be produced for 

different purposes such as (i) cell defence, (ii) prevention phagocytosis, (iii) 

protection from dehydration, (iv) adhesion to the surfaces or the other cells, (v) 

energy reserve and part of the cell wall (Giavasis, 2013). According to their 

functions, there are three types of polysaccharides: intracellular polysaccharides 

(carbon or energy supplier for organism), structural polysaccharides (constituent for 

cell wall and structure) and extracellular polysaccharides that are also called 

“exopolysaccharides” (EPS). Since isolation and purification of cell wall 

polysaccharides are difficult, exopolysaccharides are widely used in many industrial 

applications as bioactive compounds, drug release and encapsulation materials for 

pharmaceuticals, as natural ingredients or additives in food applications. For 

industry, they have been used for oil drilling and recovery and biodegradable plastics 

(Kumar and Mody, 2009). The Gram negative bacteria (Xanthomonas, 

Sphingomonas, Streptococcus etc.) and the fungi from the Basidiomycetes 

(Schizophyllum, Sclerotium etc.) family are popularly used to obtain microbial 

polysaccharides for many biotechnological applications. For example, xanthan 

produced from Xanthanonas campestris has been used as a thickener, viscosifier, 

emulsifier and stabiliser for food industry and an encapsulation agent with chitosan 
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for pharmaceutical applications whereas schizophyllan from Schizophyllum 

commune is used for medical applications due to its antitumor, antinflammatory  and 

immunostimulating properties (Zhang et al., 2013).  

Although several microbial polysaccharides have already been discovered, this study 

will only focus on just xanthan, gellan, bacterial hyaluronic acid and schizophyllan 

in terms of their properties and applications. 

1.2.1. Xanthan 

Xanthan gum is a natural polysaccharide discovered in 1950s by American scientists 

at the Northern Regional Research Laboratories (NRRL). After safety and 

toxological research studies, xanthan was approved by United States Food and Drug 

Administration (FDA) and European Economic Community respectively. It is 

widely used as a thickening agent, dispersant agent and stabiliser in food, 

pharmaceutical, cosmetic and agricultural applications (Rosalam and England, 2006, 

García-Ochoa et al., 2000) since its transformation from substrate to macromolecule 

is comparatively higher (~70%) and less expensive than any other microbial 

polysaccharide (Sutherland, 1998).  

Xanthan is an anionic, extracellular microbial polysaccharide produced by 

Xanthomanas campestris (Rodd et al., 2000, Berth et al., 1996, Khouryieh et al., 

2007). The primary structure of xanthan consists of a linear ȕ-(1ĺ4) ଻-glucan 

backbone with trisaccharide chains containing ଻-glucoronic acid unit between two ଻-

mannoses. These trisaccharide chains are linked to a backbone at C-3 on every 

second unit (Figure 1.1). Approximately half of the terminal ଻-mannose units contain 
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a pyruvic acid residue linked via a keto group to the 4 and 6 positions, whose 

distribution patterns are described (Kool et al., 2014). 

The annual worldwide production of xanthan is 30000 tons and its market is 

approximately US$270 million (Kalogiannis et al., 2003, Phillips and Williams, 

2009).  

 

Figure 1.1: Chemical structure of xanthan adapted from (Tombs and Harding, 

1997) 

 

Xanthan molecules are very large, anionic heteropolysaccharides with high 

molecular weights (Mw) (~ 2.80-7.40 x 106 Da) (Sato et al., 1984, Berth et al., 1996) 

and high viscosity at low concentrations (Dhami, 1996). 

The approval of xanthan from US Food and Drug Administration and European 

Economic Community makes it not only attractive as a food additive, but also for 
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use in biomedical and pharmaceutical application. Due to the ability of dissolution in 

both cold and hot water, stability over a wide range of pH values and temperatures, it 

is favourable for many applications (Sutherland, 2006). For instance, in the food 

industry, it has been used as a stabiliser in syrups, sauces and dressings, which 

enables the emulsion stability in salt and acid, which contributes the texture and 

pourability and increases the flavour release while stabilising the viscosity at wide 

range of temperatures and pH ranges (Giavasis, 2013). Xanthan has also been used 

for bakery products to bind water and enhance the texture, for beverages to improve 

mouthfeel and solubility at even low pH and, for dairy products to reduce syneresis, 

stabilize the emulsions and control ice crystals formation, and for meat products to 

bind water and inhibit syneresis (Palaniraj and Jayaraman, 2011).  

Xanthan generates synergistic gels with gluco and galactomannans by heating above 

its conformation transition temperature then cooling so that the total required amount 

of polysaccharide is reduced. Besides that, this synergistic gel is also used to 

enhance the functionality of foods related to health concern such as prevention of 

obesity. The study on mixtures of konjac glucomannan-alginate-xanthan as an 

additive tablets (PGX) for control satiety has demonstrated that addition of 5g PGX 

tablet to meal decreased the anticipatory consumption and increased the satiety 

feeling along with a low calorie diet (Kacinik et al., 2011).  

Xanthan has gained interest from other industries. In the oil industry, it is used for oil 

recovery as an additive, for oil drilling, pipeline cleaning and fracturing since it has 

good stability against salt and temperature. In paper, paints and wallpaper-adhesive 

industry, it controls rheological behaviour and aids the suspension. In textile and 

carpet printing, it enhances processing and regulates the colour migration. Xanthan is 

also used for personal care products such as shampoos, creams, toothpastes, where it 
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improves the pumpability and stabilises the emulsions (Palaniraj and Jayaraman, 

2011).  

For medical and pharmaceutical applications, xanthan has also been used as an 

encapsulation agent along with modified starches, polyvinyl alcohol, cellulose esters, 

kappa-carrageenan, guar gum and mostly chitosan in nanoparticle, microsphere, 

hydrogel and matrix systems (Benny et al., 2014). Since xanthan-chitosan can form a 

gel under lower pH, the complex has been considered as a continuous release matrix 

for drugs. For example, Popa et al. worked on chitosan-xanthan hydrogel to 

encapsulate theophylline (THP) and concluded that THP inclusion into drug has 

confirmed higher bioavailability than raw complex. Therefore, this chitosan–xanthan 

complex was recommended for the application of oral drug delivery systems such as 

chronic pulmonary obstructive disease (Popa et al., 2010). This xanthan-chitosan 

hydrogel system is also used to encapsulate vitamins, polyphenols, enzymes and 

probiotic bacteria see e.g. (Liu et al., 2011a, Argin-Soysal et al., 2009, Draganescu et 

al., 2013). 

1.2.2. Gellan 

Gellan gum, an extracellular polysaccharide, was first discovered and produced in 

1978 by Kelco (San Diego, USA). It was approved as a food additive firstly in Japan 

(1988) then in USA and EU (1992), respectively. Now, it is added as a commercial 

gelling agent for food usage in many countries e.g. Canada, Australia and Southeast 

Asia (Morris et al., 2012). It is an anionic heteropolysaccharide produced by 

Sphingomanas elodea (Kumar and Mody, 2009). The linear molecular structure 

consists of a repeating tetrasaccharide of two substituents of ȕ- ଻-glucose, one of ȕ- 

଻ glucoronate and one of Į-ݱ-rhamnose. The native form of gellan has two types of 
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acyl residues: an ݱ-glyceryl residue on O(2) of the 3-linked glucose substituent of the 

tetrasaccharide chain and an acetyl group at O(6) of the same residue (Figure 1.2). 

Both these residues are removed by an alkaline process and this deacetylated gellan 

is called ‘low acyl gellan’ and ‘high acyl gellan’ according to mildness of the process 

(Morris et al., 2012, Prajapati et al., 2013).  

 

Figure 1.2. Chemical structure of (a) native and (b) deacetylated gellan gum 

adapted from (Prajapati et al., 2013) 

Gellan gum is in the GRAS (Generally Recognised as Safe) list for food 

applications. Gellan gum forms thermoreversible, brittle and rigid gels in the 

presence of mono and divalent cations, which enables its use in many applications 

(Morris et al., 2012). Due to its ability to form clear gels, it can be used in many food 

applications as a viscosifier, gelling agent and texture modifier for the products such 
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as dessert gels, confectionery products, pie fillings, processed meats and milkshakes. 

Gellan gum can be also used as an agar substitution for Japanese food applications 

such as hard bean jelly, mitsumame, tokoroten noodles (Morris, 2006). It was 

proposed as a gelatine alternative due to its textural and rheological properties 

(Morrison et al., 1999). Like xanthan, gellan showed synergistic interactions when 

blended with other polysaccharides such as carrageenan, xanthan, konjac 

glucomannan, xyloglucan (Rodrıғguez-Hernández and Tecante, 1999, Miyoshi et al., 

1996, Nitta et al., 2003). Valli and Miskiel suggested that using gellan gum with 

agar, gelatin and carrageenan increased the acid and thermal stability and enhanced 

the texture and releasing flavour of the food products such as desserts. Because of 

the functionality at wide range of pH, low acyl gellan gum can be used in fruit 

fillings for pastry products and pies (Valli and Miskiel, 2001). Xu et al. examined 

the interaction of gellan-glucomannan blend and its usage as a film for food 

packaging where the nisin (natural antimicrobial agent) was added into film to assess 

the antimicrobial activity. Results indicated that increasing the amount of gellan in 

the blend improved the antimicrobial activity for  releasing the nisin (Xu et al., 

2007).  

The nontoxic, biocompatible and biodegradable properties make gellan an attractive 

substance for medicinal and pharmaceutical applications (Picone and Cunha, 2013). 

The gellan based materials for these areas were investigated over the last twenty 

years for different applications such as tissue engineering, dental care, bone repair, 

gene delivery and drug delivery by many researchers (τsmałek et al., 2014). For 

drug delivery, it has considered for different delivery methods such as for oral and 

nasal deliveries, solid dosage forms, beads and microcapsule forms while it was 

investigated for tissue engineering, wound healing, artificial vein design and gene 
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delivery purposes for medicinal application (τsmałek et al., 2014). Moreover, Li et 

al. studied the Ca-activated three dimensional gellan films for insulin delivery by in 

vivo and in vitro studies post characterisation of optimum film conditions. The in-

vivo studies proved that the bioviability of insulin was maintained in gellan film, 

which indicated an evidence of  possible application of gellan in protein delivery (Li 

et al., 2001).  

Since gellan is considered to be a ‘soluble dietary fibre’, it can be considered for 

human healthcare applications and nutritional perspectives (Valli and Miskiel, 2001). 

While acid gelation of low acyl gellan can be used for controlling satiety (Norton et 

al., 2011), it also demonstrated serum cholesterol levels lowering effect (Kogan et 

al., 2007). 

1.2.3. Hyaluronic Acid 

Hyaluronic acid or hyaluronan (HA) is a linear, negatively charged and unbranched 

polysaccharide, which was first discovered in 1934 in the vitreous humor of cattle 

eyes (Lap̌ík et al., 1λλκ). It is chemically classified as a glycosaminoglycan and 

consists of repeating disaccharide unit of  ȕ-(1ĺ4) N-acetyl-଻-glucosamine and ȕ-

(1ĺ3) linked ଻-glucuronic acid (Figure1.3) (Hokputsa, 2003). 

HA is found in the skin (dermis, epidermis), umbilical cord and vitreous body of the 

eye as sodium hyaluronate in the human body (Kogan et al., 2007). It is also present 

in other mammalian synovial fluids and connective tissues such as rooster comb, 

where commercial HA is obtained by extraction using protease digestion, HA ion-

pair precipitation (with e.g., cetylpyridinium chloride), and membrane ultrafiltration. 

(Kogan et al., 2007, Hokputsa et al., 2003a).  
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HA is produced by Streptoccocus species e.g. Streptococcus zooepidemicus. 

(Haxaire et al., 2000). 

 

Figure 1.3: Chemical structure of repeating disaccharide unit of hyaluronic 

acid. Figure reproduced from (Hokputsa, 2003). 

The unique physicochemical and rheological characteristics have been extensively 

investigated and attracted for possible medical and pharmaceutical applications. The 

molecular weights of HA preparations have been previously determined to be 

between 7.3 x 104 – 3.3 x 106 Da (Hokputsa et al., 2003a, Rinaudo, 2008, Preston 

and Wik, 1992) and it is an important property, which governs the characteristics and 

applications of HA. For example, HA with high molecular weight can be used for 

ophthalmology, orthopaedics, wound healing and cosmetics, whereas HA with low 

molecular weight can be used for the inhibition of tumour growth, initiating the 

expression of inflammatory moderators and promotion of angiogenesis (Liu et al., 

2011b).  

The current worldwide HA market is anticipated to be worth over $1 billion with 

more than a ton being produced in the medical market (Chong et al., 2005).  

Reflecting the extensive applications in medical and cosmetic applications, microbial 

fermentation has appeared as an alternative for bulk production of HA to provide the 
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adequate production. Furthermore, the price is also decreased and the degree of 

purity is enhanced by microbial production of the polysaccharide (Milas and 

Rinaudo, 2004). HA has been used widely in the medical industry since the 1970s 

due to the distinctive properties including biodegradable, biocompatible, non-

immunogenic and non-inflammatory (Jin et al., 2010, Chong et al., 2005). It is used 

as a visco-supplement for osteoarthritis to replace synovial fluids in arthritis and 

relieve the pain in the knee (Hochberg, 2000, TascȚoglu and Öner, 2003, Altman, 

2000). In ophthalmology, it is used in eye surgery to aid the implantation of artificial 

lens and improve the corneal wound healing (Miyazaki et al., 1996). It has also been 

used for aqueous eye drops to improve their viscosity and stability (Gurny et al., 

1987, Lap̌ík et al., 1λλκ). To prevent post-surgical adhesion, HA is an attractive 

material since it is naturally found in the human body. HA is used as a mucoadhesive 

to modulate the wound healing process by mending the sliding function of the 

tendons by injection of auto-crosslink HA (Renier et al., 2005, Rinaudo, 2008). 

Stabilised or cross-linked forms of HA are considered to moisturise the skin and 

repair the elasticity for skin products in cosmetics, and as dermal filling compounds 

to achieve reduction of facial lines and wrinkles (Brown and Jones, 2005, Narins et 

al., 2003, Bergeret-Galley et al., 2001). The therapeutic effects of HA have been 

studied in cancer. In cancer tissues, HA supports tumour cell migration by 

dehydration, which opens a space and interaction with surface cell receptor 

(Lokeshwar et al., 2000). HA has extensively been used in tissue engineering with 

other polymers such as chitosan. Tan et al. concluded that the chitosan-HA hydrogel 

enhanced cell adhesion and encapsulation, and supported the survival of the cells and 

maintained cell morphology, thereby the possible use of this hydrogel in tissue 

engineered cartilage (Tan et al., 2009). HA has already been added in the list of drug 
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delivery systems to be considered for dermal, nasal, pulmonary, parental, liposomal, 

implantable drug delivery and gene delivery. For drug delivery, chitosan is the main 

polysaccharide that is mostly chosen for polyelectrolyte complex with HA (Liao et 

al., 2005).   

1.2.4. Schizophyllan   

Schizophyllan is a non-ionic, water-soluble homopolysaccharide that is produced by 

fermentation from filamentous fungi Schizophyllum commune. It  consists of a linear 

chain of ȕ-D-(1-3)-glucopyranosyl groups, to which  ȕ-D-(1-6)-glucopyranosyl 

groups are attached (Figure 1.4) (Kumari et al., 2008, Bot et al., 2001). Due to these 

glucosyl side-chains being on the outside of a triple helical structure, it is readily 

dissolved in water (Bot et al., 2001). 

 

 

 

Figure 1.4: Chemical structure of repeating unit of schizophyllan (reproduced 

from (Takedatsu et al., 2012) 
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Owing to its high capacity for binding water (in cosmetics-skin and hair products), 

high heat stability (petroleum recovery) and bioactivity characteristics (antitumor, 

anti-inflammatory, antibacterial activities), it has been considered for many potential 

application in industrial and pharmaceutical applications (Leathers et al., 2006, 

Tombs and Harding, 1997). 

Schizophyllan was firstly discovered by Japanese researchers (Zhang et al., 2013) 

and approved for use in Japan in 1986 for drug administration. Schizophyllans are 

also referred to as ‘Biological Response Modifiers’ (BRMs) with other bioactive 

fungal polysaccharides such as lentinan, scleroglucan through the capability of 

inducing an immune response against  viral  and bacterial infections, inflammation 

and tumour cells (Giavasis, 2014). Schizophyllan has been investigated as an 

immune enhancer against the Sendai virus, which is lethal for mice and results 

indicated schizophyllan has an effect on antiviral activity and increased immune 

response (Hotta et al., 1993). Kakumu et al. also observed that sizofiran, which is a 

commercial form of pharmacological schizophyllan, regulated the cellular immune 

responses of patients with  hepatitis B virus (Kakumu et al., 1991). Schizophyllan 

has been found to have a therapeutic effect on gastric, breast, lung, cervical, head 

and neck cancers with anticancer drugs. It has also helped in the inhibition of 

metastasis (Bohn and BeMiller, 1995, Giavasis and Biliaderis, 2007b, Giavasis, 

2014). Kimura et al. showed schizophyllan acted as an assistant immunotherapeutic 

agent and supported recovery of damaged cellular immunity after chemotherapy, 

radiation and surgery on patients with head and neck cancers (Kimura et al., 1994). 

The use of schizophyllan in cancer treatment was found efficient together with 

chemotherapy and radiation (Giavasis and Biliaderis, 2007b). Kojima et al. indicated 

the relationship between molecular weight and antitumor activity of schizophyllan 
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and observed that the antitumor activity has reduced when the molecular weight 

decreased and the conformation was of the random coil type (Kojima et al., 1986).  

1.3. INTERACTION WITH CHITOSAN 

It has been proven that microbial polysaccharides can interact with other 

polysaccharides such as gluco-and-galactomannans, guar gum, carrageenan and most 

commonly chitosan which is a nontoxic, bioadhesive and biocompatible with anionic 

polysaccharides (Rinaudo et al., 1999, Casas and GarcíaǦOchoa, 1999, Rodrıғguez-

Hernández and Tecante, 1999). Since chitosan is a cationic polysaccharide, it has 

been considered for interaction studies with anionic polysaccharides such as xanthan, 

gellan and hyaluronic acid (Argin-Soysal et al., 2009, Luppi et al., 2009, Picone and 

Cunha, 2013). For example, since xanthan-chitosan and gellan-chitosan can form 

gels at lower pH values, the complex has been considered as a potential  for 

controlled drug release from drug delivery systems (Phaechamud and Ritthidej, 

2008, Vilela et al., 2015), whereas chitosan-hyaluronic has been considered for gene 

delivery and tissue engineering (Tan et al., 2009). However, knowledge and 

understanding the behaviour of these interactions is needed for developing new 

applications in the food, cosmetics, medical and pharmaceutical industries. To 

achieve this, the hydrodynamic techniques such as sedimentation velocity can be 

useful to investigate these interactions, which previously provided information about 

the synergistic interaction between xanthan-konjac glucomannan-alginate 

(Abdelhameed et al., 2010) and mucin-chitosan mixtures (Fiebrig et al., 1995). 
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1.4. THE AIM OF THIS STUDY 

To properly understand the relationship between physical properties and 

functionality of microbial polysaccharides, the physical characteristics such as 

homogeneity, molecular weight, conformation and interaction conditions are 

required for the targeted applications of these polysaccharides. Therefore, the aim of 

this study is firstly to examine the solution properties of microbial polysaccharides-

namely xanthan, gellan, hyaluronic acid and schizophyllan- in terms of 

sedimentation coefficient, molecular weight, distribution of molecular weight, 

intrinsic viscosity and the conformation. To investigate these biophysical properties 

and to take advantage of development in instrumentation and data analysis methods, 

analytical ultracentrifugation (AUC), Size Exclusion Chromatography Coupled to 

Multi Angle Light Scattering (SEC-MALS), Dynamic Light Scattering (DLS) and 

viscometry techniques were used. Hydrodynamic parameters derived from these 

techniques were then used to assess the gross conformation of polysaccharides by 

power law, conformation zoning, Wales-van Holde methods and Multi-HYDFIT 

program. After the determination of hydrodynamic properties of microbial 

polysaccharides in solution, the possible interactions of xanthan with chitosan as a 

mixture were then investigated. Thus, this knowledge can hopefully help to improve 

food and healthcare applications of these polysaccharides by increasing the 

understanding of these types of systems. 
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CHAPTER 2 

HYDRODYNAMIC METHODS 

 

2.1. ANALYTICAL ULTRACENTRIFUGATION 

Analytical ultracentrifugation (AUC) is a powerful separation technique for 

characterising the hydrodynamic properties of macromolecular solutions and has a 

wide applicability to assess the solution behaviour in a broad range of solvents. 

(Cole et al., 2008). This method was firstly developed by Svedberg and co-workers 

in the 1920s and it was very popular until the 1970s. With the introduction of new 

methods such as light scattering, electron microscopes (EM), polyacrylamide gel 

electrophoresis (PAGE) and size exclusion chromatography (SEC), which provide 

rapid determination of molecular weight for macromolecules, this technique lost its 

popularity – see for example (Mächtle and Börger, 2006). However, many of these 

other techniques require calibration using standards and rely on a series of 

assumptions that are frequently invalid (Ralston, 1993) and also have limitations for 

determination of the molecular weight especially polydisperse and interacting 

macromolecules. Regarding new instrumentation (Beckman XL-I and XL-A) and 

numerical data analysis methods in the 1980s, the AUC became popular once again 

for protein and protein interactions in solutions and polysaccharide solutions 

(Harding, 1992). The analytical ultracentrifuge technique has considerable 

advantages over other methods such as gel permeation chromatography and light 

scattering, since there is no need to use membranes, columns other separation media 
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or immobilisation materials (unlike electrophoresis, chromatography and Surface 

Plasmon Resonance) – which can cause problems due to anomalous interactions.     

Basically, an analytical ultracentrifuge is a centrifuge with a detection system, which  

observes the distribution of sedimenting macromolecules in a centrifugal field by 

centrifugal force (Harding et al., 1992, Scott et al., 2005). It consists of centrifuge 

housing (motor, safety chamber, temperature control), rotor, measuring cells and 

optical detectors (absorbance, interference, fluorescence) -see for example (Mächtle 

and Börger, 2006). 

With AUC, two main experiments can be performed, namely; sedimentation velocity 

where the velocity and shape of a sedimenting boundary are examined, and 

sedimentation equilibrium where slower speeds are applied to produce equilibrium 

between diffusional and centrifugal potentials -see for example (Abdelhameed, 

2010). 

2.1.1. Sedimentation Velocity 

Sedimentation velocity in the analytical ultracentrifuge provides information about 

purity, state of association, conformation and conformational changes, shape, 

molecular weight and interaction with other molecules (Dam and Schuck, 2004).  

This experiment is performed in high centrifugal fields, where the rotor is 

accelerated to ~30000-50000 rpm depending on the macromolecule. In this field, the 

solution of interest is subjected to a centrifugal field; the solute is subjected to three 

forces - sedimenting (centrifugal) force, Fc, the buoyant force, Fb, and the frictional 

force, Fd. Under the effect of these forces, the macromolecule in solution starts to 

accelerate and reach terminal velocity (Figure 2.1).  
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Figure 2.1: Diagram of a macromolecule in the sedimentation process. Figure 

reproduced from (Van Holde, 1985). 

 

The centrifugal force, Fc which is related to the mass of molecule (m) and the 

distance from the centre of rotation (r) and the angular velocity (߱) is firstly 

experienced by the molecule.  

Fc = Ȧ2rm                   (2.1) 

At the same time, the buoyant force, Fb which is equal to the weight of the fluid 

displaced: ݉ݎ2߱ −=ܾܨ଴                   (2.2) 

where ݉଴ is the mass of fluid displaced and: ݉଴ = mࠉȡ                      (2.3) 

Where ૣ  is the partial specific volume and ȡ is the density of the solvent (g/ml). 

When the density of the particle is greater than that of the solvent, the particle will 

begin to sediment. As the particle begins to move along a radial path towards the 

bottom of the cell, the velocity of the molecule will increase because of the 
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increasing radial distance. Thus, frictional force, Fd will also be exerted on the 

macromolecule as result of the movement of the molecule through a viscous solution 

with the velocity (v):  

Fd = - fv                 (2.4) 

where f is the frictional coefficient and depends on the shape and size of the particle. 

As a result, at terminal velocity the three forces come into balance (Ralston, 1993): (2.5)                 0 = ݀ܨ+ܾܨ+ܿܨ 

By replacing the molecular mass, m (g) by M/N, (M is the molar mass or molecular 

weight (g.mol-1 or Da) and N is Avogadro’s number 6.02 x 1023 mol-1), the equation 

can be written as: 

Ȧ2r 
 ெே  fv = 0              (2.6) – (ȡࠉ-1) -  

Therefore, the sedimentation coefficient, s, is obtained from the equation below: 

s =  ெሺଵି ᛓఘሻே௙  = 
୴ఠమ୰                                         (2.7) 

The sedimentation coefficient, s, is defined as the velocity of the particle per unit 

gravitational acceleration and it depends on the properties of the particle. The unit 

for the s is the Svedberg unit (abbreviation S), in honour of The Svedberg which is  

10-13 seconds (Ralston, 1993). 

 

In the centrifugal field, application of high angular velocity causes rapid 

sedimentation of the molecule towards the cell bottom and a moving boundary is 

formed between the solute and solvent. From the rate of motion of this boundary 

(see, Figure 2.2), the sedimentation coefficient and distribution of sedimentation 
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coefficient can be calculated (Van Holde, 1985). Since the sedimentation velocity is 

expressed as v = drb/ dt, the equation can be: 

s  = 
୴ఠమ୰ =   

ௗ௥್Ȁ ௗ௧ఠమ୰                               (2.8) 

Integrating from this equation: 

ln 
௥್ሺ௧ሻ௥್  ሺ೟బሻ = Ȧ2s (t-to)              (2.9) 

 

 

Figure 2.2: Boundary movement of sodium hyaluronate (HAV1) in 

sedimentation velocity experiment at 0.1 mg/ml. Scans recorded every 2 min. 

Rotor speed = 40000rpm 

 

 

Plotting ln(݉ݎ/ܾݎ) versus time ݐ, yielded a slope of straight line ߱2ݏ, which leads to 

determine the sedimentation coefficient (s). 

The sedimentation coefficient, s, is affected from temperature as well as the solvent 

viscosity and density. Therefore, it is expressed as ்ݏǡ௕ where, T, is the temperature 

at which the experiment was carried out and, b, indicates the buffer used to dissolve 

sample. To normalise these contributions to standard conditions (density and 

viscosity in water at 20.0 °C), the equation below is used (Ralston, 1993): ݏଶ଴ǡ௪= {(1-ૣߩଶ଴ǡ௪) / (1-ૣߩ଴)} {ଶ଴ǡ௪ߟ / ଴ߟ} .   ǡ௕             (2.10)்ݏ
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where ȡo and Șo are respectively the density and viscosity of the solvent or buffer, b, 

at temperature T and ߩଶ଴ǡ௪  and  ߟଶ଴ǡ௪ the corresponding values of water at 20.0o C. 

Sedimentation coefficients are concentration dependent and they exhibit a decrease 

in the measured sedimentation coefficient with increasing concentration if the solute 

is pure and non-associating (Ralston, 1993). Therefore, the measured s value at a 

given concentration will be an apparent one because of non-ideality effects arising 

from co-exclusion and charge effects. These effects are more severe for 

polysaccharides and can be eliminated by measuring the ݏଶ଴ǡ௪ for a range of different 

cell loading concentration and then extrapolation to zero concentration (Harding, 

2005a). Plotting 1/ݏଶ଴ǡ௪  versus c is applied using the following equation: 

ଶ଴ǡ௪଴ݏ/ଶ଴ǡ௪= (1ݏ/1 ). (1+ksc)              (2.11) 

Where ks is the Gralen parameter and shows the concentration dependency. It is also 

used to estimate the conformation with intrinsic viscosity (Harding, 2005b). In 

sedimentation velocity experiments, any changes in boundary positions and in the 

whole radial concentration profile can be observed by the optical system- either 

UV/visible absorption (especially proteins and other macromolecules with an 

absorbing chromophore) or Raleigh Interference optics (for any macromolecule – 

including polysaccharide). The distribution of sedimentation coefficient is measured 

by the ability of capturing multiple data on-line with AUC model XL-I and XL-A 

with the help of these optical systems. 

Sedimentation coefficient distributions are popularly calculated using the ls-g*(s) 

model incorporated into the SEDFIT program (Schuck et al., 2002) based on Lamm 

equation (Equation 2.12). The sedimentation coefficient distribution is affected by 

diffusion and this diffusion correction is usually small for polysaccharides since 
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absence of diffusion during the time of the experiment can be assumed for molecules 

with very large frictional coefficients (Ralston, 1993). 

   
ௗ௖ௗ௧ =  D.[ ௗమ௖ௗ௥మ +ଵ௥  ௗ௖ௗ௥ ] - s߱ ଶ ሾ ݎ ௗ௖ௗ௥ ൅ ʹܿ ሿ                   (2.12) 

This SEDFIT program (Schuck, 1998, Schuck et al., 2002) enables the plot of g*(s) 

vs. s and the distribution and integration of a peak or resolved peaks can be defined. 

These plots can then be used to calculate the weight average s of the sedimenting 

species. Normally, due to the nature of interference optical system, a time invariant 

noise is present during the calculation of g*(s) from the radial derivative dc/dr. 

Using least squares boundary modelling – ls-g*(s) –which was introduced by Schuck 

(1998) and Dam & Schuck (2004), this noise can be eliminated. 

However, the SEDFIT program provides the correction of density and viscosity of 

the solvent at the experimental conditions to standard conditions as noted above. 

A sedimentation coefficient distribution, c(s) vs s. or g*(s) vs s. can be transformed 

into apparent molecular weight distribution if the conformation is known (Harding, 

2005b). Fujita (Fujita, 1962) and earlier Cantow (Cantow, 1959) had investigated the 

possibility of transforming a distribution of sedimentation coefficient s into a 

distribution of molecular weight for linear polymers. They concluded that the 

sedimentation velocity determination of g*(s) enables the estimation of molecular 

weight distribution of a given macromolecule if the information about the relation 

between s and M is obtained. The conversion is as follows: 

(M) = (ds/dM) . g(s)              (2.13) 

The linking of g*(s) to f(M) is achieved by manipulation of the “power law” relation 

(MHKS) (Tombs and Harding, 1997):  ݏ= ț(2.14)                ܾܯ ݏ 
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Recently, Harding, Schuck and co-workers has extended the application for 

carbohydrate polymers, mucin and glycoconjugates and named as “Extended Fujita 

Method”(Harding et al., 2011). Manipulation of these equations above, Harding et 

al. yields the following relation: 

f(M) = b.(țs
1/b). (sb-1/b). g(s)            (2.15) 

where b is the conformation parameter with the limits of 0.4-0.5 for a flexible coil, 

0.67 for a compact sphere and 0.15 for a rigid rod (Tombs and Harding, 1997). țݏ 

can be calculated from equation (2.14) with at least one value of M and 

corresponding value of s (from sedimentation velocity experiment). 

2.1.2. Sedimentation Equilibrium 

Sedimentation equilibrium is another main experiment that can be run in the AUC. 

This experiment provides thermodynamic information about the solution molar mass 

and non-ideality, and enables the molecular weight to be estimated (Cole et al., 2008, 

Harding, 2005a). Unlike sedimentation velocity, the experiment is performed under 

moderate centrifugal fields, where the sedimentation and diffusion forces on the 

solution are balanced. Thus, a steady state equilibrium distribution of molecules 

occurs instead of a sedimenting boundary (Figure 2.3) (Mächtle and Börger, 2006, 

Harding, 2005b).  This steady state is a function of molecular weight (Harding, 

2005b).  
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Figure 2.3: Profile of sedimentation equilibrium process for sodium 

hyaluronate (HAV4) at 0.1M PBS and (loading) concentration 1.0 mg/ml. Rotor 

speed = 13000rpm 

 

For equilibrium experiments, the rotor speed is an important parameter, where it 

should be high enough to sediment the molecule from meniscus, but not too high to 

sediment the molecule in the cell base. The length of the solution column in the 

radial direction also affects the experiment duration time since the equilibrium time 

is proportional to the square of solution column length. Using a shorter column 

provides a rapid equilibrium time (Ralston, 1993). 

When the sedimentation equilibrium method is applied to polysaccharides, there will 

be a redistribution of total polysaccharide and the different molecular weight  species 

along the cell, and the high molecular weight species are observed near the cell base 
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(Harding, 2005a). Therefore, the complete concentration distribution profile through 

the cell needs to be considered to obtain the true (average) molecular weight.   

To calculate the molecular weight M, the concentration distribution c(r) is measured 

by the following equation, which is used for monodisperse, non-associating 

macromolecular solutions (Van Holde, 1985): 

ௗ ௟௡ ௖ௗ  ሺ௥మሻ = 
ఠమெሺଵିᛓఘబሻଶோ்              (2.16) 

Where M is the solute molar weight (as g/mol), Ȧ the angular velocity of the rotor, 

and c the concentration of the solute (in g/L) at a radial distance, r from the axis of 

rotation, whereas R is the gas constant and the T is temperature. From the equation 

2.16, a data fitting plot of log (c) versus (r)2 for a single, ideal solute at 

sedimentation equilibrium yields a slope proportional to the molar mass (Ralston, 

1993). Ideally, the plot should be obtained as a straight line for monodisperse 

molecules. However, for polydisperse solution, this straight line tends to be 

curvilinear either upward-bending (polydispersity/association) or downward-bending 

(non-ideality) (Mächtle and Börger, 2006). 

The MSTAR algorithm was developed by Creeth and Harding (1982) as a method, 

which allows more accurate assessment of the apparent weight average molecular 

weight Mw,app throughout the cell (Creeth and Harding, 1982). The “app” indicates 

that the obtained values are affected by thermodynamic non-idealiy and the “ideal” 

values can be yielded by extrapolation of Mw,app to zero concentration. Recently, the 

MSTAR algorithm has been built into the SEDFIT platform as SEDFIT-MSTAR 

which employs a more rigorous method for yielding the baseline and meniscus 

concentration for the Rayleigh interference optical systems (Schuck et al., 2014). M*  
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function (Creeth and Harding, 1982) is an operational point average molecular 

weight and is defined as follows: 

M* (r) = 
௖ሺ௥ሻି௖೘௞௖೘ ൫௥మି௥೘మ ൯ାଶ௞ ׬ ሺ௖ሺ௥ሻି ௖೘ሻ௥ௗ௥ೝೝ೘             (2.17) 

where r = radial position, M*(r) =  molecular weight at the specific radial position, 

c(r) = concentration of solute at radial position r, cm = concentration of the solute at 

meniscus and k is obtained from equation 2.18: 

k = 
ሺଵିᛓఘሻఠమଶோ்                 (2.18) 

Extrapolation of M*(r) to the cell base yields the apparent weight average molecular 

weight Mw,app, for the whole distribution (Creeth and Harding, 1982): 

M* (r = r b) = Mw,app               (2.19) 

Non-ideality arising from co-exclusion and polyelectrolyte effects is a problem 

particularly for measuring the molecular weight of polysaccharides. Although using 

long path length cells (20mm) allows working with low concentrations (~0.2mg/ml), 

it is still insufficient to eliminate the non-ideality effect for some macromolecules. 

To correct this effect, the measurement of Mw,app over a range of concentration and 

extrapolation to zero concentration allows the molecular weight to be estimated 

(Harding, 2005a) :  

Mw,app = Mw .
ଵଵାଶ஻ெೢ௖                (2.20) 

where B is the second thermodynamic virial coefficient (ml.mol/g2).  
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2.2. SIZE EXCLUSION CHROMATOGRAPHY 

COUPLED TO MULTI ANGLE LIGHT SCATTERING 

(SEC-MALS) 

The SEC-MALS instrument combines three analytical methods together. These are 

light scattering, viscometry and dif ferential refractive index (Figure 2.4). This 

technique allows separation of components of a heterogeneous solution based on 

their volume using size exclusion chromatography columns. This technique 

determines absolute molecular weight and molecular weight distribution for these 

separated fractions using the laser light scattering method and then further 

viscometric analysis on the separated materials (Morris et al., 2002). Exclusion from 

the columns takes place according to macromolecule size (larger particles elute first). 

For a homologous solution, this results in separation according to decreasing 

molecular mass –see for example (Hokputsa et al., 2002, Jumel et al., 2002). 

Additional hydrodynamic parameters (intrinsic viscosity and radius of gyration) can 

be obtained at the same time of the experiment: the addition of an on-line viscometer 

allows determination of the intrinsic viscosity []  as a function of elution volume, 

Ve.  Data obtained through SEC-MALS complements the results obtained through 

other methods.   

Columns are packed with gel beads from where the solvent moves as mobile phase. 

When sample solution containing a mixture of diverse sized macromolecules is 

passed through the column, larger molecules pass through the column along with the 

mobile phase and do not enter all of the pores of the beads. Since small molecules 

enter a greater proportion of the pores of the gel beads, they elute after larger 

molecules (Figure 2.5).  
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Figure 2.4: Schematic presentation of SEC-MALS components (Philo and 

Arakawa, 2000) 

 

Molecular weight determination in SEC is based on the principle that the molecular 

weight is linked to the size of the particle. Thus, the first eluting molecule is assumed 

to have higher molecular weight. This method is rapid and simple but molecular 

weight evaluation can be more complicated if the subjected samples have self-

association or some interaction(s) with the column material. This, in turn, can change 

the elution time and can lead to the misleading evaluation of molecular weight. 

Particle shape and hydrodynamic radius will also affect the elution volume and if 

SEC is used alone, it requires the calibration of the column with standard materials 

of the same conformation type – almost impossible for polysaccharides without the 

addition of an on-line molecular weight detector. Therefore, coupling of light 

scattering with SEC can provide a better and reliable evaluation of molecular weight. 
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Figure 2.5: Separation of two fractions (Sample1 and 2) through the SEC 

column. Sample 2 eluted out first being the highest molecular weight fraction 

followed by Sample 1. Adapted from (Wyatt, 2013a) 

 

From the SEC columns, the separated molecules enter into the light scattering (LS) 

device. In LS, the separated molecules are stricken by laser light and reflect light 

(details are mentioned later) in multiple directions by the LS photometer, which is 

equipped with multiple detectors at various fixed angle(s). This allows measurement 

of scattered light intensity at a number of angles and thus can be extrapolated to 
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infinitely low angle (0°) intensities to compute absolute molecular weight. For a well 

separated sample, the Mw (weight average molecular weight) – the primary 

parameter obtained - Mz (z-average molecular weight) and Mn (number average 

molecular weight) along with the molecular weight distribution can be determined. 

For large sized particles, the radius of gyration can also be obtained as an additional 

parameter (Wyatt, 2013a).  

In the light scattering device, the amount of light scattered is directly proportional to 

the polymer molar mass and concentration. According to the classical theory of light 

scattering (Static light scattering theory), light scattering means the partial scattering 

of electromagnetic radiation hitting the particles. The interaction of electrons of the 

molecules with the oscillating electrical field of light induces charge separation. This 

leads to the formation of an oscillating dipole and the molecules emit light (Wyatt, 

1993). The wavelength of the scattered light is almost the same as the incident light. 

(Figure 2.6) This theory is based on the measurement of scattering angle unlike the 

quasi-electrical theory of photons (DLS), which is based on measurement of change 

in the light intensity.  

For larger molecules like polysaccharides, there is a decrease in the scattering light 

due to intramolecular interference. In multi angle light scattering (MALS) the 

scattered light intensity is measured at several angles to calculate molecular weight 

(molar mass) by extrapolation to zero angle.  
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Figure 2.6: Events in the process of light scattering (reproduced-courtesy of 

Wyatt Technology Corporation). 

 

The relationship between the Rayleigh excess factor and the physical characteristics 

of the scattering molecule can be given as (Berth et al., 1998): 

௄௖ோഇ = 
ଵெೢ ௉ ሺఏሻ   +2(2.21)                ..… 3ܿ2ܣ3+2ܿܣ 

where c is the concentration of solution, P (ߠ) is particle scattering factor and 

defines the angular dependence of scattered light, which depends on shape and size 

of macromolecules, the A thermodynamic virial coefficient called 2nd, 3rd etc., which 

is are also known as B, C etc. and are equal to zero for an ideal solution, and K  is an 

optical parameter related to the polymer in its solvent defined as: 

K= 4ʌ2 (dn/dc)2 ݊଴ N-1 ߣ଴ି ସ             (2.22) 
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where dn/dc is the refractive index increment (ml/g), ߟ଴ is the refractive index of the 

solvent, NA is Avogadro's number (6.02 x 1023 mol-1), Ȝ is the vacuum wavelength of 

the incident light (cm).  

At low angles, when ߠ approaches zero and (ߠ) = 1, the third and higher virial 

coefficients can be eliminated and the equation (2.21) rearranges as (e.g. Wyatt, 

2003) 

 
௄௖ோഇ = 

ଵெೢ    +2(2.23)                 2ܿܣ 

If the macromolecule is at low concentration with low angle, the equation is 

becomes: 

௄௖ோഇ = 
ଵெೢ                  (2.24) 

Using the above mentioned relationship (equation 2.23), a plot of ܴఏȀܿܭ versus ݊݅ݏଶߠȀʹ can give us the apparent molecular weight (Mw,app) and second virial 

coefficient A2 from the intercept and slope respectively (Fee et al., 2003a). When 

samples are attached to the SEC in a chromatography mode, the Debye plot of Kc/Rș 

vs sin2 (ș/2) is used for molecular weight determination. This plot is based on Zimm 

formalism. This method allows Mw calculation of medium sized molecules (in a size 

range of 10-100 nm root mean square radius, Rg). For molecules with any above this 

value Berry formalism can be applied. Debye formalisms is applicable over a wider 

range of molecular weights (Wyatt, 1993).  

To measure molar mass (molecular weight) averages, there is a need for the 

calculation of concentration of each slice (fraction) of the chromatogram. The system 
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considers each slice as a mono disperse sample. A differential refractive index 

detector attached to the instrument allows measurement of concentration for each 

slice of fraction. However, this calculation requires the dn/dc value of the 

macromolecule to calculate concentration (Wyatt, 1993) according to the following 

relation (equation 2.25).   

c =  ୚ ஑ୢ୬Ȁୢୡ                     (2.25) 

where, c is the polymer concentration in solution,  V is output voltage and ߙ is the 

calibration constant of the DRI detector, i.e. a proportionality constant between the 

difference in refractive index between the pure solvent and the polymer solution 

(οn), and the change in the output voltage (οV), with:  

 Į = ୢሺο୬ሻୢሺο୚ሻ           (2.26) 

The value for change in the refractive index that is dn/dc can be calculated 

experimentally for an unknown sample or otherwise predetermined values for known 

sample can be obtained from theory (Thiesen et al., 2000). 

2.3. VISCOMETRY 

Viscometry is a simple and inexpensive hydrodynamic technique to obtain 

information about conformation, conformational change, flexibility of the molecule, 

molecular weight and the state of aggregation or degradation (Harding, 2012). 

Viscosity is a measurement of the resistance of fluid to flow, which is affected by 

shape and size of the molecule. Figure 2.7 is considered where the liquid is held 

between two parallel plates. One of these plates is stationary, whereas other is 
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moving in the x direction with a constant velocity v. The resistance of this movement is 

measured by viscosity and the liquid in these plates is exposed to (shear strain) and 

can be referred to as d/dt (dx/dy). Thus, when the liquid is subjected to a constant 

shear strain, it will shear at a constant rate (Van Holde, 1985). 

 

Figure 2.7: A schematic representation of the shearing of a liquid between 2 

parallel plates. The parallel arrows represent fluid velocities at different values 

of y. Figure is reproduced from (Van Holde, 1985) 

 

For the Newtonian fluids which obey the equation below: 

ı = Ș 
ௗௗ௧ (

ௗ௫ௗ௬)                 (2.27) 

where ı = shear stress, Ș is the viscosity of the liquid in g.cm-1.s-1 (commonly 

abbreviated to Poise). Einstein also defined the viscosity as a measure of the rate of 

energy dissipation of flow and shear rate which was given below: 

ி஺ο௬  Ǥ ௗ௫ௗ௧ = Ș . (
௩ο௬)2            (2.28) 
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In this equation, F.dx is the energy expended in the time dt and A. ∆y is the volume 

of the fluid (Morris, 2001). 

To determine of the viscosity of macromolecules in solution, the two types of 

viscometry -capillary viscometry and pressure imbalance differential viscometry- 

can be used for measurement. 

2.3.1. Capillary Viscometry 

Capillary or “τstwald” viscometer is the most commonly used instrument for 

measuring the viscosity of dilute solutions. It is a glass capillary viscometer and 

suspended in a constant temperature with water bath ((Wang and Cui, 2005, 

Harding, 1997). The principle of this measurement is the determination of time 

needed for a volume of liquid to flow through the capillary. For the macromolecule 

solution, the flow time of solution is measured as a concentration series particularly 

for polysaccharides. The relative viscosity is calculated from the ratio of flow time of 

the solution (t) to solvent (ts): 

Șrel =  (t/ts).(ȡ/ȡo)                    (2.29) 

 (ȡ/ߩ଴) is the ratio of the density of the solution to that of solvent; at low 

concentrations this ratio is ~1.00. If the concentrations studied are low enough, the 

density of the solution can be assumed approximately identical to that of solvent. 

The following viscosity parameters that show the effect of a dispersed solute on a 

solution proved useful (see Harding 1997 and references therein): 

The specific and relative viscosities (Șsp and Șrel): 

Șsp = Șrel -1                            (2.30) 
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The reduced specific viscosity (Șred), in ml/g:  

Șred = Șsp/c =(Șrel-1)/c               (2.31) 

and the inherent viscosity (Șinh), also in ml/g:  

Șinh = lnȘrel/c                         (2.32) 

where c represents the solute concentration (g/ml) 

The reduced viscosity and the inherent viscosity are concentration dependent. 

(Harding, 1998). Therefore, the reduced viscosity or the inherent viscosity has to be 

extrapolated to zero concentration to eliminate non-ideality effects due to exclusion 

volume and polyelectrolyte (Harding, 1997). A plot Șred vs. concentration yields the 

intrinsic viscosity, [Ș] at the intercept and the slope is related to the concentration 

dependence, KH. 

Șred =  [Ș] (1  +  KH.[Ș].c)              (2.33) 

where KH is the Huggins constant (Huggins, 1942).  Alternatively, the Kraemer 

method of plotting ln(Șrel) vs. concentration can also be used to calculate the intrinsic 

viscosity and the corresponding Kraemer constant, KK (Kraemer, 1938). 

(lnȘrel)/c = [Ș] (1 - KK.[Ș].c)              (2.34) 

Another important relation is the Solomon-Ciuta relation that is a combination of the 

Huggins and Kraemer lines (Solomon and Ciutӽ, 1λ62) (see also Harding, 1λλι). 

[Ș] ~ (1/c). [2 (Șsp - ln (Șrel ))]
1/2         (2.35) 

The Solomon-Ciuta equation gives the approximate evaluation of [Ș] without the 

requirement of a concentration extrapolation, although this is still useful to check for 
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consistency of the data. So, it is often applied at a given concentration; but in this 

study, this equation is used at the same concentration series as Huggins and Kraemer 

in order to confirm the results determined from both equations. 

 

Figure 2.8: The Huggins (black squares), Kraemer (red circles) and Solomon- 

Ciuta (green triangles) plots for depolymerised gellan (45sec microwaved) (see 

Chapter 4). 

 

2.3.2 Pressure Imbalance Differential Viscometry 

This technique measures the relative viscosity by using a sensitive pressure 

transducer which measures the difference in pressure between solution and solvent 

through metal capillaries (Harding, 2012). It enables us to measure low relative 

viscosities and at low concentrations by taking advantage of the four-arm capillary 

bridge design as shown in Figures 2.9.  
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Figure 2.9: Schematic diagram of four capillary bridge design of a classical 

pressure imbalance viscometer adapted from (Harding, 1997) 

 

The principle of the differential pressure measurement is explained as follows: 

solvent flows in all four capillaries (R1, R2, R3 and R4) at baseline conditions and 

the pressure across the bridge is zero. As the polymer solution is injected, it fills the 

capillaries R1, R2 and R3 while solvent from a reservoir is still flowing through R4 

(Wang and Cui, 2005). This causes a pressure imbalance within the bridge that is 

detected by ∆P, where the specific viscosity Șsp of sample can be determined as 

(Waters and Leiske, 2005): 

Șsp =  ߟ (ߟ଴−1 ) = 4ǻܲ(2−ܲܫǻܲ)            (2.36) 
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where ߟ and ߟ଴ are the solution and the solvent viscosities, respectively. This method 

provides great sensitivity at high dilution and fast measurements. By continuous 

injection by a flow cell, it can be combined with on-line concentration detector 

(refractometer- coupled on-line to the SEC-MALS-) thus Șrel can be converted into 

Șred.  

2.4. DYNAMIC LIGHT SCATTERING 

Dynamic Light Scattering -also termed as Quasi-Elastic Light Scattering (QELS)- is 

the method which is used to measure hydrodynamic radii and  translational diffusion 

coefficient (Dt) –see for example (Harding, 2012). A dynamic light scattering or 

ʊDLS instrument can be used for estimating the z-average molecular “size” in 

terms of the hydrodynamic radius ݎு in solution, a parameter inversely related to the 

translational diffusion coefficient (Dt) by using the Stoke-Einstein equation: 

Dt =  ݇ܤ ܶ͸(2.37)                       ܪݎߟߨ 

Where, ݎு is hydrodynamic radius (nm); kB is the Boltzmann constant (1.38 x 10-16 

erg/K); T is temperature (K); ߟ଴ is solvent viscosity (Poise); Dt is translational 

diffusion coefficient (cm2/s). 

With this technique, the fluctuations in scattered light intensity which caused by 

Brownian movements of the particles in solution can be measured and the 

translational diffusion coefficient is estimated from the time scale of these 

fluctuations which rely on the speed the movement of molecule. Small molecules 

moves faster, which causes rapid intensity fluctuations and they scatter the very little 

light whereas larger particles diffuse slower (Claes et al., 1992). 
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The data from DLS is analysed by autocorrelation analysis that is defined as: 

g(2)(Ĳ) = 
ழ௜ ሺ௧ሻǤ  ௜ሺ௧ା ఛሻவழ௜வమ                (2.38) 

where g(2)(Ĳ) is auto correlation function, i(t) intensity of the  scattered light at  time t  

and with that sometime later i(t +  Ĳ) (Van Holde et al., 2006a). The diffusion 

coefficient can be calculated from the slope of a plot of between correlation function 

and delay time using the following relation (Van Holde et al., 2006b, Tuinier, 1998, 

Harding et al., 1990). 

ln[g2(Ĳ) -1] = lnc- 2h2DĲ                    (2.39) 

where, h = 4ʌnȜ-1sin(ș/2), ș = scattering angle, n = refractive index, c= concentration 

(g/ml). 

Since the translational diffusion coefficient (Dt) depends on the viscosity and 

temperature of solvent, it is usually normalised to standard conditions to the 

viscosity of water at a temperature of 20.0°C (293.14K) (Van Holde et al., 2006b)   

D20,w = [293.1/T]. [்ߟǡ௕/ ߟଶ଴ǡ௪]. ்ܦǡ௕           (2.40) 

where ்ߟǡ௕ is viscosity of buffer at T temperature (K); ߟଶ଴ǡ௪ is viscosity of water at 

20°C (Harding, 1999). 

Since diffusion coefficients are concentration dependent (due to non-ideal effects, 

similar to those effecting viscosity) the “apparent” translational diffusion coefficients 

(D20,w)  are needed to be extrapolated to zero concentration, where these effects tend 

to zero. 

D20,w = ܦଶ଴ǡ௪଴  (1+ ݇஽c)                   (2.41) 
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ଶ଴ǡ௪଴ܦ  is standardised translational diffusional coefficient at zero concentration, D20,w 

is translational diffusion coefficient at standard condition, ݇஽ is the concentration 

dependence coefficient (Morris, 2001). In practise, the non-ideality effects on the 

diffusion coefficient are much smaller compared to other hydrodynamic coefficients, 

so it is often possible to approximate ݇஽ ~0. 

Low concentrations can also cause the problems because of the effect of dust and 

large particle contamination and these effects can be reduced by filtering solutions 

through appropriate filters. 

Although high angles are permitted for nearly spherical scatters such as proteins, this 

is not the case for the macromolecular components, particularly the polysaccharides 

where rotational diffusion can contribute to the DLS autocorrelation calculations – at 

low angles these effects are small (Harding, 2012). 

 

2.5. COMBINED HYDRODYNAMIC APPROACHES 

AND THE CONFORMATION OF MACROMOLECULES 

2.5.1. Wales-van Holde Ratio 

Wales-van Holde ratio (Wales and Van Holde, 1954) is the simplest 

guidance/indicator of a molecule conformational flexibility. This method utilizes the 

concentration-dependence or the Gralén parameter, ks from the sedimentation 

velocity experiment and intrinsic viscosity [Ș] . Thus, Wales-van Holde ratio R is; 

R = ks / [Ș]                   (2.42) 
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The limits are ~ 1.6 for a compact sphere or a non-draining random coil (Creeth and 

Knight, 1965) and <1 for rods (Tombs and Harding, 1997). 

2.5.2. Mark-Houwink-Kuhn-Sakurada (MHKS) or Power Law 

Relations 

The conformation of polysaccharides can be estimated through the molecular weight 

dependency of the hydrodynamic parameters such as intrinsic viscosity [Ș] , 

sedimentation coefficient (ݏଶ଴ǡ௪଴ ), radius of gyration (Rg) or the diffusion coefficient 

ଶ଴ǡ௪଴ܦ) ) molar mass dependency of a number of hydrodynamic parameters. In this 

study, the relations linking [Ș]  and ݏଶ଴ǡ௪଴ , with the molecular weight are studied and 

the equations were given as (see (Harding et al., 1991b): 

 

Figure 2.10: Example of a Mark–Houwink–Kuhn–Sakurada (MHKS) power 

law double logarithmic plot for chitosan HAV1 (see Chapter 5) from an on-line 

differential pressure viscometer ViscoStar coupled to SEC-MALS. The a value 

from the slope is (0.20 ± 0.01). 
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[Ș]  = țȘ.M a                    (2.43) 

The a parameter is obtained from the double logarithmic plot of [Ș]  versus Mw.. The 

value of a can be used as an estimation of gross macromolecular conformation and 

an a value of ~0 correspond to spheres, ~0.5-0.8 to random coils, and up to 1.8 for 

rigid rods. 

ଶ଴ǡ௪଴ݏ = țs .M b                (2.44) 

The conformation parameter, b is yielded from the double logarithmic plot of ݏଶ଴ǡ௪଴  

versus Mw. This is analogous to the relation of intrinsic viscosity with molecular 

weight, but the b values of ~ 0.67 has been established for compact sphere or highly 

branched macromolecules, 0.4-0.5 for random coils, and ~ 0.15 for rigid rods. 

 

Figure 2.11: Example of Mark–Houwink–Kuhn–Sakurada (MHKS) power law 

double logarithmic plot of ࢙૛૙ǡ࢝૙  vs Mw for gellan samples (see Chapter 4). The b 

value from the slope is (0.22 ± 0.04). 
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The values of a and b are then used to determine conformation using the ‘Haug 

Triangle’ which is a representation of the gross conformation of macromolecules. 

The three extremes of conformation, compact sphere, random coil and rigid rod, are 

placed at the corners of triangle (Tombs and Harding, 1997). 

 

Figure 2.12: HAUG Triangle. Figure reproduced from (Tombs and Harding 

1997) 

 

2.5.3 Estimation of the Persistence Length (Lp) and Mass Per 

Unit Length (M L) 

The linear flexibility of polymer chain can be described with persistence length (Lp) 

and mass per unit length (ML). Lp is defined as the average projection length along 

the initial direction of the polymer chain and ML is the mass of the molecule(s) 

within the polymer divided by its length. Theoretically, Lp is  Lp = 0 for a random 
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coil whereas Lp = ∞  for the rigid rod (e.g. see (Harding, 1997). However in practice 

limits, for random coil ~1nm (e.g pullulan) and for rigid rod ~200nm (e.g. xanthan) 

are more suitable (Tombs and Harding, 1997). Persistence length can be estimated 

using different approaches either sedimentation coefficient (Yamakawa and Fujii, 

1973, Hearst and Stockmayer, 1962) or intrinsic viscosity (Bohdanecky, 1983, 

Stockmayer and Fixman, 1963),  equations. The choice of appropriate methods 

enable to estimate an optimum measurement for the polymer flexibility (Kök et al., 

2009). 

2.5.3.1. Bushin-Bohdanecky Method 

This method is a commonly used to estimate chain persistence lengths (Lp) 

especially for semi-flexible polymers, and has been applied to range of 

polysaccharides such as xyloglucan (Patel et al., 2008b), methylcellulose (Morris et 

al., 2009b) and konjac glucomannan (Kök et al., 2009). Persistence length is 

estimated using viscosity and molecular weight data with the equation below 

(Bushin et al., 1981a, Bohdanecky, 1983): 

ቀெమೢሾఎሿቁଵȀଷ
ଵȀଷିߔ଴ܤ + ଵȀଷିߔ௅ܯ଴ܣ = ቀଶ௅ುெಽ ቁିଵȀଶ  ௪ଵȀଶ               (2.45)ܯ

where ĭ is the Flory-Fox constant (2.86 x 1023 mol-1),  ܣ଴and ܤ଴ are constants and 

are taken as ~1.32 and ~1.10, respectively (Bushin et al., 1981b). However, the value 

of mass per unit length (ML) is needed for the calculation. 

2.5.3.2 Yamakawa–Fujii Method 

This method provides another way for estimating chain persistence length, Lp using 

sedimentation coefficient and molecular weight information. The slope of ݏଶ଴ǡ௪଴  vs 
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(Mw)1/2 gives the value of  Lp and ML but it also requires knowledge about one of 

these parameters (Lp or ML) (Yamakawa and Fujii, 1973). However, the original 

equation given by Yamakawa and Fujii (1973) was misprinted. Freire and Garcia de 

la Torre (Freire and Garcia De La Torre, 1992) provided the corrected relation as 

follows: 

 = ଴ݏ
ெಽሺଵିᛓఘబሻଷగఎబேಲ ͵൤ͳǤͺͶ ݔ  ቀ ெೢଶெಽ௅ುቁଵȀଶ ൅ ଶܣ  ൅ ଷܣ ቀ ெೢଶெಽ௅ುቁିଵȀଶ ൅ Ǥ Ǥ Ǥ Ǥ ൨        (2.46) 

If the persistence length Lp is much larger than the mean chain diameter, d, 

Yamakawa and Fujii (Yamakawa and Fujii, 1973) have shown that A2 =  -ln(d/2Lp) 

and A3 = 0.1382. 

2.5.3.3 Global analysis method (HYDFIT) 

The different methods can bring about bias and discrepancies on results. To prevent 

this variability, Multi-HYFIT program was developed by Ortega and Garcia de la 

Torre (2007) to enable estimates for consensus values of Lp and ML and chain 

diameter d, by considering two or more data sets of intrinsic viscosity ([Ș]), 

sedimentation coefficient (s), radius of gyration (Rg) and translational diffusion 

coefficient (Dt) for varying molecular weights of the same molecule. This program 

carries out minimisation of the target function ǻ using Bushin-Bohdanecky  

(Bohdanecky, 1983, Bushin et al., 1981a) and Yamakawa-Fujii (Yamakawa and 

Fujii, 1973) equations within the several variables. The optimization process can be 

implemented giving different weightings to each property (Ortega and García de la 

Torre, 2007). To simplify and accelerate the minimization of the process, the least 

effective parameter or well defined parameter from known molecular structure (eg. 
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 ௅) can be fixed. The results of simulation analysis showed that Lp is comparativelyܯ

insensitive to the value chosen d. 

The Multi-HYDFIT program runs the parameters ([Ș], Rg, s) in order to find a 

minimum of the target (error) function, ∆ (Ortega and García de la Torre, 2007, 

Morris et al., 2008). 

Target function, ∆ is calculated using an equivalent radius which is defined by 

τrtega and Garcia de la Torre as ‘the radius of the equivalent sphere having same 

value of the particular properties’. The translational friction coefficient, f  (can be 

obtained from sedimentation coefficient s or diffusion coefficient Dt), the radius of 

gyration Rg, intrinsic viscosity [Ș] and relaxation time Ĳ are comprised from these 

particular property (Ortega and García de la Torre, 2007). The method equivalent 

radii that is interested in this study are obtained from sedimentation coefficient i.e. 

translational frictional coefficient (்ܽ ), intrinsic viscosity (ܽ ூ) and radius of gyration 

(ܽீ). 

்ܽ = 
௙଺గఎబ                  (2.47) 

where ߟ଴is the viscosity of water at 20°C, 

ܽூ = ቀଷሾఎሿெೢଵ଴గேಲ ቁ1/3                  (2.48) 

where ܰ ஺ is Avogadro’s number and 

ܽீ= ඥͷȀ͵ܴீ                        (2.49) 

where ܴ ீ is radius of gyration. 

The target function, ∆ can be obtained from these equations belowμ 
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οଶ = 
ଵேೞ σ ൥ሺσ ்்ܹ ሻିଵ σ ்ܹ ቆ௔೅ሺ೎ೌ೗ሻషೌ೅ሺ೐ೣ೛ሻ௔೅ሺ౛౮౦ሻ ቇଶ் ൩ேೞ௜ୀଵ                    (2.50) 

οଶ = 
ଵேೞ σ ൥ሺσ ூܹூ ሻିଵ σ ூܹ ቆ௔಺ሺ೎ೌ೗ሻି௔಺ሺ೐ೣ೛ሻ௔಺ሺ౛౮౦ሻ ቇଶூ ൩ேೞ௜ୀଵ                    (2.51) 

where ܰ ௦ is the number of samples, ்ܹ  and ூܹ are the statistical weights for 

equivalent radii ܽ ் and ܽ ூ and the subscripts cal and exp indicates values from 

calculated and experimental values, respectively. Therefore, ∆ is a dimensionless 

estimate of the consensus between calculated values for the frictional coefficient, 

intrinsic viscosity and radius of gyration for a certain persistence length, Lp and the 

experimentally measured parameters (Ortega et al., 2011, Patel et al., 2008b). 

 

 

Figure 2.13: Contour plots of the CHIT1. The target function, ǻ calculated 

based on variables values of Lp and ML, and are represented on the full colour 

spectrum from blue (ǻ = 0.005) to red (ǻ൒0.65) Lp = (16 ± 0.2), ML = (500 ± 30) 

(see Chapter 7). 
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2.5.4. Conformation Zoning  

The sedimentation conformation zoning plot provides the estimation of ‘overall’ 

solution conformation of a macromolecule using ML. Pavlov and co-workers 

suggested the use of five conformation types which ranges from Zone A (extra-rigid 

rod) to Zone E (globular or branched) by plotting of ݇௦ܯ௅ versus [s]  ௅. (Pavlov etܯ/

al., 1997, Pavlov, 2013). This plot is obtained from the knowledge of the intrinsic 

sedimentation coefficient, [ݏ]  along with the concentration dependence of the 

sedimentation coefficient, ݇ݏ and mass per unit length, ML which is the mass of the 

molecule(s) within the polymer divided by its length. 

[s]  is evaluated from this equation: 

[s]  = 
௦మబǡೢబ ఎబሺଵିᛓఘబሻ                  (2.52) 

Where   ݏଶ଴ǡ௪଴  sedimentation coefficient, ߟ଴ and  ߩ଴ are the viscosity and the density 

of the solvent, respectively. ૣ is the partial specific volume of the macromolecule.                                    
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Figure 2.14: The sedimentation conformation zoning plot; A: extra rigid rod, B: 

rigid rod, C: semi-flexible coil, D: random coil, E: globular/heavily branched 

structure. Adapted from (Morris and Harding, 2013).
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CHAPTER 3  

HYDRODYNAMIC CHARACTERISATION 

OF XANTHANS OF DIFFERENT 

PYRUVATE AND ACETATE CONTENT 

 

3.1. INTRODUCTION 

Xanthan is an anionic, extracellular microbial polysaccharide produced by 

Xanthomanas campestris (Rodd et al., 2000, Berth et al., 1996, Khouryieh et al., 

2007). The primary structure of xanthan consists of a linear ȕ-(1՜4) ଻-glucan 

backbone with branched trisaccharide chains containing ଻-glucoronic acid unit 

between two ଻-mannoses. These trisaccharide chains are linked to a backbone at C-3 

on every second unit. Approximately half of the terminal ଻-mannose units contain a 

pyruvic acid residue linked via a keto group to the 4 and 6 positions, whose 

distribution patterns are beginning to be described (Kool et al., 2014). The ଻-

mannose linked to the main chain contains an acetyl group at position C-6 as shown 

in Figure 3.1 (Tombs and Harding, 1997).  

In aqueous solutions, xanthan undergoes a conformational transition depending on 

temperature, ionic strength, pH and acetyl and pyruvyl substituent content (Chazeau 

et al., 1995). At high temperature and low ionic strength, the xanthan backbone 

exists in an disordered form in solution whereas it exists in ordered form at low 
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temperature and high ionic strength due to electrostatic repulsion between side 

chains (Khouryieh et al., 2007). 

 

 

Figure 3.1: Chemical structure of xanthan. Adapted from (Tombs and Harding, 

1997) 

Xanthan gum is also very soluble in both cold and hot water due to its 

polyelectrolyte characteristics. Xanthan solutions are highly viscous at very low 

concentrations (García-Ochoa et al., 2000) so the critical overlap concentration c* 

(the concentration at which the individual polymer molecule chains begin to overlap) 

is relatively lower than other gums such as guar which is 0.08 %w/w and carob 

which is 0.11 % w/w (Secouard et al., 2007). It has been reported as lower than 

0.03% w/w (Cuvelier and Launay, 1986) and 0.025 % w/w which is equivalent to 
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0.25mg/ml (Pelletier et al., 2001). This low value of c* has subsequently caused 

some problems in terms of solution characterisation. The viscosity of xanthan also 

depends on temperature, salt concentration and pH (Sworn, 2009, García-Ochoa et 

al., 2000).  

The acetyl and pyruvate substituents depend on the xanthan strain and fermentation 

process which may have an effect on viscosity and conformation of xanthan 

solutions. Researchers have claimed that the acetyl and pyruvate groups may have a 

significant effect on viscosity (Sandford et al., 1977, Smith et al., 1981, Cheetham 

and Nik Norma, 1989, Tako and Nakamura, 1984) , whereas other groups have 

disputed this (Callet et al., 1987, Shatwell et al., 1990, Bradshaw et al., 1983). 

Khouryieh concluded that acetate and pyruvate substituents can affect viscosity 

depending on temperature, salt type and concentration and sample concentration. 

However, due to the intermolecular and intramolecular association of these groups 

with the carbohydrate -backbone, these two groups play an important role on the 

conformation of xanthan (Khouryieh, 2006). 

In the current investigation, four commercial xanthan samples have been studied: 

two with identical degrees of pyruvation (“Standard pyruvate” 3.9%) but different 

molecular weights, and two further ones of different degrees of pyruvation, namely 

“High” (6.5%) and “Low” (2%). These were characterized in dilute aqueous 

buffered solutions (pH 7.0, ionic strength 0.1M  and 0.3 M) using high-precision 

viscometry, sedimentation velocity, sedimentation equilibrium and dynamic light 

scattering (DLS), facilitating a rigorous comparison with regards heterogeneity 

(sedimentation coefficient distribution), molecular weight and conformation 

(translational frictional ratio). Resolution of the controversy is deemed important 

because of the huge commercial significance of xanthan in the food and 
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biopharmaceutical industries. A major problem however in the characterization of 

xanthans is their very large size compromising the use of size exclusion 

chromatography based procedures, the low value of the “critical overlap 

concentration”, c*, and large thermodynamic non-ideality of these substances. 

However, advantage can now be taken of some recent and relevant advances in the 

analysis of polymeric materials by analytical ultracentrifugation (Abdelhameed et 

al., 2010, Dam and Schuck, 2004, Schuck et al., 2014). 

3.2. MATERIALS  

Xanthan samples with “Standard pyruvate” (low and high molecular weight- 

“Standard LMW”, and “Standard HMW” respectively), and low and high pyruvate 

contents “Low” and “High” respectively were supplied by Dupont (Paris). The two 

standard samples had been shown to have the same pyruvate content (3.9%), as 

determined by chemical analysis, with the high and low pyruvate samples having 

6.5% and 2.0% respectively. The proportions of acetate in each sample had also been 

evaluated and are given in Table 3.1. Stock solutions of xanthan were prepared by 

dissolving a known amount in distilled deionised water, at room temperature with 

gentle stirring at 3 h followed by overnight dialysis against phosphate-chloride 

buffer supplemented with NaCl according to Green (Green, 1933) at pH 7.0 and an 

ionic strength, I, of 0.1 M and 0.3M. The concentrations, c (g/ml) of the stock 

xanthan solutions were measured after dialysis using an Atago (Japan) DD-7 

refractometer calibrated with glucose standards, and a refractive increment dn/dc of 

0.15 ml/g (Berth et al., 1996). 
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Table 3.1: Pyruvate and acetate content of the xanthans. 

Xanthan Pyruvate (%) Acetate (%) 

Standard LMW (STD) 3.9 6.2 

Standard HMW (Supra) 3.9 6.2 

High Pyruvate (TSF) 6.5 5.1 

Low Pyruvate (TSC) 2.2 6.0 

 

3.3. METHODS 

3.3.1. Sedimentation Velocity (SV) 

An Optima XL-I (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh 

interference optics was used to determine the sedimentation behaviour and molecular 

homogeneity of xanthan samples. Solution concentrations ranging between 0.05 – 

0.225 mg/ml for each xanthan were studied at a temperature of (20.0 ± 0.1) °C. 

400µl of solution and an equal volume of the pH 7.0, I=0.1M and I=0.3M reference 

buffer (400µl) were injected into the solution and solvent channels of 12 mm optical 

path length double sector cells. The Rayleigh interference optical system was used to 

record changes in the concentration versus radial displacement profiles with time. 

Scans were taken at 2 min intervals for a run time of approximately 18 hours at 

30000rpm. A partial specific volume, ૣ of (0.602 ± 0.010) was used for the xanthans 

(Anderson, 1991, Dhami, 1996). For comparison purposes, sedimentation 

coefficients were normalised to standard solvent conditions, namely the density and 

viscosity of water at 20.0°C (Abdelhameed et al., 2010, Laue and Stafford III, 1999): 



57 
 

} . {(଴ߩૣ-1) / (ଶ଴ǡ௪ߩૣ-1)} =ଶ଴ǡ௪ݏ {ଶ଴ǡ௪ߟ / ଴ߟ  ǡ௕               (3.1)்ݏ

where ȡo and Șo are respectively the density and viscosity of the solvent or buffer, b, 

at temperature T and ߩଶ଴ǡ௪  and  ߟଶ଴ǡ௪ the corresponding values of water at 20.0oC. 

The data was analysed using the “least squares ls-g(s) model” SEDFIT program of 

Schuck and colleagues (Dam and Schuck, 2004) in terms of distributions of 

sedimentation coefficient distribution (see also (Harding, 2005c)). The g(s) vs. s 

profiles were used to provide an assessment of sample polydispersity. The s and ݏଶ଴ǡ௪values are ‘apparent’ values because of non-ideality. To remove this effect, ݏଶ଴ǡ௪  is extrapolated to zero concentration and ݏଶ଴ǡ௪଴ is obtained from reciprocal plot 

of ݏଶ଴ǡ௪(1/ݏଶ଴ǡ௪) vs. concentration (see for example, (Laue and Stafford III, 1999, 

Harding, 2005c, Tanford, 1961) : 

 (3.2)                (1+ksc) .(ଶ଴ǡ௪ݏ/1) =ଶ଴ǡ௪ݏ/1

where ݏ ଶ଴ǡ௪଴ is the sedimentation coefficient at zero concentration and standard 

condition, ks is the Gralen parameter (Gralen, 1944); see also (Harding, 2005b, 

Harding, 2005c). 

3.3.2. Sedimentation Equilibrium (SE) 

Sedimentation equilibrium experiments were also performed using the Beckman 

(Palo Alto, California, U.S.A.) Optima XL-I analytical ultracentrifuge and 

employing Rayleigh interference optics and an automatic on-line data capture 

system. The modified long (20.0 mm) optical path length double-sector titanium 

cells with sapphire windows were loaded with (~120 ml) of dialysed sample and a 

matching amount of reference buffer dialysate in appropriate channels. The balanced 

cells were then loaded into an analytical 8-hole titanium rotor An50-Ti and placed in 
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the AUC. After time was allowed for vacuum formation and for temperature 

equilibration (20.0 °C), the rotor was then accelerated to 2000 rpm; rotor speeds 

were selected to be sufficiently apart to give good molecular weight distributions 

(Scott and Schuck, 2005). Using the Rayleigh interference optical system, scans 

were taken every 1 h and equilibrium was reached after approximately 

168 h. Record of the relative concentration distribution of the solute at equilibrium 

was analysed to give the weight average apparent molecular weight Mw,app using 

SEDFIT-MSTAR program implemented by Schuck et al. (Schuck et al., 2014) . The 

use of the long path length cells (20.0 mm) meant that a low loading concentration 

(0.3 mg/ml) could be used to give a sufficient signal. At such low concentrations, 

non-ideality effects will be minimized (Harding, 2005c). 

3.3.3. Dynamic Light Scattering (DLS) 

Xanthan solutions ranging in concentration from 0.2 to 1.0mg/ml were filtered by 

using 0.45 mm pore size filter (Whatman, UK) to reduce supramolecular aggregates 

and injected into scrupulously clean cuvettes. These were placed into a dual angle 

Zetasizer Nano-S dynamic light scattering photometer (Malvern Instruments, 

Worcester, UK), controlled to a temperature of (20.0 ± 0.1)°C. A low scattering 

angle (12.8°) was chosen to minimize the complicating effects of rotational diffusion 

and other anisotropic effects. Data was automatically collected and analysed using 

Malvern’s DTS (Version 4.2) software. Sample times and delay times were chosen 

automatically by the software. Consistent values for the apparent translational 

diffusion coefficient, Dt were found from multiple (>10) repeats. As with the 

sedimentation coefficient, the measured translational coefficient was normalised to 
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standard solvent conditions namely the viscosity of water at a temperature of 20.0 °C 

(293.14 K), see (Van Holde et al., 2006a). ܦଶ଴ǡ௪= [293.1/T] . [ߟ଴/ߟଶ଴ǡ௪]. ்ܦǡ௕                   (3.3) 

where ߟ଴ is the solvent viscosity of buffer at temperature T(K) - which in this case is 

20.0 °C; ߟଶ଴ǡ௪ is the viscosity of water at 20 °C (Harding, 1999). 

Unlike other hydrodynamic parameters such as reduced viscosity and the 

sedimentation coefficient, translational diffusion coefficients show only either a 

small or negligible dependence on concentration to a cancellation of effects (Harding 

and Johnson, 1985a, Harding and Johnson, 1985b) but nonetheless measurement at 

different concentrations provides a useful check for any discontinuities due to 

possible coil overlap. 

3.3.4. Capillary Viscometry 

Xanthan solutions ranging from 0.06 mg/ml to 0.22 mg/ml were analysed using a 

Schott-Geräte U-tube viscometer system at a temperature of (20.0 ± 0.01) °C. The 

relative viscosity,ߟ௥௘௟, was obtained from the ratio of the flow time of the solution t 

(sec) to the flow time of solvent ݐ଴: ߟ௥௘௟ = (t /ݐ଴ )                    (3.4) 

recorded accurately using photosensors. Because of the low concentrations used a 

density correction was deemed unnecessary (Yang, 1962, Harding, 1997). The 

reduced (specific) viscosity (ml/g) was evaluated from ߟ௥௘ௗ = (ߟ௥௘௟ – 1) / c                   (3.5) 

and the inherent viscosity (ml/g) from ߟ௜௡௛ = (lnߟ௥௘௟) / c                       (3.6) 

where c represents the solute concentration (g/ml). 
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To eliminate non-ideality effects ߟ௥௘ௗ and ߟ௜௡௛ were extrapolated to zero 

concentration with the common intercept at c = 0 yielding the intrinsic viscosity [Ș] : 

Șred = [Ș] (1 + KH.[Ș].c)                   (3.7) 

and 

(lnȘrel)/c = [Ș] (1 - KK.[Ș].c)              (3.8) 

where KH and KK are respectively the Huggins (1942) and Kraemer (1938) constants. 

As an additional check, a combined relation due to Solomon & Ciuta (1962) was 

also used: 

[Ș] ~ (1/c). [2 (Șsp – ln (Șrel ))]
1/2               (3.9) 

The assumption has been made that there was no shear dependence of [Ș] under 

creeping flow conditions in the capillary viscometer. 

 

3.4. RESULTS 

3.4.1. Sedimentation Velocity (SV) 

The sedimentation coefficient, s, values for xanthan samples were determined by 

sedimentation velocity in the analytical ultracentrifuge as outlined above. These s 

values of xanthan samples were obtained at different series of concentrations (0.05 to 

0.25 mg/ml) and two ionic strengths (0.1M and 0.3M) for each of xanthan sample. 

The g*(s) vs. s profiles (or sedimentation coefficient distribution) and are given in 

Figure 3.2a and Figure 3.2b. To reduce the non-ideality effect of xanthan, ݏଶ଴ǡ௪  was 

extrapolated to zero concentration and ݏଶ଴ǡ௪଴ was obtained from reciprocal plot of 
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 vs. concentration (c) as indicated in Figure 3.3a and Figure 3.3b. The ( ଶ଴ǡ௪ݏ/1) ଶ଴ǡ௪ݏ

summary of sedimentation coefficient and concentration dependence of ks of all 

xanthan samples at two ionic strengths (0.1M and 0.3M) is given in Table 3.2. 

 

 

Figure 3.2a: Sedimentation coefficient distribution profiles (least squares g(s) 

vs. s plots) of xanthan samples at different concentrations in pH= 7.0, I = 0.1 M 

buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low 

pyruvate. 

The g*(s) vs. s plot shows the homogeneity of xanthan samples since there is only 

one peak in the distribution. The s values moved and decreased with increasing 

concentration (see for example (Cole et al., 2008)). This clear reduction of 

sedimentation coefficient is consistent with xanthan being highly non-ideal (Dhami 

et al., 1995).  
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Figure 3.2b: Sedimentation coefficient distribution profiles (least squares g(s) 

vs. s plots) of xanthan samples at different concentrations in pH= 7.0, I = 0.3 M 

buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low 

pyruvate. 

 

Table 3.2: Summary of sedimentation coefficient (࢙ ૛૙ǡ࢝૙ ) and concentration 

dependence of sedimentation (ks) for all xanthan samples. 

Sample 

 

࢙ ૛૙ǡ࢝૙   (S) ks (ml/g) ࢙ ૛૙ǡ࢝૙  (S) ks (ml/g) 

0.1M 0.1M 0.3M 0.3M 

Standard LMW 9.80 ± 0.34 1700 ± 160 10.10 ± 1.75 3600 ± 1290 

Standard HMW 13.08 ± 0.52 4200 ± 310 13.54 ± 0.99 4800 ± 680 

High pyruvate 11.07 ± 0.44 3000 ± 260 12.90 ± 0.60 4000 ± 340 

Low pyruvate 10.95 ± 0.24 2300 ± 100 11.47 ± 0.50 3200 ± 310 
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Figure 3.3a: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot (after correction to standard solvent conditions) for xanthan 

samples pH= 7.0, I = 0.1 M buffer. (A) Standard LMW (B) Standard HMW, (C) 

High pyruvate, (D) Low pyruvate. 

 

This study is thus in complete agreement with previous studies that were performed 

by Dhami and co-workers (Dhami et al., 1995) and Harding and co-workers 

(Harding et al., 2012). 

3.4.2. Estimation of Molecular Weight 

The molecular weight estimation of xanthan was attempted using size exclusion 

chromatography coupled to multi angle light scattering (SEC-MALS) and also 

sedimentation equilibrium (SE) in the analytical ultracentrifuge, both classical 

methods for measuring molecular weights of polymer. However, both presented  
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Figure 3.3b: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot (after correction to standard solvent conditions) for xanthan 

samples pH= 7.0, I = 0.3 M buffer. (A) Standard LMW (B) Standard HMW, (C) 

High pyruvate, (D) Low pyruvate. 

 

problems for xanthan. Although SEC-MALS in principle provides such information, 

it was not successful on these samples which were beyond the exclusion range of the 

columns (namely TSK G6000PW and TSK G4000PW). When the experiment was 

performed with SEC-MALS, the xanthan molecules appeared to interact with 

column matrix causing anomalous behaviour, while yielding the molecular weight 

data. Furthermore, the data was not consistent with previous xanthan studies (Dhami 

et al., 1995, Harding et al., 2012) for the same sedimentation coefficient values. 

Sedimentation equilibrium is itself not without difficulties for these macromolecules 

because of the almost unique challenge they pose. Even with long path length cells 
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(20 mm) the lowest concentration that can be used for sedimentation equilibrium 

based methods in the analytical ultracentrifuge is not as low with current 

instrumentation (the XL-I ultracentrifuge) than was previously attainable with the 

old generation Model E ultracentrifuge, as for example employed by Dhami et al. for 

estimation of Mw,app in their study on Keltrol xanthan (Dhami et al., 1995). This is a 

particular problem for xanthan because of the strong thermodynamically non-ideality 

even at 0.3 mg/ml (Dhami, 1996). Normally, there is a straight forward solution to 

this problem -to measure the apparent weight average molecular weight and at a 

series of concentrations and extrapolate back to c = 0, where Mw,app = Mw, the ideal 

weight average molecular weight. In this case, this extrapolation has been impossible 

to do: the inability to perform a concentration series extrapolation to c = 0 is because 

of the c* limitation restricting the use of concentrations much greater than ~0.6 

mg/ml (Dhami et al., 1995). Nonetheless we can take advantage of the earlier study 

by Dhami et al. (1995) and use the value obtained for the 2nd thermodynamic virial 

coefficient B to correct apparent weight average molecular weights, to true or 

thermodynamically ideal weight average molecular weights, Mw according to the 

equation;  

1/Mw,app = {1/Mw} {1+ 2 BMwc}              (3.10) 

using a value for BMw = 2.01 x 103 ml/g (Dhami et al., 1995). 

As a supplementary technique, another approach is to estimate the molecular weight 

from the (weight average) sedimentation coefficient using the power law relation. 

According to Harding (Harding, 2005c),  a sedimentation coefficient distribution can 

be transformed into apparent molecular weight if the conformation of the sample is 
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known or estimated with respect to the ‘Mark –Houwink-Kuhn-Sakurada’ (MHKS) 

approach (Tombs and Harding, 1997)  : 

ଶ଴ǡ௪଴ݏ  = ɤs. M b                   (3.10) 

where the b coefficient is obtained from double log plots of sedimentation coefficient ݏଶ଴ǡ௪଴  vs. apparent molecular weight (Mw,app) (Harding, 1992).  Eqn. (3.10) is 

generally much less sensitive to conformation differences but more reliable at giving 

 

 

Figure 3.4: SEDFIT-MSTAR analysis of Low Pyruvate in 0.3 M PBS at a 

loading concentration of 0.35 mg/ml (A) molecular weight distribution, c(M) vs. 

M plot; (B) log concentration ln c(r) vs. r2 plot, where r is the radial distance 

from the centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to 

the cell base = Mw,app the apparent weight average molecular weight for the 

whole distribution. (D) Point or local apparent weight average molecular weight 

at radial position r (open circle) plotted against the local concentration c(r). 
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molecular weight estimates. In this case, b and țs were obtained from the study by 

Dhami et al. (1995). To calculate this equation, another exponent from MHSK (Mark 

– Houwink – Sakurada – Kuhn) equation was used; 

[Ș] = țȘ M a                    (3.11) 

The relation between a and b exponents is presented by the Tsvetkov equation 

(Tsvetkov et al., 1971) : 

a = 2-3b                                                                (3.12) 

a values that have been previously published in general range from 0.9 to 1.2 (see, 

for example, (Bindal et al., 2007, Morris and Harding, 2013)) correspond to b values 

ranging from 0.26 to 0.36. To get the țs value using Eqn. (3.10), this value of b 

together with the weight average sedimentation coefficient ݏଶ଴ǡ௪ = 13.0S and the 

corresponding weight average molecular weight value Mw = 5.9 x 106 Da were used 

(yielding țs = 0.225 for b = 0.26 and țs = 0.047 for b = 0.36). In this way, it was 

possible to convert sedimentation coefficient values to equivalent molecular weights 

for all our xanthan samples, and these are presented in Table 3.3, allowing for 

uncertainty in the b and ks coefficients.  

It is seen that the (weight average) molecular weights Mw from sedimentation 

equilibrium are all within the range 3-8 million Da, values reinforced by the 

sedimentation velocity/power law method, with one possible exception - the 

predicted Mw for the Low Pyruvate xanthan from sedimentation velocity was half 

that from sedimentation equilibrium suggesting that this may have a stiffer 

conformation (lower b value) than the others - and the Keltrol xanthan studied by 

Dhami et al. (1995). Also, the two xanthans with the same pyruvate and acetate 
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contents appear also to have different molecular weights (Mw Standard LMW ~ 3 x 

106 Da, Mw Standard HMW~ 6 x 106 Da), the Standard HMW being similar to the 

result for Keltrol xanthan (Dhami et al., 1995), and this difference is commensurate 

with the differences in the sedimentation coefficients.  

 

Table 3.3:  Estimated molecular weight of xanthan from the Mark-Houwink-

Kuhn-Sakurada equation (s = ɤs. M
b).  

 

Sample 

106 x Mw 

(Da)a 

106 x Mw 

(Da)a 

106 x Mw 

(Da)b 

Frictional 

ratio f/f o 

0.1M PBS 0.3M PBS 

Standard LMW 1. 9 ± 1.2 2.6 ± 0.5 3.2 ± 0.1 12.2 

Standard HMW 6.1 ± 0.04 6.9 ± 0.1 6.1 ± 0.2 14.0 

High pyruvate 3.6 ± 0.5 5.9 ± 0.1 5.9 ± 0.2 14.4 

Low pyruvate 3.4 ± 0.5 4.0 ±0.4 8.0 ± 0.1 19.7 

a: Estimated from the sedimentation power law equation ݏଶ଴ǡ௪଴  = ɤs. M b          

b: From sedimentation equilibrium (corrected for non-ideality using the BM value 

of Dhami et al. (1995)). 

 

The fifth column in Table 3.3 compares the translational frictional ratios f/fo, 

calculated from the weight average molecular weights and the sedimentation 

coefficients (Tanford, 1961). The f/fo is defined as the ratio of the frictional 

coefficient of the macromolecule divided by the corresponding parameter for a 

spherical particle of the same molecular weight and anhydrous volume. The Standard 

and high pyruvate xanthans - Standard LMW, Standard HMW and High, all have 

frictional ratios all within close range of each other (12.2 - 14.4) and all are very 
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large implying a highly asymmetric and highly expanded, swollen molecular 

structure in solution. The Low pyruvate xanthan is the exception with an even higher 

f/fo of 19.7, commensurate of an even stiffer or more swollen structure: intriguingly a 

similar value was obtained for a xanthan in 1M guanidine hydrochloride (Morris et 

al., 2001). 

3.4.3. Dynamic Light Scattering 

The translational diffusion coefficients (ܦଶ଴ǡ௪଴ ) of xanthan samples were found by 

using dynamic light scattering (DLS). Translational diffusion coefficients  

 

 

Figure 3.5a: Concentration dependence of apparent diffusion coefficient (D20,w) 

vs concentration plot of xanthan samples; pH= 7.0, I = 0.1 M buffer. (A) 

Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low pyruvate. 
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Table 3.4: Summary of diffusion coefficient (ࡰ૛૙ǡ࢝૙ ) for all xanthan samples.  

 

Sample 

10-8 x ࡰ૛૙ǡ࢝૙  (cm2/s) 10-8 x ࡰ૛૙ǡ࢝૙  (cm2/s) 

0.1M 0.3M 

Standard LMW 1.37 + 0.01 1.81 ± 0.2 

Standard HMW 1.63 + 0.13 2.27 ± 0.08 

High pyruvate 1.63 + 0.13 1.50 ± 0.21 

Low pyruvate 1.47 ± 0.12 2.51 ± 0.16 

 

 

 

Figure 3.5b: Concentration dependence of apparent diffusion coefficient (D20,w) 

vs concentration plot of xanthan samples; pH= 7.0, I = 0.3 M buffer. (A) 

Standard LMW (B) Standard HMW, (C) High pyruvate, (D) Low pyruvate. 

 

were determined at the same concentration series (0.2mg/ml- 1.0 mg/ml) of each 

sample and two ionic conditions (I=0.1M and I=0.3M). Because of non-ideality and 
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the charge effect of xanthan, the translational diffusion coefficients at standard 

conditions were extrapolated to zero concentration and ܦଶ଴ǡ௪଴  was obtained from the 

plot of D20,w vs. concentration as shown in Figure 3.5a and 3.5b. 

A summary of ܦଶ଴ǡ௪଴  results is presented in Table 3.4 and according to this table, the 

diffusion coefficients of xanthan samples were found between 1.37 x 10-8 to 2.51 x 

10-8 cm2/s. Since xanthan is a large macromolecule these values were expected at 

these ranges and reassuringly these values are in the same range as for previous 

studies on xanthan published by Southwick and co-workers (Southwick et al., 1979, 

Southwick et al., 1980). 

 

3.4.4 Intrinsic Viscosity 

The values of intrinsic viscosity obtained from the Huggins, Kraemer and Solomon-

Ciuta extrapolation methods (using capillary viscometry) for all xanthan samples are 

indicated in Table 3.5. Figures 3.6a and 3.6b show the corresponding plots of 

viscosity (Șred, Șinh and [Ș]) versus concentration (g/ml) for xanthan samples. 

Intrinsic viscosities [Ș] from 3 different extrapolation methods (Table 3.5) were all 

consistent with previously published values (2700-7000 ml/g) (see, e.g. (Tombs and 

Harding, 1998)), and generally to a higher precision than we obtained previously 

(Dhami et al., 1995). The values in Table 3.5 may be lower than the true values as 

they have been assumed there are no shear-dependence effects due to non-

Newtonian behaviour.  
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Figure 3.6a: The intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for xanthan samples; pH= 7.0, I = 

0.1 M buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) 

Low pyruvate. 
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Figure 3.6b: The intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for xanthan samples; pH= 7.0, I = 

0.3 M buffer. (A) Standard LMW (B) Standard HMW, (C) High pyruvate, (D) 

Low pyruvate 
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Table 3.5: Summary of Intrinsic viscosity values of xanthan samples obtained 

from capillary viscometry. 

 

Sample 

 

Solvent 

Intrinsic viscosity [Ș] (mL/g) 

Capillary viscometry 

Huggins Kraemer Solomon-Ciuta 

Standard LMW 0.1M PBS 3500 ± 760 3800 ± 460 3700 ± 540 

Standard LMW 0.3M PBS 3100 ± 420 3300 ± 250 3300 ± 300 

Standard HMW 0.1M PBS 3600 ± 60 3700 ± 25 3700 ± 30 

Standard HMW 0.3M PBS 4200 ± 350 4300 ± 220 4300 ± 250 

High pyruvate 0.1M PBS 3400 ± 130 3400 ± 80 3400 ± 100 

High pyruvate 0.3M PBS 3000 ± 460 3200 ± 320 3200 ± 370 

Low pyruvate 0.1M PBS 3400 ± 180 3400 ± 160 3400 ± 180 

Low pyruvate 0.3M PBS 3200 ± 830 3400 ± 540 3400 ± 630 

 

3.4.5. Conformational Analysis 

3.4.5.1. Wales-van Holde Ratio (R) 

Wales-van Holde ratio is (Wales and Van Holde, 1954) the simplest 

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a 

compact sphere or a non-draining random coil (Creeth and Knight, 1965), and <1 for 

rods (Tombs and Harding, 1997). Wales-van Holde ratio, R, is; 

R = ks / [Ș]                   (3.13) 
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The ks is concentration dependence coefficient or the Gralen parameter and [Ș] is 

intrinsic viscosity. The R results of xanthan samples are given in Table 3.6. 

 

Table 3.6: Wales-van Holde ratio (R) determined from intrinsic viscosity and 

concentration dependence coefficient results for xanthan samples. 

Sample ks / [Ș] ks / [Ș] 

0.1M 0.3M 

Standard LMW 0.55 1.1 

Standard HMW 1.13 1.1 

High pyruvate 0.88 1.25 

Low pyruvate 0.67 0.95 

 

According to Table 3.6, it can be seen that xanthan samples have rigid rod 

conformation. When the ionic strength increased from 0.1M to 0.3M, the rigidity of 

xanthan Standard LMW, High pyruvate and Low pyruvate reduced. Xanthan 

Standard HMW was not affected from alteration of ionic strength. As it has been 

said earlier, xanthan Low pyruvate has the lowest pyruvate substituent and due to 

this, Wales-van Holde ratio (R) of xanthan Low pyruvate is the lowest since the 

pyruvate group on the side of xanthan induce disordered structure (Viebke, 2005). 

 

3.4.5.2. Molecular Conformation Zoning 

The sedimentation conformation zoning plot provide the estimation of ‘overall’ 

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to 

Zone E (globular or branched) by plotting of ݇௦ܯ௅ versus [s]  ,.௅. (Pavlov et alܯ/

1997, Pavlov, 2013) Thus, it represents the conformation of polymer in solution 
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based on mass per unit length, ML and persistent length, Lp parameters. Also, the 

important parameter is sedimentation coefficient, which can be estimated from the 

sedimentation coefficient and [s]  is evaluated from this equation: 

[s]  = 
௦మబǡೢబ ఎమబǡೢ൫ଵିᛓఘమబǡೢ൯                (3.14) 

And ML is the mass of the molecule(s) within the polymer divided by its length. In 

this study, ML was taken as 2040 (g.mol-1.nm-1) from Kawakami and Norisuye 

(Kawakami and Norisuye, 1991) and [s]  was calculated from sedimentation 

coefficient data.  

Figure 3.7 demonstrates that the xanthan samples in both ionic strength (I=0.1M, 

I=0.3M) have adopted extra rigid rod conformation in Zone A. This method also 

shows an excellent agreement with results from Wales van Holde Ratio. 
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Figure 3.7: The conformation zoning plot for xanthan samples in both ionic 

strengths (I=0.1M and I=0.3M) which are adopted extra rigid rod structures 

(Zone A). 

 

3.5. DISCUSSION 

Despite the difficulties and challenges that xanthans present with regards molecular 

characterization, it was possible to make a measurable comparison of material with 

different pyruvate contents. All four xanthans appear unimodal in sedimentation 

velocity and reliable estimates for the sedimentation coefficients (corrected for non-

ideality by extrapolation to c = 0) were made. The values obtained in this study are 

in complete agreement with previous studies performed by Dhami et al. (1995) and 

Harding et al. (2012) with values in the range 9-13.5S. (Dhami et al., 1995, Harding 

et al., 2012). 
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Sedimentation equilibrium experiments are less sensitive than sedimentation velocity 

and, although absolute (yield the weight average molecular weight Mw, directly) 

require higher concentrations (>0.3 mg/ml) to get a sufficient signal for reliable 

analysis. Xanthans are hugely non-ideal because of their high exclusion volumes, 

even under conditions of high ionic strength (I = 0.3 M), used to suppress the 

polyelectrolyte contribution. Because of the constraint of a low critical overlap 

concentration (~0.6 mg/ml) as it was found previously (Dhami et al., 1995) this 

removed the possibility of a standard concentration extrapolation of the apparent 

weight average molecular weight Mw,app to c = 0 to yield Mw. Despite this, possible 

strategy for yielding estimates for Mw, based on the earlier measurements of the non-

ideality contribution, and these estimates were, with one exception (the low pyruvate 

Low xanthan) supported by the sedimentation coefficient data and application of the 

power law relation (Eqn. (3.9)) linking s with molecular weight. 

Intrinsic viscosities [Ș] from 3 different extrapolation methods agreed with 

previously published values (2700-7000 ml/g) (see, e.g., (Tombs and Harding, 

1997)). Results showed the influence of ionic strength on xanthan Standard LMW, 

High pyruvate and Low pyruvate that when it decreased the intrinsic viscosity is 

increased. Since increasing ionic strength resulted in suppression of side chains, it 

helped the compaction of the macromolecule so the viscosity decreased with 

increasing ionic strength of solution. The viscosity values of xanthan Standard 

HMW did not decrease in contrast to Standard LMW, High pyruvate and Low 

pyruvate and it increased with ionic strength increment. According to Rinaudo 

however, the local stiffness of different polysaccharides can permit different 

viscosities at the same molecular weight (Rinaudo, 2006).  
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With reference to this, it can be said that increasing ionic strength probably increased 

the local stiffness of xanthan Standard HMW. Therefore, the viscosity of Standard 

HMW has higher when the ionic strength was 0.3M.  Furthermore, the viscosity 

results are consistent with the sedimentation coefficients. It is also possible to 

comment on conflicting claims with regards the effect of pyruvate content on 

viscosity. Although Sanford et al. (1977) deduced that high pyruvate xanthan is more 

viscous than low pyruvate xanthan in solution with supporting electrolyte, Smith et 

al. (Smith et al., 1981), Bradshaw et al. (Bradshaw et al., 1983), Callet et al. (Callet 

et al., 1987), Khouryieh et al. (Khouryieh et al., 2007) and Pinto et al. (Pinto et al., 

2011) have concluded that an increased pyruvate level does not lead to an increase in 

viscosity. At the ionic strength used in this study, it appears that intrinsic viscosities 

are independent of pyruvate content. In other research by Janin (Janin, 2015), it was 

showed that at lower ionic strengths the intrinsic viscosity increases with increasing 

pyruvate content, consistent with a lowering of classical charge shielding 

phenomena. At I = 0.3 M the influence of molecular weight on [Ș]  may be being 

offset by the influence of differing levels of pyruvate, leading to a set of xanthans 

with apparently different molecular weights but all with apparently similar intrinsic 

viscosities. 

Dynamic light scattering also proved highly useful. Estimated values for the 

translational diffusion coefficient (ܦଶ଴ǡ௪) for these four xanthan samples in the 

concentration range from 0.2 mg/ml - 1.0 mg/ml are shown in Fig. 3.5. 

Encouragingly, only the Standard HMW and Low Pyruvate xanthans showed 

evidence of possible discontinuity >0.8 mg/ml and below this, values were generally 

~2.0 x 108 cm2/s. Although these values are in general agreement with a study by 

Southwick and co-workers (1979), they should be taken as only apparent values as 
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rotational diffusive effects may still be significant even at a scattering angle of 12.8° 

because of their very large, elongated structures (Burchard, 1992). 

In terms of conformation, Wales-van Holde ratio and conformation zoning 

approaches indicated that the all samples adopted a rigid rod type conformation and 

showed an excellent agreement with Takada et al. (Takada et al., 1991), Berth at al. 

(Berth et al., 1996), Sattler et al. (Sattler et al., 2007) and Choi et al. (Choi and Yoo, 

2009). 

3.6. CONCLUSION 

In this study, four different xanthan samples that have different acetate and pyruvate 

ratios has been characterised using the techniques; viscometry, analytical 

ultracentrifugation (AUC) and dynamic light scattering (DLS). The hydrodynamic 

properties were studied with two different ionic conditions; 0.1M and 0.3M. For the 

molecular weight determination, analytical ultracentrifuge (XL-I) and size exclusion 

chromatography coupled with multi angle light scattering (SEC-MALL) methods 

have been applied. Due to the electrostatic charge and extended structure of xanthan 

polymer, sedimentation equilibrium and SEC-MALL methods could not be carried 

successfully out. However, the sedimentation velocity in the analytical 

ultracentrifuge, viscometry and dynamic light scattering with low angle methods has 

been successfully applied to samples. Sedimentation velocity method also gave 

estimations about conformation and molecular weight of xanthan samples. For three 

xanthan samples- xanthan Standard LMW, High pyruvate and Low pyruvate -

showed more rigidity with increasing ionic strength and the influence of ionic 

strength on xanthan is consistent with sedimentation coefficient, diffusion coefficient 

and the viscometry results. Increasing ionic strength has showed an adverse effect on 
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xanthan Standard LMW. Meanwhile, the conformation results showed a perfect 

agreement with the previous results, and the rigid rod conformation was proved by 

Wales van Holde Ratio and molecular conformation zoning. 
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CHAPTER    4 

A STUDY ON SOLUTION PROPERTIES 

AND MOLECULAR CONFORMATION OF 

LOW ACYL GELLAN GUM 

 

 

4.1. INTRODUCTION 

Gellan gum is an extracellular anionic heteropolysaccharide produced by 

Sphingomanas elodea (Morris et al., 2012). The linear molecular structure consists 

of a repeating tetrasaccharide unit of two substituents ȕ-଻-glucose, one of ȕ-଻ 

glucoronate and one of Į-ݱ-rhamnose. There are two types of acyl residues in native 

form: an ݱ-glyceryl residue on O(2) of the 3-linked glucose substituent of the 

tetrasaccharide chain and an acetyl group at O(6) of the same residue (Figure 4.1). 

These residues are removed by an alkaline process and according to mildness of this 

process, the gellan is called ‘low acyl gellan’ and ‘high acyl gellan’. (Prajapati et al., 

2013).  

Gellan gum forms thermoreversible, brittle and rigid gels in the presence of mono 

and divalent cations. These cations have an effect on the conformation of gellan gel, 

which undergoes a change from a single (disordered state) to double helix (ordered 

state) through decreasing temperature (Takahashi et al., 2004, Ogawa, 1999). The 
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effect and selectivity of mono and divalent cations on the conformation of gellan gel 

studies indicated that the divalent cations are more effective than monovalent 

 

Figure 4.1. Chemical structure of (a) native and (b) deacetylated gellan gum 

adapted from (Prajapati et al., 2013) 

 

cations in terms of double helix stability by shielding effectively the electrostatic 

repulsion on charge groups. Additionally, it was observed that there is not any 

difference between Ca++ and Mg++ for divalent cations and Cl, Br, I for monovalent 

cations whereas the order of monovalent cations is K+ > Na+ >Li+ with regards to 

selectivity in gel state (Milas and Rinaudo, 1996, Kani et al., 2005, Ogawa et al., 

2002).  
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The rheological and physicochemical properties of low and high acyl gellan have 

been extensively studied before (Miyoshi et al., 1994, Gunning et al., 1996, Caggioni 

et al., 2007) but attempts at determining solution properties of gellan gum have been 

hampered because of the aggregation caused by existing cations in the sample. Milas 

and co-workers (Milas et al., 1990) estimated the average molecular weight 4.9 x 105 

Da for gellan in the presence of tetramethylammonium (TMA) salt, whereas 

Takahashi et al. (Takahashi et al., 2004) estimated 2.3 x 105 Da for gellan in 25mM 

NaCl salt using static light scattering. Since the conformation of polysaccharide in 

solution was considered to play an important role in the structure-function 

relationship and in interaction with other biopolymers, transition of the ordered 

double helix conformation to disordered coil conformation was also observed by 

these researchers by temperature changes. The persistence lengths of gellan were 

estimated to be ~9.4nm for disordered, ~98nm for the ordered conformation state by 

Takahashi et al. from six depolymerised Na-gellan samples which were obtained by 

ultrasonication (Takahashi et al., 2004). 

In this current study, the “pressure cell” solubilisation method, which was applied for 

galactomannans by Picout and co-worker (Picout et al., 2002) to break the main 

chain of polysaccharide and induce the solubility, was used to obtain knowledge 

about solution properties of gellan gum in 25mM NaI solution by depolymerising the 

sample. This method was successfully employed previously by (Kök et al., 2009, 

Almutairi, 2015). The hydrodynamic properties of untreated low acyl gellan and 

depolymerised gellan samples were studied in solution to assess the structural unity 

in terms of sedimentation coefficient, molecular weight, intrinsic viscosity, 

conformation and overall conformational flexibility by taking advantage of using the 

sedimentation velocity and equilibrium in analytical ultracentrifugation (AUC). The 
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flexibility of samples in terms of persistence length (Lp) and mass per unit length 

(ML) values were also estimated using a more recent approach, the global 

conformational analysis method an algorithm known as Multi-HYDFIT. 

4.2. MATERIALS 

The low acyl gellan gum (LAG) was provided by CP Kelco (Denmark) and samples 

were used as supplied without any further purification. A stock solution of gellan 

samples were dissolved in 25mM NaI solution by heating at 60°C for 20 min. The 

concentrations, c (g/ml) of the stock gellan solutions were measured after using an 

Atago (Japan) DD-7 refractometer calibrated with glucose standards, and a refractive 

increment dn/dc of 0.154 ml/g (Takashi et al, 2004). The solutions of gellan gum 

(LAG) were firstly ultrasonicated with a VWR Ultrasonicater Bath-USC 1700 THD 

series (VWR International, UK) at 480W and 45 kHz for 15hours to produce 

different molar mass of sample LAG1. Since the ultrasonication method was not 

effective as expected, then the gellan solutions were exposed to microwave (see, e.g. 

Wood et al, 2002) heating in an 800 W microwave oven (Panasonic UK Ltd. 

Bracknell, UK) using a high pressure vessel for different time periods (45sec-60sec) 

to produce different molar masses (LAG2-45 sec microwaved, LAG3-50sec 

microwaved, LAG4-55sec microwaved, LAG5-60sec microwaved). The temperature 

and pressure within the “bomb” were not measured.  
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4.3. METHODS 

4.3.1. Partial Specific Volume 

A DMA 5000M  density meter (Anton Paar, UK) was used to measure the density of 

gellan solution (concentration ranging 0.5-2.5mg/ml) so as to determine the partial 

specific volume using the mechanical oscillator technique according to the procedure 

of Kratky et al. (Kratky et al., 1973). The partial specific volume was calculated 

using the equation below; 

ૣ = 
ଵିௗఘȀௗ௖ఘబ                (4.1) 

where ૣ  is the partial specific volume (ml/g), ߩ଴ is the density of the solvent (g/ml), 

dȡ/dc is the density increment which can be obtained from the limiting slope of the 

plot of solution density versus concentration.                                                                         

4.3.2. Sedimentation Velocity (SV) 

Sedimentation velocity experiments were performed using an Optima XL-I 

(Beckman Instruments, Palo Alto, USA) equipped with Rayleigh interference optics. 

Solution concentrations ranging between 0.1 – 1.4 mg/ml for each gellan were 

studied at a temperature of (20.0 ± 0.1) °C. 400ȝl of solution and an equal volume of 

the 0.25mM NaI reference buffer/solvent (400ȝl) were injected into the solution and 

solvent channels respectively of 12 mm optical path length double sector cells. Scans 

were taken at 2 min intervals for a run time of approximately 16 hours at 40000 rpm. 

A partial specific volume, ૣ of -0.602 ml/g- was used for the gellan according to the 

density meter measurements. For comparison purposes, sedimentation coefficients 
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were normalised to standard solvent conditions, namely the density and viscosity of 

water at 20.0°C (Abdelhameed, 2010, Laue and Stafford III, 1999): 

ૣ-1)/ (ଶ଴ǡ௪ߩૣ-1)} =ଶ଴ǡ௪ݏ } . {(଴ߩ {ଶ଴ǡ௪ߟ / ଴ߟ  ǡ௕                 (4.2)்ݏ

where ߩ଴ and ߟ଴ are respectively the density and viscosity of the solvent or buffer, b, 

at temperature T, and ߩ଴  and ߟଶ଴ǡ௪ the corresponding values of water at 20.0 °C. 

The data was analysed using the “least squares ls-g(s) model” SEDFIT program of 

Schuck and colleagues (Dam and Schuck, 2004) in terms of distributions of 

sedimentation coefficient distribution. The s and ݏଶ଴ǡ௪ values are ‘apparent’ values 

because of non-ideality. To remove this effect, ݏଶ଴ǡ௪ is extrapolated to zero 

concentration and ݏଶ଴ǡ௪଴  is obtained from the reciprocal plot of ݏଶ଴ǡ௪ (1/ݏଶ଴ǡ௪) vs. 

concentration (see (Harding, 2005c)): 

 ଶ଴ǡ௪ = (1/ s°20,w).(1+ksc)               (4.3)ݏ/1

where ݏଶ଴ǡ௪଴  is sedimentation coefficient at zero concentration and standard 

condition, ݇ ௦ is the Gralen parameter (Gralen, 1944); see also (Harding, 2005a). 

4.3.3. Sedimentation Equilibrium (SE) 

The weight average molecular weight, Mw,app of gellan samples were determined 

using the Beckman (Palo Alto, California, U.S.A.) Optima XL-I analytical 

ultracentrifuge and employing Rayleigh interference optics and an automatic on-line 

data capture system. 20 mm optical path length double-sector cells with sapphire 

windows were loaded with (~130ȝl) of sample ranging 0.2-1.6mg/ml and a matching 

amount of reference buffer (0.25mM NaI) in appropriate channels. The balanced 

cells were then loaded into an analytical 8-hole titanium rotor An50-Ti and placed in 
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the AUC. After time was allowed for vacuum formation and for temperature 

equilibration (20.0 °C), the rotor was then accelerated to 4500 rpm for LAG, LAG1 

and LAG2, 6000 rpm for LAG3 AND LAG4, and 9000 rpm for LAG5. Using the 

Rayleigh interference optical system, scans were taken every one hour and 

equilibrium was reached after approximately 72 hours for LAG3, LAG4 and LAG5, 

and 96 hours for LAG, LAG1 and LAG2. Record of the relative concentration 

distribution of the solute at equilibrium was analysed to give the weight average 

apparent molecular weight, Mw,app, using the SEDFIT-MSTAR program 

implemented by Schuck et al. (Schuck et al., 2014) based on the algorithm of Cölfen 

and Harding (Cölfen and Harding, 1997) and the M*  function of Creeth and Harding 

(Creeth and Harding, 1982).  

4.3.4. Capillary and Differential Pressure Viscometry 

Untreated and treated gellan solutions ranging from 0.1 mg/ml to 1.25 mg/ml were 

analysed using a Schott-Geräte Ostwald viscometer system at a temperature of (20.0 

± 0.01) °C. The relative viscosity, Șrel, was obtained from the ratio of the flow time 

of the solution t (sec) to the flow time of solvent (Șrel = (t/to)), where the flow time 

was recorded accurately using photosensors. Because of the low concentrations, a 

density correction was deemed unnecessary (Harding, 1997). The reduced viscosity 

(Șred = (Șrel-1)/c) and the inherent viscosity (Șinh = (lnȘrel)/c) were extrapolated to 

zero concentration to eliminate non-ideality effects with the common intercept at c=0 

yielding the intrinsic viscosity [Ș] from Huggins and Kraemer equations: 

Șred = [Ș] (1 + KH.[Ș].c)                   (4.4)                                                                                                              

and 
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(lnȘrel)/c = [Ș] (1 - KK.[Ș].c)             (4.5)                                                     

where KH and KK are the Huggins (1942) and Kraemer (1938) constants, 

respectively. As an additional check, a combined Solomon & Ciuta (1962) relation 

was also used: 

[Ș] ~ (1/c). [2 (Șsp – ln (Șrel ))]
1/2              (4.6)                                                                                                  

The assumption has been made that there was no shear dependence of [Ș] under 

creeping flow conditions in the capillary viscometer.  

4.4. RESULTS 

4.4.1. Partial Specific Volume 

Partial specific volume is an important parameter to calculate of sedimentation 

coefficient and weight average molecular weight from sedimentation equilibrium  

 

Figure 4.2. Determination of partial specific volume of LAG using density 

measurement in NaI at 20oC. 
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experiment. The partial specific volume, ૣ of gellan was measured as (0.602 ± 0.05) 

ml/g and it was calculated from the slope of the solution density versus concentration 

(Figure 4.2). This value is comparable to the values for xanthan (Dhami, 1996) and 

similar with pullulan (Kawahara et al., 1984).  

4.4.2. Sedimentation Velocity (SV) 

Sedimentation velocity method was used to determine the heterogeneity of solutions 

and measure their sedimentation coefficients as well. The sedimentation coefficient 

(s), of untreated gellan and depolymerized gellan samples were measured at various 

concentrations by the least square ls-g*(s) method. Figure 4.3 shows the bimodal 

sedimentation coefficient distribution for all samples and the concentrations. In 

Figure 4.2, two peaks were identified for each concentration studied and for all 

samples. Peak 1 (the minor peak) is around ~1S which shows the small molecular 

weight component and peak 2 (the main component) is around ~2S - 3S, which 

indicated higher molecular weight component in the sample. The hyper sharp peaks 

can be observed at higher concentration for all samples, which is an indication of 

high concentration dependency and it was proved by ks values in Table 4.1. 

Table 4.1: Summary of ࢙ ૛૙ǡ࢝૙ and ks for untreated and microwaved gellan 
samples. 

Sample s°
20,w  (S) ks (ml/g) 

LAG 3.24 ± 0.08 1510 ± 190 

LAG1 3.06 ± 0.08 1040 ± 100 

LAG2 2.93 ± 0.10 1090 ± 135 

LAG3 2.60 ± 0.08 620 ± 70 

LAG4 2.57 ± 0.02 590 ± 20 

LAG5 2.34 ± 0.04 330± 20 
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Figure 4.3: Sedimentation coefficient distribution profiles using least squares 

g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 

gellan samples in 0.25mM NaI; (A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) 

LAG4, (F) LAG5. 

 

The Figure 4.4 shows the reciprocal plots of apparent sedimentation coefficient 

versus concentration (for the main component) to eliminate the non-ideality effect. 

The slope of these plots gives the concentration dependence parameter ks (Gralén 

coefficient) for each sample and presented on Table 4.1.  
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Figure 4.4: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot (after correction to standard solvent conditions) for gellan 

samples in 0.25mM NaI (A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) LAG4, 

(F) LAG5. 

4.4.3. Estimation of Molecular Weight 

The weight average molecular weight of untreated and microwaved gellan samples 

were estimated by the sedimentation equilibrium method in the analytical 
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ultracentrifuge. The use of long optical path length cells (20.0 mm) enabled the 

investigation the gellan samples at relatively low concentration (0.2 mg/ml) for this 

experiment. Thus, the non-ideality effect in solution from excluded volume and 

charge effects can be minimized. To achieve this, the samples were run at different 

loading concentration ranges 0.2-1.6mg/ml. The data then was analysed using 

SEDFIT-MSTAR program to obtain weight average molecular weight (for example 

Figure 4.5).  

 

 

Figure 4.5: SEDFIT-MSTAR analysis of LAG in 25mM NaI at a loading 

concentration of 0.3 mg/ml (A) molecular weight distribution, c(M) vs. M plot; 

(B) log concentration ln c(r) vs. r2 plot, where r is the radial distance from the 

centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to the cell 

base = Mw,app the apparent weight average molecular weight for the whole 

distribution. (D) Point or local apparent weight average molecular weight at 

radial position r (open circle) plotted against the local concentration c(r).  
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Figure 4.6: The reciprocal plots of the apparent weight average molecular 

weight (Mw,app) against concentration c (g/ml) for gellan samples in 0.25mM NaI 

(A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) LAG4, (F) LAG5. 
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The reciprocal plots of Mw,app versus concentration were shown in Figure 4.6. The 

weight average molecular weight values were then yielded from the slope of these 

extrapolations and presented in Table 4.2. The results indicates that depolymerisation 

by microwave heating induced the reduction in molar mass with increasing heating 

time for gellan samples. 

 

Table 4.2: Summary of weight average molecular weights (Mw) results for 

original low acyl and depolymerised gellan samples. 

Sample 103 x Mw (Da)a 

LAG 280 ± 13 

LAG1 226 ± 26 

LAG2 178 ± 29 

LAG3 161 ± 24 

LAG4 88 ± 30 

LAG5 76 ± 20 

 

4.4.4. Intrinsic Viscosity 

The intrinsic viscosity values for gellan samples were measured by capillary 

viscometry and are presented in Table 4.3. Figure 4.7 demonstrated linear 

extrapolations in all samples for Huggins, Kraemer and Solomon-Ciuta plots. 

Heating the original gellan sample led to the degradation of the polymer chain, and 

resulted in a decrease in intrinsic viscosity. These results are also consistent with 
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those of sedimentation coefficient and molecular weight measurements, supporting 

the depolymerisation of gellan samples.  

 

Table 4.3: Summary of intrinsic viscosity values of gellan samples obtained 

from capillary viscometry. 

 

Sample 

Intrinsic viscosity [Ș] (mL/g) 

Huggins Kraemer Solomon-Ciuta 

LAG 2820 ± 360 2800 ± 190 2830 ± 240 

LAG1 2280 ± 340 2390 ± 230 2380 ± 360 

LAG2 1860 ± 270 2050 ± 140 2010 ± 180 

LAG3 1360 ± 30 1350 ± 25 1350 ± 40 

LAG4 1100 ± 30 1090 ± 20 1100 ± 30 

LAG5 490 ± 10 500 ± 7 500 ± 7 
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Figure 4.7: The intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for gellan samples in 25mM NaI; 

(A) LAG, (B) LAG1, (C) LAG2, (D) LAG3, (E) LAG4, (F) LAG5. 
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4.4.5. Conformation Analysis  

4.4.5.1. Mark-Houwink-Kuhn-Sakurada Power Law Relationships 

The Mark-Houwink-Kuhn-Sakurada (MHKS) or power law relationships is one of 

the simplest methods to obtain the conformation and flexibility of low acyl gellan in 

solution using sedimentation coefficient, intrinsic viscosity and molecular weight 

parameters (Harding et al., 1991c); 

[Ș] = ߢఎ M a                           (4.7) 

ଶ଴ǡ௪଴ݏ  ௦  M b                     (4.8)ߢ = 

The MHKS or ‘Mark-Houwink’ exponents “a” and “b” are obtained from the slopes 

of double logarithmic plots of intrinsic viscosity, [Ș], and sedimentation coefficient, ݏଶ଴ǡ௪଴  versus molecular weight Mw, respectively. The values of a and b are then used 

to determine conformation using ‘Haug Triangle’, which is a representation of the 

gross conformation of macromolecules. The three extremes of conformation, 

compact sphere, random coil and rigid rod, are placed at the corners of triangle 

(Tombs and Harding, 1997) with the values given at Table 4.4. 

Table 4.4. Mark-Houwink-Kuhn-Sakurada (MHKS) Power Law exponents. 

Adapted from (Harding, 2005b) 

Conformation a b 

Sphere 0 0.67 

Random coil 0.5-0.8 0.4-0.5 

Rod 1.8 0.15 
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Double logarithmic plot of ݏଶ଴ǡ௪଴  versus of molecular weight of all gellan samples is 

presented in Figure 4.8. The overall b parameter which was yielded from slope was 

found as (0.22 ± 0.04) between the limits of rod (0.15) and coil (0.4-0.5) according 

to Table 4.4. This b value is similar with chitosan (Fee, 2006, Cölfen et al., 2001). 

 

Figure 4.8: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot of ࢙૛૙ǡ࢝૙   vs Mw for gellan samples. 

 

Figure 4.9 indicates the plot of intrinsic viscosity [Ș] vs. molecular weight, Mw for 

all gellan samples, where an extrapolation to infinite molecular weight gives a 

straight line with a slope -the power law exponents a. The obtained overall a values 

of gellan samples were found as (1.16 ± 0.21) which presents the conformation as a  

flexible rod and it was consistent with previous study from Takahashi et al. 

(Takahashi et al., 2004). 
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Figure 4.9: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot for gellan samples. 

 

4.4.5.2. Wales-van Holde Ratio (R) 

Wales-van Holde ratio (Wales and Van Holde, 1954) is the simplest 

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a 

compact sphere or a non-draining random coil (Creeth and Knight, 1965), and <1 for 

rods (Tombs and Harding, 1998). Wales-van Holde ratio, R is; 

R = ks / [Ș]                  (4.9) 

The ks is concentration dependence coefficient or the Gralen parameter and [Ș]  is 

intrinsic viscosity. The R results of gellan samples were given in Table 4.5 and it 

appears that all gellan samples are again consistent with rod structures with some 

flexibility (R 0.7–0.5 ׽).  
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Table 4.5: Wales-van Holde ration, R, for original low acyl and depolymerised 

gellan samples. 

Sample R= ks/[Ș] 

LAG 0.53 

LAG1 0.52 

LAG2 0.58 

LAG3 0.46 

LAG4 0.53 

LAG5 0.66 

 

4.4.5.3. Estimation of the Persistence Length Lp and Mass Per Unit 

Length ML 

The persistence length Lp and ML are representations of the bending flexibility of 

linear polymer chains (worm-like chains) (Harding, 2005a). Lp is defined as the 

average projection length along the initial direction of the polymer chain and ML is 

the mass of the molecule(s) within the polymer divided by its length. Theoretically, 

Lp = 0 is for a random coil whereas Lp = ∞  is for the rigid rod (eg. see (Harding, 

1997). However in practice limits, for random coil ~1nm (e.g pullulan) and for rigid 

rod ~200nm (eg. xanthan) are more suitable (Tombs and Harding, 1997). Persistence 

length can be estimated using different approaches either sedimentation coefficient 

(Yamakawa and Fujii, 1973, Hearst and Stockmayer, 1962) or intrinsic viscosity 

(Bohdanecky, 1983, Stockmayer and Fixman, 1963),  equations. 
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4.5.4.3.1. Global analysis method (HYDFIT) 

It is clear that using different methods to determine Lp and ML might lead to some 

bias and for discrepancies in the results. To prevent this variability, the Multi-HYFIT 

program was developed by Ortega and Garcia de la Torre (2007) to enable estimates 

for consensus values of Lp and ML and chain diameter d. To do this, the program 

considers two or more data sets of intrinsic viscosity ([Ș]), sedimentation coefficient 

ଶ଴ǡ௪଴ݏ) ) and where appropriate radius of gyration (Rg) and translational diffusion 

coefficient (Dt) for varying molecular weights of the same substance. This program 

carries out minimisation of a target function known as ǻ using Bushin-Bohdanecky 

(Bohdanecky, 1983, Bushin et al., 1981a) and Yamakawa-Fujii (Yamakawa and 

Fujii, 1973) equations within the several variables. The optimization process can be 

implemented giving different weightings to each property (Ortega and García de la 

Torre, 2007). To simplify and accelerate the minimization of the process, the least 

effective parameter or well defined parameter from known molecular structure (e.g. ܯ௅) can be fixed .The results of simulation analysis showed that Lp is comparatively 

insensitive to the value chosen d. Then the Multi-HYDFIT program optimizes the 

parameters in order to obtain the minimisation of the target function, based on the 

following equations: 

οଶ = 
ଵேೞ σ ൥ሺσ ்்ܹ ሻିଵ σ ்ܹ ቆ௔೅ሺ೎ೌ೗ሻషೌ೅ሺ೐ೣ೛ሻ௔೅ሺ౛౮౦ሻ ቇଶ் ൩ேೞ௜ୀଵ           (4.10) 

 

οଶ = 
ଵேೞ σ ൥ሺσ ூܹூ ሻିଵ σ ூܹ ቆ௔಺ሺ೎ೌ೗ሻି௔಺ሺ೐ೣ೛ሻ௔಺ሺ౛౮౦ሻ ቇଶூ ൩ேೞ௜ୀଵ              (4.11) 

where ܰ ௦ is the number of samples, ்ܹ  and ூܹ are the statistical weights for 

equivalent radii ܽ ் and ܽ ூ and the subscripts cal and exp indicates values from 
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calculated and experimental values, respectively. Therefore, ∆ is a dimensionless 

estimate of the consensus between calculated values for the frictional coefficient, 

intrinsic viscosity and radius of gyration for a certain persistence length, ܮ௉ and the 

experimentally measured parameters (Ortega et al., 2011, Patel et al., 2008b). 

In this study, the chain diameter, d was fixed and Lp and ML were treated as variables. 

In this case the best estimates for the persistence lengths and mass per unit lengths of 

gellan sample was obtained with the minimum value of the target function ǻ and 

shown as contour plots as shown in Figures 4.10. The values of the target (error) 

function, ǻ are represented by the full colour spectrum ranging from blue to red. The 

x-axis and y-axis represents Lp (nm) and ML (g.mol-1.nm-1), respectively. 

 

 

Figure 4.10: Contour plots for gellan samples. The target function, ǻ calculated 

based on variables values of Lp and ML, and are represented on the full colour 

spectrum from blue (ǻ = 0.17) to red (ǻ≥0.95). 
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The overall Lp and ML were found as (100 ± 10) nm and (588 ± 21) (g.mol-1.nm-1), 

respectively. These values indicate the rod structure and this range of persistence 

length is consistent with the result from Okamoto et al. (Okamoto et al., 1993) and  

Takahashi et al. (Takahashi et al., 2004). 

 

4.4.5.4. Molecular Conformation Zoning 

The sedimentation conformation zoning plot provide the estimation of ‘overall’ 

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to 

Zone E (globular or branched) by plotting of ݇௦ܯ௅ versus [s]/ܯ௅. (Pavlov et al., 

1997, Pavlov, 2013) Thus, it represents the conformation of the polymer in solution 

based on mass per unit length, ML and persistent length, Lp parameters. Also, the 

important parameter is sedimentation coefficient, which can be estimated from the 

sedimentation coefficient and [s]  is evaluated from this equation: 

[s]  = 
௦మబǡೢబ ఎమబǡೢ൫ଵିᛓఘమబǡೢ൯                (4.12) 

 ௅ is the mass of the molecule(s) within the polymer divided by its length. In thisܯ

study, ܯ௅ was taken as the estimated values obtained from Multi- HYDFIT analysis 

as 588 g.mol-1.nm-1 and [s]  was calculated from sedimentation coefficient data.  
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Figure 4.11: The conformation zoning plot for gellan samples which are 

adapted rigid rod structures (Zone B). 

 

Figure 4.11 demonstrates that the gellan samples have rigid rod conformation with 

some flexibility in Zone B. This method also shows an excellent agreement with 

results from the MHKS relationship and Wales van Holde ratio. 

 

4.5. DISCUSSION 

The hydrodynamic properties of gellan gum in solution have been investigated using 

three different approaches based on sedimentation coefficient, ݏଶ଴ǡ௪଴ , molecular 

weight, Mw and intrinsic viscosity, [Ș] . To determine the conformation and the 

flexibility, the sample was depolymerised by the microwave bomb method which 

was successfully applied by Kok et al. (2009) and Almutairi (2015). Owing to this 
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method, gellan samples with different molecular weights were obtained by 

degradation of the sample. Heat treatment using microwaves in a high-pressure 

vessel in a short time did not degrade the gellan solution as it was observed in Kok et 

al. (Kök et al., 2009). Therefore, longer times and higher temperatures were applied 

and this prompted the degradation of polymer in solution. 

According to sedimentation velocity results using in the analytical ultracentrifuge, 

the samples showed a bimodal sedimentation coefficient distribution; this indicates 

the heterogeneity of samples. The apparent weight average sedimentation coefficient 

values increased with decrease in concentration for all gellan samples, which show 

no evidence of reversible associative behaviour. Although the ranges of the 

concentrations for the experiment were low, considerable concentration dependence 

was observed, which shows the effects of non-ideality. Additionally, after heat 

treatment, both sedimentation coefficients and the concentration dependence 

parameter ks, decreased with increasing the heating time.  

Since weight average molecular weight is an important parameter for the 

hydrodynamic characterisation and conformation for gellan samples, they were 

estimated by the sedimentation equilibrium method in AUC. The molecular weight 

of gellan has been estimated previously using osmometry (Ogawa et al., 2002), static 

(Dentini et al., 1988, Okamoto et al., 1993) and dynamic light scattering (Takahashi 

et al., 1999) but this method was applied for the first time for gellan samples. 

Working with a series of concentrations and extrapolation to zero concentration 

helped to eliminate the solution non-ideality effect. The reciprocal plot of Mw,app 

versus concentration gave a linear extrapolation for LAG, LAG1, LAG2 and LAG3. 

At the same time a second order polynomial fit was applied to the reciprocal plot of 

Mw,app versus concentration for LAG4 and LAG5 because of high non-ideality. 
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The conformation of gellan in 25mM NaI solution was determined using MHKS (a 

and b parameter) and Wales van Holde ratio and both results indicated that gellan 

adopts rod type conformation with some flexibility. These results were also 

reinforced by sedimentation conformation zoning approach, which also proved that 

depolymerisation process by microwave bomb technique didn’t affect the 

conformation of gellan. In terms of flexibility, the persistence length, Lp and mass 

per unit length, ML were estimated by Multi-HYDFIT method and found as (100 ± 

10) nm and (588 ± 21) (g.mol-1.nm-1), respectively. These values are similar with 

earlier studies by Takahashi et al. who suggested Lp as 98nm and ML as 650 (g.mol-

1.nm-1) in 25 mM NaCl at 25°C based on [Ș] and Mw data. (Takahashi et al., 2004). 

Dentini et al. has also found similar Lp value (102 nm) for gellan in 

tetramethylammonium (TMA) solution but a higher ML value of 710 (g.mol-1.nm-1) 

(Dentini et al., 1988).  

4.6. CONCLUSION 

In this study, the untreated low acyl gellan and heat treated-gellan samples were 

characterised in terms of viscosity, heterogeneity, molecular weight and 

conformational properties in 25mM NaI solution. Due to electrostatic charge and gel 

formation in high salt content, SEC-MALL could not be carried out for this sample. 

However, sedimentation velocity and sedimentation equilibrium in the analytical 

ultracentrifuge, viscometry and Multi-HYDFIT have successfully been applied to 

samples. The results from these techniques proved that 25mM NaI is sufficient to 

supress the electrostatic effects of gellan, which is particularly important for AUC 

and viscometry experiments. Results from AUC experiments also allowed estimating 

the conformation and molecular weight of gellan samples. Meanwhile, the 
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conformation results showed consistency with the previous results, and the rod 

conformation with some flexibility, which was proved by the MHKS relationship, 

Wales-van Holde ratio and molecular conformation zoning. This study also shows 

that since gellan is found as solution form with no aggregates at 25mM NaI and not 

requiring any further purification to maintain this solution form, the hydrogel 

formation of gellan with other cationic polymers can be studied for the therapeutic 

applications, especially for the drug delivery, the mixture of gellan and chitosan as 

an encapsulating agent may be useful. 
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CHAPTER    5 

MOLECULAR WEIGHT AND 

CONFORMATION STUDY OF SODIUM 

HYALURONATE IN AQUEOUS SOLUTION 

 

 

5.1. INTRODUCTION 

Hyaluronic acid or hyaluronan (HA) is a linear, negatively charged and unbranched 

polysaccharide. It is chemically classified as a glycosaminoglycan and consists of a 

repeating disaccharide unit of  ȕ-(1ĺ4) σ-acetyl-଻-glucosamine and ȕ-(1ĺ3) linked 

଻-glucuronic acid (Figure 5.1) (Hokputsa, 2003). 

 

Figure 5.1: Chemical structure of repeating disaccharide unit of hyaluronic 

acid. Figure reproduced from (Hokputsa, 2003). 
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HA is found in umbilical cord and the vitreous body of the eye, mammalian synovial 

fluid, and connective tissues such as rooster comb. (Kogan et al., 2007, Hokputsa et 

al., 2003a). Additionally, it is also found in the capsules of Streptoccocus species e.g. 

Streptococcus zooepidemicus and Streptococcus equi (Marcellin et al., 2009). It has 

been successfully produced via microbial fermentation with less environmental 

pollution and low production cost compared to rooster comb and other eukaryotic 

sources. Also, the HA polysaccharide from these microorganisms is obtained at a 

larger scale, better yield and purity for industrial applications (Haxaire et al., 2000, 

Milas and Rinaudo, 2004, Liu et al., 2011b).  

Due to the distinctive physico-chemical properties of HA, which play an important 

role in many biological processes, it has been used in several clinical treatments 

including ophthalmology, orthopaedics, wound healing (Gandolfi et al., 1992, 

Durrani et al., 1995, Miyazaki et al., 1996, TascȚoglu and Öner, 2003), drug delivery 

(Luo et al., 2000, Jacobetz et al., 2013) and cosmetic applications.  Thus, 

determination of the molecular properties such as molecular weight (molar mass in 

g.mol-1) and conformation for hyaluronic acid in solution is essential to give a full 

understanding of its properties and functions for medical and pharmaceutical 

applications. For example, HA with high molecular weight is used for tissue repair, 

ophthalmic drug delivery, enhancing nasal adhesion (Saettone et al., 1991, Morimoto 

et al., 1991, Duranti et al., 1998, Lap̌ík et al., 1998)  whereas HA with low 

molecular weight has been suggested for the inhibition of tumour growth, initiating 

the expression of inflammatory moderators and promotion of angiogenesis (West et 

al., 1985, Zeng et al., 1998, Liu et al., 2011b). The molecular weight estimation for 

numerous hyaluronic acid samples was extensively studied by different techniques 

such as gel permeation chromatography, light scattering, osmometry and 
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sedimentation equilibrium methods (Hokputsa et al., 2003a, Rinaudo, 2008, Preston 

and Wik, 1992, Choi et al., 2010).  

Conformation is also an important property for hyaluronic acid, which is important 

for an understanding of its interaction with other macromolecules. The conformation 

of linear HA has been claimed to be a flexible random coil in aqueous solution by 

(Bothner et al., 1988, Hayashi et al., 1996, Milas and Rinaudo, 2004, Caspersen et 

al., 2014). Hokputsa and co-workers showed that HA adopts a random coil 

conformation when Mw >106,  whereas the stiffness increases with Mw <106 as 

shown by the Mark-Houwink-Kuhn-Sakurada (MHKS) or power-law relationships 

(Hokputsa et al., 2003b). Another conformation parameter, the persistence length 

(Lp) -which is indicative of the flexibility of linear polymer chains of HA- was found 

to have a wide range of values of 4-20 nm from application of the methods including 

the Yamakawa-Fujii-Yoshizaki and Bushin Bohdanecky approaches and also the 

application of electric birefringence decay by various researchers - see e.g. (Trimm 

and Jennings, 1983, Cleland, 1984, Hayashi et al., 1996, Buhler and Boué, 2004). 

In this chapter, the properties of different samples of sodium hyaluronate were 

studied in solution to evaluate structural unity in terms of sedimentation coefficient, 

molecular weight, intrinsic viscosity, conformation and overall conformational 

flexibility by taking advantage of the recent advances in hydrodynamic analysis. A 

new approach was applied using sedimentation equilibrium (“SEDFIT-MSTAR”) 

together with size exclusion chromatography coupled to multi angle light scattering 

(SEC-MALS) to determine heterogeneity and molecular weight distributions. The 

flexibility of samples in terms of the persistence length (Lp) and mass per unit length 

(ML) values were also estimated using a more recent approach, the global 

conformational analysis method an algorithm known as Multi-HYDFIT in order to 
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address some discrepancies in Lp in the literature. (Ortega and García de la Torre, 

2007). The Multi-HYDFIT method employs a combination of molecular weight, 

intrinsic viscosity and sedimentation coefficient data for all sodium hyaluronate 

samples. 

5.2. MATERIALS 

The six bacterial sodium hyaluronate samples HAV1, HAV2, HAV3, HAV4, HAV5 

and HAV6 were kindly supplied in highly purified form by Vitrolife Ltd. (Sweden). 

Samples were used as supplied without any further purification. A stock solution of 

each sodium hyaluronate was prepared by dissolving a known amount in distilled 

deionised water, at room temperature with gentle stirring for two hours followed by  

dialysis for a further 18 hours against buffer phosphate-chloride buffer supplemented 

with NaCl according to Green (1933) at pH 7.0 and an ionic strength (I) of 0.1M. 

The concentrations, c (g/ml) of the stock sample solutions were measured after -

dialysis using an Atago (Japan) DD-7 refractometer calibrated with glucose 

standards and a refractive increment, dn/dc, of 0.167ml/g (Hokputsa et al., 2003b). 

The solutions of native HAV1 and HAV2 were microwaved with a microwave 

synthesiser (Anton Paar Ltd, UK) at 90°C for 45s to produce lower molar mass 

samples that were named as MHAV1 and MHAV2. 

5.3. METHODS 

5.3.1. Sedimentation Velocity (SV) 

An Optima XL-I (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh 

interference optics was used to determine the sedimentation behaviour and molecular 
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homogeneity of hyaluronate samples. Solution concentrations ranging between 0.1 – 

3.0 mg/ml for each hyaluronate were studied at a temperature of (20.0 ± 0.1) °C. 

400ȝl of solution and an equal volume of the pH ι.0, I=0.1M reference 

buffer/solvent (400ȝl) were injected into the solution and solvent channels, 

respectively of 12 mm optical path length double sector cells. The Rayleigh 

interference optical system was used to record changes in the concentration versus 

radial displacement profiles with time. Scans were taken at 2 min intervals for a run 

time of approximately 18 hours at 35000 rpm for HAV1, HAV2, HAV3, MHAV1 

and MHAV2, and at 45000 rpm for HAV4, HAV5 and HAV6. A partial specific 

volume, ૣ  of -0.6ml/g - was used for all samples (Hokputsa et al., 2003b). For 

comparison purposes, sedimentation coefficients were normalised to standard 

solvent conditions, namely the density and viscosity of water at 20.0° C see e.g. 

(Abdelhameed, 2010, Laue and Stafford III, 1999): 

ૣ-1)/ (ଶ଴ǡ௪ߩૣ-1)} =ଶ଴ǡ௪ݏ } . {(଴ߩ {ଶ଴ǡ௪ߟ / ଴ߟ     ǡ௕               (5.1)்ݏ

where ߩ଴ and ߟ଴ are respectively the density and viscosity of the solvent or buffer, b, 

at temperature T and ߩଶ଴ǡ௪ and ߟଶ଴ǡ௪ the corresponding values of water at 20.0 °C. 

The data was analysed using the “least squares ls-g(s) model” SEDFIT program of 

Schuck and colleagues (Dam and Schuck, 2004) in terms of distributions of 

sedimentation coefficient distribution . The ls-g(s) vs. s profiles were used to provide 

an assessment of sample polydispersity. The s and ݏଶ଴ǡ௪  values are ‘apparent’ values 

because of non-ideality. To remove this effect, ݏଶ଴ǡ௪  is extrapolated to zero 

concentration and ݏଶ଴ǡ௪଴   is obtained from reciprocal plot of ݏଶ଴ǡ௪  (1/ݏଶ଴ǡ௪ ) vs. 

concentration (see for example, (Harding, 2005c): 

1/s20,w = (1/ s°20,w).(1+ksc)                  (5.2) 
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where ݏଶ଴ǡ௪଴  is sedimentation coefficient at zero concentration and standard 

condition, ݇ ௦ is the Gralen parameter (Gralen, 1944); see also (Harding, 2005b). 

 

5.3.2. Sedimentation Equilibrium (SE) 

Sedimentation equilibrium experiments were also performed using the Beckman 

(Palo Alto, California, U.S.A.) Optima XL-I analytical ultracentrifuge and 

employing Rayleigh interference optics and an automatic on-line data capture 

system. 12 mm optical path length double-sector titanium cells with sapphire 

windows were loaded with (~κ0ȝl) of dialysed sample as a concentration series 

(ranging from 0.2-2.0mg/ml) and a matching amount of reference buffer dialysate in 

appropriate channels. The balanced cells were then loaded into an analytical 8-hole 

titanium rotor An50-Ti and placed in the AUC. After time was allowed for vacuum 

formation (≤ 50 microns) and for temperature equilibration (20.0 °C), the rotor was 

then accelerated to 5000 rpm for HAV1, HAV2, HAV3, MHAV1 and MHAV2, 

13000 rpm for HAV4, 16000 rpm for HAV5 and 23000 rpm for HAV6.  Using the 

Rayleigh interference optical system, scans were taken every one hour and 

equilibrium was reached after approximately 48 hours to 120 hours. Records of the 

relative concentration distribution of the solute at equilibrium were analysed to give 

the weight average apparent molecular weight Mw,app using the SEDFIT-MSTAR 

program implemented by Schuck et al. (Schuck et al., 2014) based on the algorithm 

of Cölfen and Harding (Cölfen and Harding, 1997) and the M*  function of Creeth 

and Harding (Creeth and Harding, 1982). 
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5.3.3. Size Exclusion Chromatography Coupled to Multi Angle 

Light Scattering (SEC-MALS)    

Molecular weights (weight averages) of the sodium hyaluronate samples were also 

estimated by using the independent technique of SEC–MALS. This technique has 

been successfully applied to polysaccharide characterisation since 1991 by applying 

firstly alginate samples (Horton 1991). The system consisted of a series of size-

exclusion chromatography (SEC) columns, namely TSK G5000PW and TSK 

G6000PW, protected by a similarly packed guard column (Tosoh Bioscience, Tokyo, 

Japan) coupled on-line to “Helios” multi-angle light scattering (MALS) and 

refractive index (OptilabrEX) detectors (Wyatt Technology, Santa Barbara, USA). 

Solutions for injection were prepared for HAV1, HAV2, and HAV3 as 0.5mg/ml, for 

MHAV1, MHAV2 as 1.0mg/ml, and for HAV4, HAV5, and HAV6 as 5.0 mg/ml. 

Then, they were filtered through a 0.2 ȝm syringe filter (Minisart, Surrey, UK) to 

remove any insoluble material or dust prior to being injected into the columns. The 

buffer was pumped at a steady, pulse-free flow rate of 0.8 ml/min through the 

column system. ASTRA (Version 6.1) software (Wyatt Technology, Santa Barbara, 

USA) was used to analyse the data. A second polynomial fit (for high molecular 

weight samples) and linear fit (for low molecular weight samples) to the “Debye” 

plot of Kc/Rș vs sin2(ș/2), where the terms have their meaning (Wyatt, 2013b) was 

used for calculating the apparent weight average molecular weight (Mw,app). The 

refractive index increment (dn/dc) was taken as 0.167 ml/g which has previously 

been  determined by Hokputsa and co-workers (Hokputsa et al., 2003a).  
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5.3.4. Capillary and Differential Pressure Viscometry 

The flow times of sodium hyaluronate solutions ranging in concentration from 0.1 

mg/ml to 5mg/ml and the reference solvent were measured using a 2ml Schott-

Geräte Ostwald viscometer system. The temperature was kept constant at 20.0 ( ± 

0.01) °C by suspending the capillary in water bath combined with a cooling sytem. 

The relative viscosity, (Șrel = (t/to), was obtained from the ratio of the flow time of 

the solution t (sec) to the flow time of solvent that was recorded accurately using 

photosensors. Because of the low concentrations a density correction was deemed 

unnecessary (Harding, 1997). The reduced viscosity, Șred=(Șrel-1)/c, and the inherent 

viscosity, Șinh = (lnȘrel)/c were extrapolated to zero concentration to eliminate non-

ideality effects with the common intercept at c=0 yielding the intrinsic viscosity [Ș] 

using the Huggins and Kraemer equations: 

Șred = [Ș] (1 + KH.[Ș].c)                            (5.3) 

and 

(lnȘrel)/c = [Ș] (1 - KK.[Ș].c)                         (5.4) 

where KH and KK are respectively the Huggins (1942) and Kraemer (1938) constants. 

As an additional check, a combined relation due to Solomon & Ciuta (1962) was 

also used: 

[Ș] ~ (1/c). [2 (Șsp – ln (Șrel ))]
1/2               (5.5) 

The assumption has been made that there was no shear dependence of [Ș] under 

creeping flow conditions in the capillary viscometer. 
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Intrinsic viscosities of samples were also measured by Viscostar (Wyatt Technology) 

differential pressure viscometer on-line to the SEC-MALS system. Due to the  

sensitivity of the sensors and high dilution in the column, the concentration is low 

and because of this, the Solomon-Ciuta equation (5.5) can be applied without any 

extrapolation (Harding, 1997). 

5.4. RESULTS 

5.4.1. Sedimentation Velocity (SV) 

The sedimentation coefficient, s was obtained for each concentration of each sample 

using the least square ls-g*(s) distribution method. The sedimentation coefficient 

distribution profiles in Figure 5.2 shows the high purity and unimodiality with one 

major peak at each concentration of all sodium hyaluronate samples. The peaks also 

show an evidence of significant hyper sharpening with increasing the concentration 

especially for HAV1, HAV2, HAV3 and microwave heated samples MHAV1 and 

MHAV2. The apparent sedimentation coefficient ݏଶ଴ǡ௪ increased with reducing 

concentration which indicates a considerable concentration dependency especially 

for these same samples. The sedimentation coefficients were found between 1.1S to 

6.8S as shown in Table 5.1. The reciprocal plots of sedimentation coefficient versus 

concentration extrapolated to infinite dilution were shown in Figure 5.3 for all 

sodium hyaluronate samples. The concentration dependence of sedimentation, ks was 

also determined from this extrapolation using Equation 5.2 for each sample and 

presented in Table 5.1. 
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Figure 5.2: Sedimentation coefficient distribution profiles using the least 

squares g*(s) method of SEDFIT obtained from sedimentation velocity 

experiment for sodium hyaluronate samples (A) HAV1, (B) HAV2, (C) 

MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G) HAV5, (H) HAV6. 
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Figure 5.3: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot (after correction to standard solvent conditions) for sodium 

hyaluronate samples in 0.1M PBS (A) HAV1, (B) HAV2, (C) MHAV1, (D) 

MHAV2, (E) HAV3, (F) HAV4, (G) HAV5, (H)HAV6. 
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Table 5.1: Summary of ࢙ ૛૙ǡ࢝૙ and ks for sodium hyaluronate samples. 

Sample s°
20,w  (S) ks (ml/g) 

HAV1 5.7 ± 0.40 3180 ± 390 

HAV2 6.8 ± 0.30 4800 ± 280 

HAV3 5.5 ± 0.30 2500 ± 300 

HAV4 1.6 ± 0.02 144 ± 10 

HAV5 1.3 ± 0.04 130 ± 20 

HAV6 1.1 ± 0.10 60 ± 30 

MHAV1 3.7 ± 0.17 1180 ± 170 

MHAV2 3.6 ± 0.20 1270 ± 330 

 

5.4.2. Estimation of Molecular Weight 

The weight average molecular weight of sodium hyaluronate samples were estimated 

using both sedimentation equilibrium in the analytical ultracentrifuge and 

SECMALS. The weight average molecular weight was firstly determined by 

sedimentation equilibrium. However, for this experiment, the effect of 

thermodynamic non-ideality in solution needs to be considered. Because of charge 

effects and excluded volume effects, the solution non-ideality appears and the 

sodium hyaluronate solutions display strong solvent-polymer interactions that ascend 

with increase in concentration. To minimise this non-ideality effect, the samples 

were run at a series of measurements at different loading concentration and 

extrapolated to infinite concentration. Nevertheless, for HAV1 and HAV2, 

measurements over a range of concentrations and extrapolating to zero concentration 

was not successful to eliminate this  non-ideality effect even though using long 
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optical path length cells (20.0 mm) that allows to work at relatively low 

concentration (0.2 mg /ml).  

 

Figure 5.4: SEDFIT-MSTAR analysis of HAV4 in 0.1 M PBS at a loading 

concentration of 1.0 mg/ml (A) molecular weight distribution, c(M) vs. M plot; 

(B) log concentration ln c(r) vs. r2 plot, where r is the radial distance from the 

centre of rotation; (C) M* vs. r plot: the value of M* extrapolated to the cell 

base = Mw,app the apparent weight average molecular weight for the whole 

distribution. (D) Point or local apparent weight average molecular weight at 

radial position r (open circle) plotted against the local concentration c(r).  

 

On the other hand, MHAV1, MHAV2, HAV3, HAV4, HAV5 and HAV6 were run 

at different concentration ranges from (0.2-2.5mg/ml) and weight average molecular 

weights were determined by SEDFIT-MSTAR. Figure 5.4 shows an example of this 

analysis for HAV4 at 1.0mg/ml. The reciprocal plot of Mw,app versus concentration 
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gave a linear extrapolation for samples HAV4, HAV5 and HAV6. At the same time 

a simple second order polynomial fit was applied to the conventional plot of Mw,app 

versus concentration for HAV3 and reciprocal plot of  Mw,app versus concentration 

for MHAV1 and MHAV2 (Figure 5.5). This fit was also applied for kappa-

carrageenan and hyaluronic acid at high molecular weight because of high non-

ideality by   Harding et al. (Harding et al., 1997) and Hokputsa et al. (Hokputsa et 

al., 2003a). The molecular weight values obtained from these extrapolations are 

reported in Table 5.2. 

 

Table 5.2: Summary of weight average molecular weights (Mw) results for 

sodium hyaluronate samples from sedimentation equilibrium and SEC-MALS. 

Sample 105 x Mw (Da)a 105 x Mw (Da)b 

HAV1 ND 22.7 ± 1.1 

HAV2 ND 20.0 ± 3.6 

HAV3 25.0 ± 2.0 18.9 ± 3.0 

HAV4 0.46 ± 0.11 0.43 ± 0.08 

HAV5 0.24 ± 0.04 0.14 ± 0.02 

HAV6 0.07 ± 0.01 0.06 ± 0.01 

MHAV1 7.35 ± 0.2 5.10 ± 0.10 

MHAV2 4.76 ± 1.7 3.90 ± 0.04 

a : obtained from sedimentation equilibrium 

b : obtained from SEC-MALS 
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Figure 5.5: Plots of Mw,app against concentration for (A) conventional plot of 

HAV3 (B) reciprocal plot of MHAV1 and MHAV2 (C) reciprocal plot of HAV4, 

HAV5 and HAV6.  
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The weight average molecular weight of sodium hyaluronate samples were also 

determined by SEC-MALS and the values are also presented in Table 5.2. Due to the 

sample dilution in SEC columns, the non-ideality effect was reduced, which allowed 

us to obtain the weight average molecular weight of HAV1 and HAV2 directly. The 

elution volume profiles of samples are given in Figure 5.6 (a and b) and from this 

figure approximately unimodal profiles are seen for MHAV1, MHAV2, HAV4, 

HAV5 and HAV6, with some lower molecular weight peaks seen in HAV1, HAV2 

and HAV3. The weight average molecular weight results obtained for each sample 

from SEC-MALS were relatively consistent with those found by sedimentation 

equilibrium (Table 5.2). 

 

 

Figure 5.6a: Elution profiles of the sodium hyaluronate samples from dRI 

detector: HAV1 (black line), HAV2 (red line), HAV3 (green line) at 

concentration 0.5 mg/ml, MHAV1 (blue line) and MHAV2 (purple line) at 

concentration 1.0mg/ml examined by SEC-MALS. 
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Figure 5.6b: Elution profiles of the sodium hyaluronate samples from dRI 

detector: HAV4 (black line), HAV5 (red line), HAV6 (green line) at 

concentration 5.0 mg/ml examined by SEC-MALS. 

 

5.4.3. Intrinsic viscosity 

The intrinsic viscosities of samples were measured using both a capillary viscometer 

and the Viscostar (Wyatt Technology) differential pressure viscometer for each 

sodium hyaluronate sample. The value of [Ș] were obtained using Huggins, Kraemer 

and Solomon-Ciuta extrapolations for the capillary viscometer and a good linear 

extrapolation can be seen from Figure 5.7 for all samples. 

The results are presented on Table 5.3 and this table proves that intrinsic viscosity 

greatly depends on molecular weight and there is a general decrease in intrinsic 

viscosity with decreasing molecular weight. The intrinsic viscosity result of HAV2 is 
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Figure 5.7: The intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for sodium hyaluronate samples; 

(A) HAV1, (B) HAV2, (C) MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G) 

HAV5, (H) HAV6. 
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higher than that of the HAV1 though the molecular weight is less. This could be 

related to the different stiffness of samples and HAV2 could be much stiffer. Table 

5.3 also demonstrates the intrinsic viscosity for sodium hyaluronate samples from 

ViscoStar on-line with SEC-MALS, and the data is consistent with those yielded 

from capillary viscometer except HAV2 and HAV3. The results of intrinsic viscosity 

are also within the range previously determined. 

 

Table 5.3: Summary of Intrinsic viscosity values of sodium hyaluronate samples 

obtained from capillary viscometry and differential pressure viscometry. 

 

Sample 

Intrinsic viscosity [Ș] (mL/g) 

Capillary viscometry Online 

viscostarTM  
Huggins Kraemer Solomon-Ciuta 

HAV1 3840 ± 90 3830 ± 140 3800 ± 80 4320 ± 730 

HAV2 3990 ± 130 4210 ± 60 4210 ± 70 4820 ± 40 

HAV3 2340 ± 110 2610 ± 80 2560 ± 90 4740 ± 10 

HAV4 141 ± 1.0 141 ± 0.8 142 ± 1 144 ± 0.2 

HAV5 44 ± 0.6 44 ± 0.6 44 ± 1 44 ± 0.1 

HAV6 16 ± 0.6 16 ± 0.6 16 ± 1 16.6 ± 0.1 

MHAV1 1840 ± 50 1790 ± 70 1740 ± 45 1640 ± 3.1 

MHAV2 1340 ± 20 1340 ± 20 1350 ± 17 1210 ± 3.6 
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5.4.4. Conformation Analysis 

5.4.4.1. Mark-Houwink- Kuhn-Sakurada Power Law Relationships 

The Mark-Houwink-Kuhn-Sakurada (MHKS) or power law relationships is one of 

the simplest methods to obtain for conformation and flexibility of sodium 

hyaluronate in solution using sedimentation coefficient, intrinsic viscosity and 

molecular weight parameters (Harding et al., 1991c); 

[Ș] = ߢఎ M a                           (5.6) 

ଶ଴ǡ௪଴ݏ  ௦ M b                      (5.7)ߢ = 

The MHKS or ‘Mark-Houwink’ exponents “a” and “b” are obtained from the slopes 

of double logarithmic plots of intrinsic viscosity, [Ș], and sedimentation coefficient, ݏଶ଴ǡ௪଴  versus molecular weight Mw, respectively. The values of a and b are then used 

to determine conformation using ‘Haug Triangle’ which is a representation of the 

gross conformation of macromolecules. The three extremes of conformation, 

compact sphere, random coil and rigid rod, are placed at the corners of triangle 

(Tombs and Harding, 1997) with the values given at Table 4.4. 

Double logarithmic plot of ݏଶ଴ǡ௪଴  versus of molecular weight of all sodium 

hyaluronate samples were presented in Figure 5.8. The overall b parameter which 

was yielded from slope was found as (0.31 ± 0.02) between the limits of rod (0.15) 

and coil (0.4-0.5) according to Table 4.4. Within the error estimate the value agrees 

with that obtained previously by (Hokputsa, 2003). 
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Figure 5.8: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot of ࢙૛૙ǡ࢝૙   vs Mw for all sodium hyaluronate samples. 

 

 Figure 5.9 presents the plot of intrinsic viscosity [Ș] vs. molecular weight Mw for 

each sodium hyaluronate sample. The obtained a values from these slopes were 

presented in Table 5.4. As it can be seen from Table 5.4, the a values of sodium 

hyaluronate samples were found between 0.2 to 0.75 which indicates the 

conformation as a semi flexible coil and the finding is consistent with previous 

studies (Bothner et al., 1988, Gura et al., 1998, Bezáková et al., 2008, Caspersen et 

al., 2014). 
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Figure 5.9: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot from on-line differential pressure viscometry coupled to SEC-

MALS for sodium hyaluronate samples; (A) HAV1, (B) HAV2, (C) MHAV1, 

(D) MHAV2, (E) HAV3, (F) HAV4, (G) HAV5, (H) HAV6. 



131 
 

Table 5.4: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a, 

from SEC-MALS and Wales-van Holde ratio, R, for sodium hyaluronate 

samples. 

Sample MHKS a R= ks/[Ș] 

HAV1 0.20 ± 0.01 0.8 

HAV2 0.43 ± 0.01 1.1 

HAV3 0.50 ± 0.01 0.6 

HAV4 0.66 ± 0.01 1 

HAV5 0.69 ± 0.01 ND 

HAV6 0.54 ± 0.01 ND 

MHAV1 0.65 ± 0.01 0.7 

MHAV2 0.75 ± 0.01 0.7 

 

 

5.4.4.2. Wales-van Holde Ratio (R) 

The Wales-van Holde ratio (Wales and Van Holde, 1954) is the simplest 

guidance/indicator of a molecule conformational flexibility. The limits are ~ 1.6 for a 

compact sphere or a non-draining random coil (Creeth and Knight, 1965), and <1 for 

rods (Tombs and Harding, 1998). Wales-van Holde ratio, R, is; 

R = ks / [Ș]                  (5.8) 

The ks is concentration dependence coefficient or the Gralen parameter and [Ș] is 

intrinsic viscosity. The R results of sodium hyaluronate samples are given in Table 

5.4 and it appears that all sodium hyaluronate samples are again consistent with 

semi-flexible structures (R 1.0–0.6 ׽). We also note that our results appear similar to 

those found previously by Kok et al., Hokputsa et al. and Almutairi et al. (Kök et al., 

2009, Hokputsa et al., 2003b, Almutairi et al., 2013).  
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5.4.4.3. Estimation of the Persistence Length (Lp) and Mass Per Unit 

Length (ML) 

The persistence length Lp and ML are representations of the bending flexibility of 

linear polymer chains (worm-like chains)(Harding, 2005a). Lp is defined as the 

average projection length along the initial direction of the polymer chain and ML is 

the mass of the molecule(s) within the polymer divided by its length. Theoretically, 

Lp = 0 is for a random coil whereas Lp = ∞ is for the rigid rod (e.g. see (Harding, 

1997). However the practical limits, -for a random coil are ~1nm (e.g pullulan) and 

for a rigid rod ~200nm (e.g. xanthan) are more suitable (Tombs and Harding, 1997). 

The persistence length can be estimated using different approaches, either using the 

sedimentation coefficient (Yamakawa and Fujii, 1973, Hearst and Stockmayer, 

1962) or using the intrinsic viscosity (Bohdanecky, 1983, Stockmayer and Fixman, 

1963) equations. 

5.4.4.3.1. Bushin-Bohdanecky Method 

This method is a popular method for estimating chain persistence lengths (Lp) 

especially for semi-flexible polymers, and has been applied to a range of 

polysaccharides such as xyloglucan (Patel et al., 2008b), methylcellulose (Morris et 

al., 2009b) and konjac glucomannan (Kök et al., 2009). The persistence length is 

estimated using viscosity and molecular weight data from the equation below 

(Bushin et al., 1981a, Bohdanecky, 1983): 

ቀெమೢሾఎሿቁଵȀଷ
ଵȀଷିߔ଴ܤ + ଵȀଷିߔ௅ܯ଴ܣ = ቀଶ௅ುெಽ ቁିଵȀଶ  ௪ଵȀଶ             (5.9)ܯ
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where ĭ is the Flory-Fox constant (2.86 x 1023 mol-1),  ܣ଴and ܤ଴ are constants and 

were taken as ~1.32 and ~1.10, respectively (Bushin et al., 1981b). The value of 

mass per unit length (ML) of sodium hyaluronate was taken as (~410 g.mol-1.nm-1), 

that was obtained from (Tsutsumi and Norisuye, 1998). 

The plot of ሺܯ௪ଶ  ȀሾߟሿሻଵȀଷ vs. ܯ௪ଵȀଶ for all sodium hyaluronate samples are shown in 

Figure 5.10. The Lp is calculated from slope using the Equation 5.9 and the 

constantsǡ  ଴, as given previously. From the slope the Lp was obtained asܤ ଴ andܣ

(9.4 ± 0.03) nm, which is an excellent agreement with (Gamini et al., 1992) and 

(Hayashi et al., 1996) using the same method. 

 

 

Figure 5.10: Bushin-Bohdanecky plot for sodium hyaluronate samples, where 

Lp = (9.4 ± 0.03) nm from the slope. 
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5.4.4.3.2. Global analysis method (HYDFIT) 

It is clear that using different methods to determine Lp and ML might lead to some 

bias and discrepancies on results. To prevent this variability, the Multi-HYFIT 

program was developed by Ortega and Garcia de la Torre (2007) to enable estimates 

for consensus values of Lp  and ML and chain diameter d, by considering two or more 

data sets of intrinsic viscosity ([Ș]), sedimentation coefficient (ݏଶ଴ǡ௪଴ ) and where 

appropriate radius of gyration (Rg) and translational diffusion coefficient (Dt) for 

varying molecular weights of the same substance. This program carries out 

minimisation of a target function known as ǻ using Bushin-Bohdanecky 

(Bohdanecky, 1983, Bushin et al., 1981a) and Yamakawa-Fujii (Yamakawa and 

Fujii, 1973) equations within the several variables. The optimization process can be 

implemented giving different weightings to each property (Ortega and García de la 

Torre, 2007). To simplify and accelerate the minimization of the process, the least 

effective parameter or well defined parameter from known molecular structure (eg. ܯ௅) can be fixed .The results of simulation analysis showed that Lp is comparatively 

insensitive to the value chosen d. Then the Multi-HYDFIT program optimizes the 

parameters in order to obtain the minimisation of the target function, based on the 

following equations: 

οଶ = 
ଵேೞ σ ൥ሺσ ்்ܹ ሻିଵ σ ்ܹ ቆ௔೅ሺ೎ೌ೗ሻషೌ೅ሺ೐ೣ೛ሻ௔೅ሺ౛౮౦ሻ ቇଶ் ൩ேೞ௜ୀଵ          (5.10) 

 

οଶ = 
ଵேೞ σ ൥ሺσ ூܹூ ሻିଵ σ ூܹ ቆ௔಺ሺ೎ೌ೗ሻି௔಺ሺ೐ೣ೛ሻ௔಺ሺ౛౮౦ሻ ቇଶூ ൩ேೞ௜ୀଵ              (5.11) 

where ܰ ௦ is the number of samples, ்ܹ  and ூܹ are the statistical weights for 

equivalent radii ܽ ் and ܽ ூ and the subscripts cal and exp indicates values from 
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calculated and experimental values, respectively. Therefore, ∆ is a dimensionless 

estimate of the consensus between calculated values for the frictional coefficient, 

intrinsic viscosity and radius of gyration for a certain persistence length, Lp and the 

experimentally measured parameters (Ortega et al., 2011, Patel et al., 2008b). 

In this study, the chain diameter, d was fixed and Lp and ML were treated as variables. 

In this case the best estimates for the persistence lengths and mass per unit lengths of 

each sodium hyaluronate sample were obtained with the minimum value of the target 

function ǻ and shown as contour plots as shown in Figures 5.11. The values of the 

target (error) function, ǻ are represented by the full colour spectrum ranging from 

blue to red. The x-axis and y-axis represents Lp (nm) and ML (g.mol-1.nm-1), 

respectively. 

The overall Lp and ML were found as (9.0 ± 0.7) nm and (321 ± 33) g.mol-1.nm-1, 

respectively. The values estimated for each sample were found in the range of 5.0-

9.0 nm for Lp, whereas 290-395 g.mol-1.nm-1 for ML, and are given in Table 5.5. The 

small differences for Lp and ML might be due to different chemical compositions. 

Furthermore, these values indicate the semi-flexible random coil structure and the 

range of persistence length we find is consistent with previous studies (Cleland, 

1984, Fouissac et al., 1992, Haxaire et al., 2000, Buhler and Boué, 2004) and with 

other semi- flexible coil type polysaccharides such as citrus pectin (Morris et al., 

2008). 
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Table 5.5: Summary of the persistence length, Lp and the mass per unit length, 

ML values for sodium hyaluronate samples. 

Sample Lp (nm) ML (g mol-1 nm-1) 

HAV1 5.5 ± 0.6 385 ± 30 

HAV2 9.0 ± 1.5 385 ± 50 

HAV3 7.3 ± 0.1 290 ± 30 

HAV4 5.0 ± 0.1 300 ± 10 

HAV5 5.0 ± 0.1 395 ± 10 

HAV6 5.0 ± 0.1 300 ± 10 

MHAV1 5.9 ± 0.6 325 ± 20 

MHAV2 7.0 ± 0.2 370 ± 10 
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Figure 5.11: Contour plots for sodium hyaluronate samples; (A) HAV1, (B) 

HAV2, (C) MHAV1, (D) MHAV2, (E) HAV3, (F) HAV4, (G) HAV5, (H) HAV6. 

The target function, ǻ calculated based on variables values of Lp and ML, and 

are represented on the full colour spectrum from blue (ǻ = 0) to red (ǻ≥0.95). 
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5.4.4.4. Molecular Conformation Zoning 

The sedimentation conformation zoning plot provide the estimation of ‘overall’ 

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to 

Zone E (globular or branched) by plotting of ݇௦ܯ௅ versus [s]/ܯ௅. (Pavlov et al., 

1997, Pavlov, 2013). [s]  is evaluated from this equation: 

[s]  = 
௦మబǡೢబ ఎమబǡೢ൫ଵିᛓఘమబǡೢ൯                (5.12)                       

 ௅ is the mass of the molecule(s) within the polymer divided by its length. In thisܯ

study, ML was taken as the estimated values obtained from Multi- HYDFIT analysis 

as 321 g.mol-1.nm-1 and [s]  was calculated from sedimentation coefficient data.  

Figure 5.12 demonstrates that the sodium hyaluronate samples have semi-flexible 

conformation in Zone C. This method also shows an excellent agreement with results 

from MHKS and Wales van Holde ratio. 
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Figure 5.12: The conformation zoning plot for sodium hyaluronate samples.  All 

samples fall in the zone for semi-flexible coil structures (Zone C). 

 

5.5. DISCUSSION 

Throughout this study on sodium hyaluronate samples, the samples that have 

different molecular weight were examined in terms of their hydrodynamic properties 

(e.g. molecular weight and viscosity) for comparative purposes and the 

conformational characteristics. According to the plots of g(s) vs s (Svedberg), the 

purity and homogeneity of samples were represented. As the sedimentation 

coefficient particularly depends on size (and conformation), the low sedimentation 

coefficient might be an indicator of low molecular weight samples since Hokputsa 

and co-workers indicated this result (Hokputsa, 2003). The concentration 

dependence of sedimentation or Gralén coefficient (ks) for each sample was obtained 
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from the reciprocal plots of sedimentation coefficient (1/ݏଶ଴ǡ௪଴ ) vs. concentration and 

it was also used with the intrinsic viscosity results to calculate Wales-van Holde 

ratios, which provided a simple guidance for the semi-flexible conformation adopted 

by these polysaccharides. 

Molecular weight which is described as ‘weight average molecular weight’ is an 

important parameter for the hydrodynamic characterisation of sodium hyaluronate 

and was measured using two different experimental approaches. Firstly, 

sedimentation equilibrium in the AUC was used to determine the weight average 

molecular weight for the whole distribution. Since determination of the molecular 

mass of sodium hyaluronate by this method relates with eliminating the effects of 

solution non-ideality, running the samples over a range of concentrations and 

extrapolating to zero concentration was used to accomplish this effect. For the low 

molecular mass samples, an extrapolation of 1/Mw,app versus concentration was 

sufficient whereas it was not efficient for the two high molecular weight samples 

HAV1 and HAV2. In this case, SEC-MALS technique has been successfully applied 

to sodium hyaluronate samples with higher molecular weight since the dilution of 

the sample into the column was low enough to eliminate non-ideality effect. This 

state was also observed by Hokputsa et al., (2003) with the high molecular weight 

samples and the molar mass was achieved by taking advantage of using SEC-MALS. 

Results of the weight average molecular weight were confirmed by using both 

sedimentation equilibrium in AUC and SEC-MALS methods, which were consistent 

with those obtained previously Hokputsa et al. (Hokputsa et al., 2003b), Takahashi 

et al. (Takahashi et al., 1999) and Caspersen et al. (Caspersen et al., 2014). 

SEC-MALS also provided the advantage of coupling online molecular weight and 

intrinsic viscosity measurements for the samples, which enabled determination of the 
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conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and flexibility by Multi-

HYDFIT methods. The MHKS results indicated that the all samples adopted a semi-

flexible random coil type conformation confirmed by the Wales-van Holde ratio and 

conformation zoning. In terms of persistence length, two different methods, Bushin-

Bohdanecky and Multi-HYDFIT, have been applied to estimate the conformational 

flexibility of the samples. Both methods confirmed the previous results as a flexible 

coil conformation. The Lp values varies between 5.0-9.0 nm in agreement with 

Fouissac et al. (Fouissac et al., 1992) and Buhler and Boue (Buhler and Boué, 2004) 

who found the Lp of 4.5-8 nm using τdijk’s model and Yamakawa-Fujii-Yoshizaki 

viscosity theory, and Lp of 9 nm from combined light and small-angle neutron 

scattering data.  On the other hand, Hayashi and co-workers determined the Lp as 4 

and 10.5nm using Yamakawa-Fujii -Yoshizaki theory combining with Yamakawa-

Stockmayer-Shimada theory and by Bushin-Bohdanecky plot (Hayashi et al., 1996). 

Considering the Lp data from these three techniques above indicates that Lp not only 

relies on the chain conformation, solubility, side chain aggregation and excluded 

volume effects but also the method and the parameters that are used. 

5.6. CONCLUSION 

In this chapter, the characterisation of hyaluronic acid in its sodium salt form has 

been successfully achieved using the complementary hydrodynamic techniques of 

AUC (sedimentation velocity and equilibrium), SEC-MALS and viscometry 

providing knowledge on concerning heterogeneity and conformation of this 

important substance. The conformation of samples was also revisited by Multi-

HYDFIT and molecular conformation zoning. Meanwhile the results from Multi-

HYFIT have perfect agreement with the previous results, and the flexible coil 
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conformation was proved by this technique and the other complementary 

conformation methods Mark-Houwink-Kuhn-Sakurada (MHKS), Wales van Holde 

Ratio and molecular conformation zoning. 
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CHAPTER    6 

A STUDY ON SOLUTION PROPERTIES 

AND MOLECULAR CONFORMATION OF 

SCHIZOPHYLLAN  

 

 

6.1. INTRODUCTION 

Schizophyllan is a non-ionic, water-soluble microbial homopolysaccharide that is 

produced by fermentation from the filamentous fungi Schizophyllum commune. It  

consists of a linear chain of ȕ-଻ -(1-3)-glucopyranosyl groups, to which  ȕ-଻-(1-6)-

glucopyranosyl groups are attached (e.g. Figure 6.1) (Kumari et al., 2008, Bot et al., 

2001). Through the advantage of these glucosyl side-chains being on the outside of a 

triple helical structure, it is readily dissolved in water (Bot et al., 2001). Owing to its 

high capacity for immobilising water (in cosmetics-skin and hair products), high heat 

stability (petroleum recovery) and bioactivity characteristics (antitumor, anti-

inflammatory, antibacterial activities), it has been considered for many industrial, 

medical and pharmaceutical applications (Leathers et al., 2006, Tombs and Harding, 

1997). 

The solution properties of schizophyllan have previously been studied in different 

solvents and temperature conditions, e.g. (Norisuye et al., 1980, Sato et al., 1983, 



144 
 

Sato et al., 1984, Yanaki et al., 1980, Kashiwagi et al., 1981, Stokke et al., 1993, 

Tako, 1996). Early studies had suggested that the conformation of schizophyllan is a  

 

Figure 6.1: Chemical structure of repeating unit of schizophyllan (reproduced 

from (Takedatsu et al., 2012) 

rod-like trimer in water and a single random coil in DMSO or NaOH by using 

sedimentation equilibrium and light scattering methods. (Norisuye et al., 1980, 

Yanaki et al., 1980, Kashiwagi et al., 1981, Sato et al., 1983). Light scattering and 

viscosity results have shown that schizophyllan completely dissolves in 0.01M 

NaOH and the trimer structure is also maintained (Kashiwagi et al., 1981, Yanaki et 

al., 1980). The conformational transition from trimers to single chains (thermo-

irreversible) can also be generated by heating schizophyllan aqueous solutions above 

135 °C (Yanaki et al., 1985, Zentz et al., 1992, Tako, 1996). 

Data sets of intrinsic viscosity vs. molecular weight, sedimentation coefficient vs. 

molecular weight, radius of gyration vs. molecular weight plots have also been used 

to estimate not only conformation from Mark-Houwink-Kuhn-Sakurada power law 

relations but also have been used to estimate the persistence length (Lp) (flexibility of 
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linear polymer chains) and mass per unit length (ML) (molar mass of the polymer 

divided by its length: see for example (Laue and Rhodes, 1990). Norisuye et al. 

(1980), Yanaki et al. (1980) and Kashiwagi et al. (1981) who have estimated (Lp and 

ML using the so-called Yamakawa-Fujii relation (Yamakawa and Fujii, 1973) as 

shown in Table 6.1. Bohdanecky (Bohdanecky, 1983) employed the intrinsic 

viscosity and molecular weight data from Yanaki and co-workers (Yanaki et al., 

1980) to estimate Lp and ML and - the chain diameter (d)- and the persistence length 

was found higher (296 nm). Stokke et al. have observed (Lp) and (ML) in the range of 

~104-161 nm and ~2070-2013 g.mol-1.nm-1 for three ultrasonicated schizophyllan 

samples using electron microscopy (Stokke et al., 1993). 

 

Table 6.1. Persistence length Lp and mass per unit length ML of schizopyhyllan 

Lp (nm)  ML (g mol-1 nm-1) Reference 

100-200 - Norisuye et al. (1980) 

200 ± 30 2150 ± 150 Yanaki et al. (1980) 

180 ± 30 2170 ± 50 Kashiwagi et al. (1981) 

104 - 161 2080 - 2130 Stokke et al. (1993) 

274 - 296 1900 - 2050 Bohdanecky (1983) 

 

In a more recent approach, an algorithm known as Multi-HYDFIT (Ortega and 

García de la Torre, 2007) was applied to previous literature data (s vs. ܯ௪ , ܴ௚  vs. ܯ௪, [Ș] vs.  ܯ௪), by Ortega et al. (Ortega et al., 2011). These researchers obtained 

values of (150 ± 20) nm for Lp and (2050 ± 90) nm for ML. However, those 
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researchers used a very different partial specific volume (0.555 ml/g) instead of 

Yanaki’s - 0.619 ml/g. 

In order to address these discrepancies and by taking advantage of the recent 

advances in hydrodynamic analysis, two different schizophyllan samples with 

different molecular weight were depolymerised to estimate their hydrodynamic 

parameters in aqueous solution. Newly published approaches for sedimentation 

velocity in analytical ultracentrifugation (AUC) (the Extended Fujita approach) and 

sedimentation equilibrium (“SEDFIT-MSTAR”) together with size exclusion 

chromatography coupled to multi angle light scattering (SEC-MALS) were used to 

characterise heterogeneity and molecular weight distributions. The flexibility 

parameters, Lp and ML values, and the conformation were re-assessed using Multi-

HYDFIT and other methods, namely the Wales-van Holde and Conformation Zoning 

approaches. 

6.2. MATERIALS 

Two schizophyllan samples GM1 and INV1 were kindly provided by Glycomix Ltd. 

(Reading, United Kingdom) and Invivogen Ltd (San Diego, USA), respectively. 

Both samples were used as supplied without any further purification and assumed to 

be of similar composition. A stock solution  for both GM and INV was prepared by 

dissolving a known amount of schizophyllan in distilled deionised water at room 

temperature with gentle stirring overnight followed by  dialysis for a further 18 hours 

against phosphate-chloride buffer supplemented with NaCl according to Green 

(1933) at pH 7.0 and an ionic strength (I) of 0.1M. The concentrations, c (g/ml) of 

the stock schizophyllan solutions were measured after dialysis using an Atago 
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(Japan) DD-7 refractometer calibrated with glucose standards, and a refractive 

increment dn/dc of 0.145ml/g (Norisuye et al., 1980). The solution of native 

schizophyllan INV was sonicated with a VWR Ultrasonicater Bath-USC 1700 THD 

series (VWR International, UK) at 480W and 45 kHz for 38 hours to produce 

different molar mass of sample, INV2. The stock solution of another native 

schizophyllan GM1 was then also exposed to microwave heating by a microwave 

synthesiser (Anton Paar Ltd, UK) at 500W and 110°C for 45 seconds to produce 

GM2. It was observed that heating for a longer period (more than 45 seconds) 

resulted in discoloration of the sample. 

6.3. METHODS 

6.3.1. Partial Specific Volume 

 Density measurements of schizophyllan solutions (ranging from 0.25 to 1.25mg/ml) 

were performed using a DMA 5000M  density meter (Anton Paar, UK) so as to 

determine the partial specific volume using the mechanical oscillator technique 

according to the procedure of Kratky et al. (Kratky et al., 1973). The partial specific 

volume was calculated using the equation below; 

ૣ = 
ଵିௗఘȀௗ௖ఘబ                (6.1) 

where ૣ  is the partial specific volume (ml/g), ߩ଴ is the density of the solvent (g/ml), 

dȡ/dc is the density increment which can be obtained from the limiting slope of the 

plot of solution density versus concentration.                                                                         
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6.3.2. Sedimentation Velocity (SV) 

An Optima XL-I (Beckman Instruments, Palo Alto, USA) equipped with Rayleigh 

interference optics was used to determine the sedimentation behaviour and molecular 

homogeneity of schizophyllan samples. Solution concentrations ranging between 0.2 

– 1.5 mg/ml for each schizophyllan were studied at a temperature of (20.0 ± 0.1) °C. 

400ȝl of solution and an equal volume of the pH ι.0, I=0.1M reference 

buffer/solvent (400ȝl) were injected into the solution and solvent channels 

respectively of 12 mm optical path length double sector cells. The Rayleigh 

interference optical system was used to record changes in the concentration versus 

radial displacement profiles with time. Scans were taken at 2 min intervals for a run 

time of approximately 18 hours at 40000 rpm. A partial specific volume, ૣ of -0.592 

ml/g- was used for the schizophyllan according to the density meter measurements. 

For comparison purposes, sedimentation coefficients were normalised to standard 

solvent conditions, namely the density and viscosity of water at 20.0°C -see e.g. 

(Abdelhameed, 2010, Laue and Stafford III, 1999): 

ૣ-1)/(ଶ଴ǡ௪ߩૣ-1)} =ଶ଴ǡ௪ݏ {(଴ߩ {ଶ଴ǡ௪ߟ / ଴ߟ} .   ǡ௕                 (6.2)்ݏ

where ߩ଴and ߟ଴ are respectively the density and viscosity of the solvent or buffer, b, 

at temperature T and ߩଶ଴ǡ௪ and ߟଶ଴ǡ௪the corresponding values of water at 20.0 °C. 

The data was analysed using the “least squares ls-g(s) model” SEDFIT program of 

Schuck and colleagues (Dam and Schuck, 2004) in terms of distributions of 

sedimentation coefficient distribution . The ls-g(s) vs. s profiles were used to provide 

an assessment of sample polydispersity. The s and ݏଶ଴ǡ௪values are ‘apparent’ values 

because of non-ideality. To remove this effect, ݏଶ଴ǡ௪ is extrapolated to zero 
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concentration and ݏଶ଴ǡ௪଴  is obtained from reciprocal plot of ݏଶ଴ǡ௪ (1/ݏଶ଴ǡ௪) vs. 

concentration (see for example, (Harding, 2005c)): 

1/s20,w = (1/ s°20,w).(1+ksc)               (6.3) 

where ݏଶ଴ǡ௪଴  is sedimentation coefficient at zero concentration and standard 

condition, ݇ ௦ is the Gralen parameter (Gralen, 1944); see also (Harding, 2005a) 

6.3.3. Sedimentation Equilibrium (SE) 

Sedimentation equilibrium experiments were also carried out using the Beckman 

(Palo Alto, California, U.S.A.) Optima XL-I analytical ultracentrifuge and 

employing Rayleigh interference optics and an automatic on-line data capture 

system. 12 mm optical path length double-sector titanium cells with sapphire 

windows were loaded with (~ι0ȝl) of dialysed sample as a concentration series (that 

is ranging from 0.4-1.5mg/ml) and a matching amount of reference buffer dialysate 

in appropriate channels. The balanced cells were then loaded into an analytical 8-

hole titanium rotor An50-Ti and placed in the AUC. After time was allowed for 

vacuum formation and for temperature equilibration (20.0 °C), the rotor was then 

accelerated to 3000rpm for GM1 and GM2, and 7000 rpm for INV1 and INV2.  

Using the Rayleigh interference optical system, scans were taken every one hour and 

equilibrium was reached after approximately 48 hours for INV1 and INV2, and 96 

hours for GM1 and GM2. Record of the relative concentration distribution of the 

solute at equilibrium was analysed to give the weight average apparent molecular 

weight Mw,app using the SEDFIT-MSTAR program implemented by Schuck et al. 

(Schuck et al., 2014) based on the algorithm of Cölfen and Harding (Cölfen and 



150 
 

Harding, 1997) and the M*  function of Creeth and Harding (Creeth and Harding, 

1982).  

6.3.4. Size Exclusion Chromatography Coupled to Multi Angle 

Light Scattering (SEC-MALS)   

Molecular weights (weight averages) and molecular weights distribution of all 

schizophyllan samples were determined using SEC–MALS. The system consisted of 

a series of size-exclusion chromatography (SEC) columns, namely TSK G5000PW 

and TSK G6000PW, protected by a similarly packed guard column (Tosoh 

Bioscience, Tokyo, Japan) coupled on-line to “Helios” multi-angle light scattering 

(MALS) and refractive index (OptilabrEX) detectors (Wyatt Technology, Santa 

Barbara, USA). Solutions for injection were prepared as 0.5mg/ml for all samples 

and were then filtered through a 0.2 ȝm syringe filter (Minisart, Surrey, UK)—to 

remove any insoluble material or dust prior to being injected into the columns. The 

buffer was pumped at a steady, pulse-free flow rate of 0.8 ml/min through the 

column system. Data was analysed by ASTRA (Version 6.1) software (Wyatt 

Technology, Santa Barbara, USA). A linear fit to the “Debye” plot of Kc/Rș vs 

sin2(ș/2), where the terms have their meaning was used for calculating the absolute 

weight average molecular weight (Mw) (Wyatt, 2013b). The refractive index 

increment (dn/dc) value used for data analysis for the schizophyllan was 0.145ml/g  

(Norisuye et al., 1980). 

6.3.5. Capillary and Differential Pressure Viscometry 

Schizophyllan solutions ranging from 0.2 mg/ml to 1.2 mg/ml were analysed using a 

Schott-Geräte Ostwald viscometer system at a temperature of (20.0 ± 0.01) °C. The 
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relative viscosity, Șrel, was obtained from the ratio of the flow time of the solution t 

(sec) to the flow time of solvent (Șrel = (t/to)), where the flow time was recorded 

accurately using photosensors. Because of the low concentrations, a density 

correction was deemed unnecessary (Harding, 1997). The reduced viscosity (Șred = 

(Șrel-1)/c) and the inherent viscosity (Șinh = (lnȘrel)/c) were extrapolated to zero 

concentration to eliminate non-ideality effects with the common intercept at c=0 

yielding the intrinsic viscosity [Ș] from Huggins and Kraemer equations: 

Șred = [Ș] (1 + KH.[Ș].c)                   (6.4)                                                                                                              

and 

(lnȘrel)/c = [Ș] (1 - KK.[Ș].c)             (6.5)                                     

where KH and KK are the Huggins (1942) and Kraemer (1938) constants, 

respectively. As an additional check, a combined Solomon & Ciuta (1962) relation 

was also used: 

[Ș] ~ (1/c). [2 (Șsp – ln (Șrel ))]
1/2              (6.6)                                                                                                  

The assumption has been made that there was no shear dependence of [Ș] under 

creeping flow conditions in the capillary viscometer.  

Intrinsic viscosities of samples were also measured by Viscostar (Wyatt Technology) 

differential pressure viscometer on-line to the SEC-MALS system. Due to sensitivity 

of the sensors and high dilution in the column, the concentration is low and because 

of this, Solomon-Ciuta equation (6.6) can be applied without any extrapolation 

(Harding, 1997). 
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6.4. RESULTS 

6.4.1. Partial Specific Volume 

To measure the sedimentation coefficient and weight average molecular weight from 

sedimentation equilibrium experiment, partial specific volume, ૣ of schizophyllan 

was required in 0.1M PBS. Thus, the partial specific volume was determined from 

density measurements and ૣ of (0.59 ± 0.05) ml/g was calculated from the slope of 

the solution density versus concentration (Figure 6.2). This value is similar to the 

values for xanthan (Dhami, 1996) and citrus pectin (Harding et al., 1991a). 

 

 

Figure 6.2. Determination of partial specific volume of schizophyllan using 

density measurement in 0.1M PBS at 20oC. 
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6.4.2. Sedimentation Velocity (SV) 

The sedimentation coefficient (s) of each schizophyllan sample was measured at 

various concentrations by the least square ls-g*(s) method. The sedimentation 

coefficient distribution plots (Figure 6.3) indicates that the apparent sedimentation 

coefficient distributions for all samples appear to be bimodal and showed that the 

samples are heterogeneous. 

 

Table 6.2: Summary of ࢙ ૛૙ǡ࢝૙  and ks for schizophyllan samples. 

Sample ࢙૛૙ǡ࢝૙  (S) ks (mL/g) 

GM1 10.40 ± 0.2 168 ± 21 

GM2 9.53 ± 0.3 186 ± 30 

INV1 9.00 ± 0.36 141 ± 44 

INV2 8.07 ± 0.13 236 ± 18 

 

 

According to the distribution plots in Figure 6.3, two peaks were identified for each 

concentration studied and for all four schizophyllan samples. Peak 1 (the minor 

peak) is around ~2S which shows the small molecular weight component and peak 2 

(the main component) is around ~8S - 9S that indicates higher molecular weight 

component in the sample.  

To eliminate the effect of non-ideality ݏଶ଴ǡ௪ was extrapolated to zero concentration to 

obtain ݏଶ଴ǡ௪଴ . The Figure 6.4 shows the reciprocal plots of apparent sedimentation 

coefficient versus concentration (for the main component). The slope of these plots 

gives the concentration dependence parameter ks (Gralén coefficient) for each sample 

and presented on Table 6.2. 
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Figure 6.3: Sedimentation coefficient distribution profiles using least squares 

g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 

schizophyllan samples (A) GM1, (B) INV1, (C) GM2, (D) INV2.   
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Figure 6.4: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot (after correction to standard solvent conditions) for 

schizophyllan samples (main component) in 0.1M PBS at pH 7.0 (A) GM1, (B) 

INV1, (C) GM2, (D) INV2. 

 

6.4.3 Estimation of Molecular Weight 

The weight average molecular weight of schizophyllan samples was determined by 

the sedimentation equilibrium method in the analytical ultracentrifuge and 

SECMALS. The values were initially determined from the sedimentation 

equilibrium method. To eliminate the non-ideality effect in solution from excluded 

volume and charge effects, the samples were run at different loading concentrations 

in the range 0.4-1.6mg/ml. The data then was analysed using the SEDFIT-MSTAR 

program to obtain apparent weight average molecular weight 
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Figure 6.5: As (Figure 5.4) but the analysis of GM1 at a loading concentration 

of (0.6 mg/ml). Mw,app from extrapolation of M* to cell base = 2043 kDa, and the 

meaning of the fitted lines in “c” and “d” are explained in the legend Figure 6.4. 

 

Table 6.3: Summary of weight average molecular weights (Mw) results for 

schizophyllan samples from sedimentation velocity, equilibrium and SEC-

MALS.  

Sample 106 x Mw (Da)a 106 x Mw (Da)b 106 x Mw (Da)c 

GM1 2.59 ± 0.6 2.14 ± 0.36 2.82 ± 0.16 

GM2 1.94 ± 0.1 1.76 ± 0.19 2.12 ± 0.18 

INV1 1.9 ± 0.8 1.93 ± 0.23 1.90 ± 0.33 

INV2 1.15 ± 0.1 1.44 ± 0.17 1.50 ± 0.04 

a : obtained from sedimentation equilibrium. 
b : obtained from SEC-MALS. 
c : obtained from molecular weight obtained from sedimentation velocity and the 
Extended Fujita method. 
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Figure 6.6: The reciprocal plots of the apparent weight average molecular 

weight (Mw,app) against concentration c (g/ml) for  schizophyllan samples (A) 

GM1, (B) INV1, (C) GM2, (D) INV2. 

 

(see, for example Figure 6.5). The reciprocal plot of Mw,app versus concentration gave 

linear extrapolations for all samples as shown in Figure 6.6. The weight average 

molecular weight values were then yielded from the intercept of these extrapolations 

and presented in Table 6.3. 

However, through the ability of studying at low concentrations (by dilution of the 

solution in the columns) in the light scattering detector of the SEC-MALS system, 

the non-ideality effects are usually small. Thus, the weight average molecular weight 

of each schizophyllan sample and its distribution were also obtained by SEC-MALS 

system and are reported in (Table 6.3). Within the error estimate the weight average 
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molecular weight results obtained for each sample from SEC-MALS are consistent 

with those found by sedimentation equilibrium.  

The molecular weight distribution of schizophyllan samples was then obtained by 

transforming a distribution of sedimentation coefficient g(s) vs s into a distribution 

of molecular weight,  f(M) vs M using the Extended Fujita method (Harding et al., 

2011). 

The transformation from g(s) versus s is as below: 

f(M) = g(s). (ds/dM)                (6.7) 

with 

 

 

Figure 6.7: Molecular weight distribution for all schizophyllan samples in 0.1 M 

PBS buffer obtained from transformation of the g(s) versus s distribution using 

the Extended Fujita method of Harding et al., (2011) (A) GM1 at c=0.2mg/ml, 

(B) INV1, (C) GM2, (D) INV2 at c=0.4mg/ml. 
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s = țs . M
 b                 (6.8) 

and 

ds/dM = b. țs
1/b. s(b-1/b)             (6.9) 

the conformation parameter (MHKS) b and țs has been obtained as 0.28 and 0.162, 

respectively, from the slopes of double logarithmic plots of sedimentation coefficient 

versus molecular weight. The molecular weight distributions of samples are 

presented in Figure 6.7 and are consistent with the results obtained from 

sedimentation equilibrium and SEC-MALS. 

6.4.4. Intrinsic Viscosity 

The intrinsic viscosities of all schizophyllan samples were measured using both a 

capillary viscometer and the Viscostar (Wyatt Technology) differential pressure 

viscometer for each schizophyllan sample. The value of [Ș] were obtained using 

Huggins, Kraemer and Solomon-Ciuta extrapolations for the capillary viscometer  

 

Table 6.4: Summary of intrinsic viscosity values of schizophyllan samples 

obtained from capillary viscometry and differential pressure viscometry. 

 

Sample 

Intrinsic viscosity [Ș] (mL/g) 

Capillary viscometry Online 

viscostarTM  Huggins Kraemer Solomon-Ciuta 

GM1 470 ± 10 510 ± 20 500 ± 16 730 ± 10 

GM2 670 ± 35 700 ± 20 690 ± 20 730 ± 10 

INV1 385 ± 20 430 ± 20 420 ± 20 560 ± 16 

INV2 740 ± 65 730 ± 35 740 ± 40 765 ± 3 
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Figure 6.8: Intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for schizophyllan samples (A) 

GM1, (B) INV1, (C) GM2, (D) INV2. 

 

and linear extrapolations can be seen from Figure 6.8 for all samples. The results in 

Table 6.4 were also in excellent agreement with the previous study by (Norisuye et 

al., 1980). 

6.4.5. Conformation Analysis  

6.4.5.1. Mark-Houwink-Kuhn-Sakurada Power Law Relationships 

The conformation of schizophyllan samples was assessed based on knowledge of the 

sedimentation coefficient, ݏଶ଴ǡ௪଴  and [Ș] with Mw. Initially, the double logarithmic 

plot of sedimentation coefficient versus molecular weight can give the precise 
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indication of the gross conformation of the schizophyllan samples in dilute solution 

from equation 6.8. 

The exponent b in equation 6.8 - has values ~0.67 (sphere), ~0.4-0.5 (random coil) 

and ~0.15-0.2 (rigid rod). As noted above, the overall b parameter for schizophyllan 

samples was found in this study as (0.28 ± 0.09) from the slope of a double 

logarithmic plot of ݏଶ଴ǡ௪଴  versus Mw, which is consistent with a rod like molecule 

(Figure 6.9). This value agrees with that obtained previously by Yanaki and co-

workers (Yanaki et al., 1980). 

 

Figure 6.9: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot of ࢙૛૙ǡ࢝૙   vs Mw for all schizophyllan samples. 

A similar MHKS double-logarithmic plot was produced for the intrinsic viscosity, 

[Ș] , data plotted versus molecular weight to obtain the Mark-Houwink exponent a as 

follows: 
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[Ș] = țȘ .M a              (6.10) 

Owing to the feature of the Viscostar coupled to the on-line fractionation SEC-

MALS system, the conformation parameter a was characterised using the (MHKS) 

power law relation linking [Ș] (from the Viscostar) and Mw (from SEC–MALS). The 

limiting a values are ~0 for the compact sphere, ~0.5-0-8 for random coil and ~1.8 

for a rigid rod. (Harding, 2005b). The exponent of (a) yielded from the slope for all 

schizophyllan samples are reported in Table 6.5 and the results appeared to suggest  

the overall conformation as an extended rigid rod structure and similar to that for 

xanthan (Figure 6.10) (Tombs and Harding, 1997). 

 

 

Figure 6.10: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot from on-line differential pressure viscometry coupled to SEC-

MALS for schizophyllan samples (A) GM1, (B) INV1, (C) GM2, (D)INV2. 
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Table 6.5: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a, 

from SEC-MALS and Wales-van Holde ration, R, for schizophyllan samples. 

Sample MHKS a R= ks/[Ș] 

GM1 1.06 ± 0.01 0.34 

GM2 0.90 ± 0.01 0.27 

INV1 1.04 ± 0.01 0.35 

INV2 0.92 ± 0.01 0.32 

 

 

6.4.5.2 Wales-Van Holde Ratio (R) 

Another useful indication of the possible conformation for schizophyllan samples in 

solution can be obtained from the Wales-Van Holde parameter which is the ratio of 

the sedimentation concentration dependence coefficient, ks, to the intrinsic viscosity 

[Ș]  (Wales and Van Holde, 1954). The value of this ratio is characteristically ~1.6 

for spheres and random coils, and substantially lower, <1 for rods.  The R results 

shown in Table 6.5 indicate an extended rod conformation for these schizophyllan 

samples 

6.4.5.3. Estimation of the Persistence Length Lp and Mass Per Unit 

Length ML 

The conformational flexibility of linear polymer chains (worm-like chains) were 

estimated from persistence length Lp and ML representations  (Harding, 2005a). ML is 

the mass of the molecule(s) within the polymer divided by its length. Lp is defined as 

the average projection length along the initial direction of the polymer chain and it 

can be estimated using different approaches either sedimentation coefficient 
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(Yamakawa and Fujii, 1973, Hearst and Stockmayer, 1962) or intrinsic viscosity 

(Bohdanecky, 1983, Stockmayer and Fixman, 1963),  equations. 

6.4.5.3.1. Yamakawa–Fujii Method 

This method provides another way for estimating chain persistence length, Lp using 

sedimentation coefficient and molecular weight information. The slope of ݏଶ଴ǡ௪଴  vs 

(Mw)1/2 gives the value of  Lp and ML but it also requires knowledge about one of 

these parameters (Lp or ML) (Yamakawa and Fujii, 1973). However, the original 

equation given by Yamakawa and Fujii (1973) was misprinted. Freire and Garcia de 

la Torre (Freire and Garcia De La Torre, 1992) provided the corrected relation as 

follows: 

 = ଴ݏ
ெಽሺଵିᛓఘబሻଷగఎబேಲ ͵൤ͳǤͺͶ ݔ  ቀ ெೢଶெಽ௅ುቁଵȀଶ ൅ ଶܣ  ൅ ଷܣ ቀ ெೢଶெಽ௅ುቁିଵȀଶ ൅ Ǥ Ǥ Ǥ Ǥ ൨   (6.11) 

If the persistence length Lp is much larger than the mean chain diameter, d, 

Yamakawa and Fujii (Yamakawa and Fujii, 1973) have shown that A2 =  -ln(d/2Lp) 

and A3 =  0.1382. Using Yamakawa- Fujii relation from the plot of ݏଶ଴ǡ௪଴  vs (Mw)1/2, 

the slope was obtained as (3.74 ± 0.11) x 106 (Figure 6.11). By the Equation (6.11) 

and fixed ML as 2150 g/mol.nm, the Lp was estimated as (134 ± 4) nm and this value 

again indicates the extended rod conformation for schizophyllan in solution. 
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Figure 6.11: Yamakawa-Fujii plot for schizophyllan samples, where Lp = (134 ± 

4) nm from the slope and an assumed value for ML= 2150 g.mol-1.nm-1 from 

(Yanaki et al.). 

 

6.4.5.3.2. Global analysis method (HYDFIT) 

The main disadvantage of using the Bushin-Bohdanecky and Yamakawa-Fujii 

methods separately is requirement of either Lp or ML to determine the other 

parameter. Therefore, a new algorithm was developed by Ortega and Garcia de la 

Torre (Ortega and García de la Torre, 2007), which basically combines both previous 

methods to estimate Lp and ML from the two or more data sets of sedimentation 

coefficient, intrinsic viscosity and molecular weight information of the 

macromolecule. This programme then optimises the parameters in order to obtain the 

minimisation of the target function, ∆, based on the equation as above: 
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οଶ = 
ଵேೞ σ ൥ሺσ ்்ܹ ሻିଵ σ ்ܹ ቆ௔೅ሺ೎ೌ೗ሻషೌ೅ሺ೐ೣ೛ሻ௔೅ሺ౛౮౦ሻ ቇଶ் ൩ேೞ௜ୀଵ           (6.12) 

 

οଶ = 
ଵேೞ σ ൥ሺσ ூܹூ ሻିଵ σ ூܹ ቆ௔಺ሺ೎ೌ೗ሻି௔಺ሺ೐ೣ೛ሻ௔಺ሺ౛౮౦ሻ ቇଶூ ൩ேೞ௜ୀଵ              (6.13) 

where ܰ ௦ is the number of samples, ்ܹ  and ூܹ are the statistical weights for 

equivalent radii ܽ ் and ܽ ூ and the subscripts cal and exp indicate calculated and 

experimental values, respectively. Therefore, ∆ is a dimensionless estimate of the 

consensus between calculated values for the frictional coefficient, intrinsic viscosity 

and radius of gyration for a certain persistence length, ܮ௉ and the experimentally 

measured parameters (Ortega et al., 2011, Patel et al., 2008b). 

The reported Lp and ML values in Table 6.6 were obtained by fixing the chain 

diameter d and with the minimum value of the target function, ∆. Although the 

theoretical limits are Lp = 0 for random coil and Lp = ∞ for extra-rigid, practically the 

range is ~ 1 nm for random coils (e.g. pullulan) and ~ 200 nm for an extra-rigid rod 

(e.g. xanthan). In this study, the Lp values of schizophyllan were determined to be 

~130nm and ~120nm for depolymerised samples and native samples, respectively. 

These values appear to suggest the conformation has a rigid rod structure. The ML 

values were estimated as ~2300 g.mol-1.nm-1 and ~2200 g.mol-1.nm-1 for GM 

samples and INV samples, respectively and the ML values did not appear to change 

with depolymerisation. These Lp and ML values are consistent with previous studies 

(Stokke et al., 1993, Ortega et al., 2011, Norisuye et al., 1980). The contour plots were 

presented in Figure 6.12 and the target function ∆ were represented by the full colour 

spectrum ranging from blue to red.  
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Table 6.6: Summary of the persistence length, Lp and the mass per unit length, 

ML values for schizophyllan samples. 

Sample Lp (nm) ML (Da/nm) 

GM1 120 ± 10 2300 ± 10 

GM2 130 ± 10 2300 ± 10 

INV1 120 ± 15 2200 ± 10 

INV2 130 ± 10 2200 ± 10 

 

 

 

Figure 6.12: Contour plots of schizophyllan samples; (A) GM1, (B) INV1, (C) 

GM2, (D) INV2. The target function, ǻ is calculated based on variables values 

of Lp and ML, and are represented on the full colour spectrum from blue (ǻ = 0) 

to red (ǻ≥0.95). 
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6.4.5.4. Molecular Conformation Zoning 

The sedimentation conformation zoning plot provide the estimation of ‘overall’ 

solution conformation of a macromolecule ranging from Zone A (extra-rigid rod) to 

Zone E (globular or branched) by plotting of ݇௦ܯ௅ versus [s]  ௅. Thus, theܯ/

molecular conformation type can be estimated using sedimentation coefficient 

parameter and ML from the equations as follows: 

 [s]  = 
௦మబǡೢబ ఎమబǡೢ൫ଵିᛓఘమబǡೢ൯                (6.14) 

and ܯ௅ is the mass of the molecule(s) within the polymer divided by its length. In 

this study, ML was taken by estimation value from Multi-HYDFIT as 2200        

g.mol-1.nm-1 and 2300 g.mol-1.nm-1 for GM samples and  INV samples, respectively.  

The [s]  values were obtained from the sedimentation coefficient data using equation 

6.14. 

From Figure 6.13, it appears that schizophyllan samples clearly belong to 

Conformation Zone B rigid rods. These findings are consistent with those yielded 

from the MHKS and Wales-van Holde approaches, and reinforce those previously 

found by Yanaki et al. (Yanaki et al., 1980). 
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Figure 6.13: The conformation zoning plot for schizophyllan samples which are 

adapted rigid rod structures (Zone B). 

 

6.5. DISCUSSION 

In this study, the hydrodynamic properties of four schizophyllan samples have been 

characterised with regard to their weight-average molecular weight (Mw), 

sedimentation coefficient (ݏଶ଴ǡ௪଴ ) distribution, and intrinsic viscosities ([Ș]). Bimodal 

distributions were seen from sedimentation coefficient distributions. The weight 

average molecular weight was firstly determined by sedimentation equilibrium. 

However, for this experiment, the effect of thermodynamic non-ideality in solution 

needs to be considered. Because of charge effects and excluded volume effects, the 

solution non-ideality appears and the schizophyllan solution displays strong solvent-
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polymer interactions that ascend with increase in concentration. To minimise this 

non-ideality effect, the samples were run at a series of measurements at different 

loading concentration and extrapolated to infinite concentration. As a result, the 

sedimentation equilibrium method has successfully been applied to schizophyllan 

samples and the values of molecular weights were obtained for all samples in the 

range of ~ (1.2-2.6) x 106 (Da). Results were confirmed with those obtained from 

SEC-MALS and the previous studies (Norisuye et al., 1980, Yanaki et al., 1980, 

Kashiwagi et al., 1981). A third approach was used as a complementary method to 

determine molecular weight distributions based on sedimentation coefficient – 

Extended Fujita results were again consistent with those obtained from 

sedimentation equilibrium and SEC-MALS. 

In terms of conformation, SEC-MALS also provided the advantage of coupling 

online molecular weight and intrinsic viscosity measurements for the samples, which 

allowed estimating conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and 

flexibility by Multi-HYDFIT methods. The MHKS results indicated that the all 

samples adopted rigid rod type conformation proving by Wales-van Holde ratio and 

conformation zoning and gaining some flexibility at higher molecular weight 

(Yanaki et al., 1980). 

The flexibility of schizophyllan samples in terms of Lp and ML, were revisited using 

the accomplish technique-Multi-HYDFIT and sedimentation conformation zoning. 

Meanwhile the Lp results from Multi-HYFIT have a perfect agreement with the 

previous results from Norusiye et al., and Stokke et al. (Stokke et al., 1993), who 

found Lp of ~100-200nm using the so-called Yamakawa-Fujii relation and ~104-

161nm using electron microscopy, respectively. On the other hand, Bohdanecky 

(Bohdanecky, 1983) employed the intrinsic viscosity and molecular weight data 
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from Yanaki et al. (Yanaki et al., 1980) to get Lp and ML and - the chain diameter 

(d), and the persistence length was found higher (296 nm). The obtained Lp and ML 

values also consistent with the result from Ortega et al (2011) who applied the 

Multi-HYDFIT program to the previous literature data from Yanaki et al. (1980) and 

found the values of (150 ± 20) nm for Lp and (2050 ± 90) nm for ML. Consequently, 

the results also showed that using only single approach to estimate persistence length 

and mass per unit length can lead to a bias in the results. This emphasizes the need to 

use more than one independent method, and if possible using complementary 

hydrodynamic techniques.  

6.6. CONCLUSION 

The hydrodynamic properties of schizophyllan were determined by the 

complementary hydrodynamic techniques including AUC (sedimentation velocity 

and equilibrium), SEC-MALS and viscometry, which provide an important 

knowledge on the heterogeneity and conformation. The conformation of samples 

was also revisited by accomplish technique-Multi-HYDFIT and molecular 

conformation zoning in addition to previous conformation methods. Meantime, the 

results from Multi-HYFIT have a perfect agreement with the previous results, and 

the rod type conformation was proved by this technique and the other 

complementary conformation methods such as Mark-Houwink-Kuhn-Sakurada 

(MHKS), Wales van Holde Ratio and molecular conformation zoning. 
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CHAPTER    7 

HYDRODYNAMIC CHARACTERISATION 

OF CHITOSAN AND ITS INTERACTION 

WITH TWO POLYANIONS: DNA AND 

XANTHAN 

 

 

In Chapter 3, we considered in detail the properties of one of the most important 

industrial microbial polysaccharides – xanthan.  However, only very rarely is it used 

in products by itself.  In this chapter, we consider the behaviour of mixtures of the 

(polyanionic) xanthan with the polycationic polysaccharide chitosan, which is 

derived for example from chitin from the shells of crustaceans. We use the analytical 

ultracentrifuge and the principal of co-sedimentation as a marker for interaction.   

For comparative purposes, we consider also the interactions of chitosan with another 

double helical polyanionic molecule with strong carbohydrate content – DNA. We 

firstly examined the hydrodynamic properties of chitosan with different molecular 

weight, then studied on the interaction in collaboration with F. Almutairi (Almutairi, 

2015) 
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7.1 INTRODUCTION 

Chitosan is a cationic polysaccharide which is derived from chitin extracted from the 

exoskeletons of crustaceans or the cell walls of Basidiomycete fungi. The basic 

structure of chitosan is comprised of linear ȕ-(1-4) linked to 2-amino-2-deoxy-d-

glucopyranose unit with a high degree of N-acetylation as shown in Figure 7.1 

(Tombs and Harding, 1997).  

 

 

Figure 7.1: Chemical structure of chitosan adapted from Tombs and Harding, 

(1997). Ac=acetyl 

 

Chitosan is soluble in aqueous acidic solution and due to protonation of  amine 

groups in acidic media,  becomes a cationic polyelectrolyte (Fee, 2006). The 

variation of chitosan in solution derives from differences in the molecular weight, 

degree of acetylation (DA) and also the distribution of acetyl groups along the chain 

(Venugopal, 2011).  

Owing to the unique properties of chitosan including biocompatibility, 

biodegradability, hemocompatiblity, antibacterial activity, nontoxic, antitumor, 
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fungistatic and anticholesteremic  (Rinaudo, 2006), it has in itself received  attention 

for use in the food (Argin-Soysal et al., 2009), cosmetics (Dutta et al., 2004), 

pharmaceutical (Wong, 2009, Bhattarai et al., 2005) and medical applications (Tan et 

al., 2009, Ma et al., 2003). Chitosan can form polyelectrolyte complex- three-

dimensional networks or “hydrogels- with oppositely charged polymers and this 

complex can be used for controlled drug release by preserving the drug from 

degradation in the gastrointestinal tract for drug delivery systems.  Modifying the 

chemical structure and solvent conditions of chitosan electrostatic interaction and 

hydrophobic bonds can be enhanced. Through these interactions, the biomedical 

applications of chitosan for drug delivery (chitosan–alginate) and gene delivery 

(chitosan–DNA) (Li et al., 2005, Mansouri et al., 2004) has attracted attention. 

However, the information of molecular properties of chitosan in solution especially 

molecular weight and conformation is essential to understand the behaviour of 

chitosan in the presence of other macromolecules. 

Molecular weight (primarily the weight average Mw) or “molar mass” estimations for 

various chitosan preparations in solution have in the past been investigated using 

membrane osmometry, multi-angle light scattering (MALS), or light scattering 

coupled with size exclusion chromatography, or SEC alone (Rinaudo et al., 1993, 

Kasaai et al., 2000, Berth et al., 1998, Schatz et al., 2003). Due to the possibility of 

adverse polycationic interactions with column materials, analytical 

ultracentrifugation (AUC) –another powerful approach which estimates molecular 

weight is useful in this regard (Fee et al., 2003b) and also as a complementary 

technique e.g. (Cölfen et al., 2001, Fee, 2006). 

By considering the interactions of chitosan with macromolecules, the conformation 

particularly depends on the source, molecular size range, and degree of acetylation 
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DA (or degree of de-acetylation). For instance, increasing the deacetylation of the 

molecule, the conformation is more extended due to the increase in charged amino 

groups along the chain. In the meantime, increase in ionic strength reduces 

electrostatic repulsion, which leads to a more compact conformation (Fee, 2006). 

The conformation of chitosan has been determined ranging from semi-flexible to 

stiffer conformations (Cölfen et al., 2001, Rinaudo, 2006, Morris et al., 2009b) in 

which sedimentation and viscometry also plays a key role in these evaluations. 

Since chitosan can be applied for nasal and oral drug delivery as an mucadhesive (for 

example, chitosan–mucin glycoprotein mucoadhesive interactions (Harding, 2003, 

Harding, 2006), there is an increasing interest in chitosan interactions with 

oppositely charge polyelectrolytes. Sedimentation velocity was used previously to 

assay the efficacy of these interactions, where results are reflected in a change in the 

sedimentation coefficient of the complex with respect to that of the pure component 

(Fiebrig et al., 1995, Anderson, 1991).  

In this study, the hydrodynamic properties of six different chitosan samples in 

solution were firstly characterised using sedimentation velocity along with 

sedimentation equilibrium in the AUC, SEC-MALS and viscometry in order to 

obtain the information of sedimentation coefficient, molecular weight, distribution of 

molecular weight, intrinsic viscosity and overall conformational flexibility. Then, the 

possible interaction between chitosan and other oppositely charge polyelectrolytes 

such as xanthan and for comparison another polyanion, DNA, were investigated. The 

degree of interaction has been determined by measuring the distribution/weight 

average of sedimentation coefficient for the complex comparing those of individual 

polysaccharides. 
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7.2. MATERIALS 

Commercially available chitosans (CHIT1, CHIT2, CHIT3 and CHIT4) were 

obtained from Sigma Aldrich (USA). A further two chitosans (CHIT5 and CHIT6) 

referred to as “laboratory chitosans” were prepared at the Teagasc Food Research 

Centre, Ashtown, Dublin 15, Ireland. Degrees of acetylation (DA) were found to be 

approximately 25% for CHIT1 to CHIT5 and 15% for CHIT6, as assayed using 

NMR by suppliers. The samples were used as supplied without any further 

purification. The chitosan samples were dissolved in I=0.2 M acetate buffer (pH 4.3) 

with stirring for 24h and used directly for all experiments. For sedimentation 

equilibrium experiments the samples were dialysed against the buffer solution 

overnight. 

DNA samples were kindly provided by Dr. Alan Mackie, Institute of Food Research 

(Norwich, UK) in stock solution (5.0 mg/ml) and were diluted in phosphate buffered 

saline (PBS) at an ionic strength of 0.1M and pH 7.4. 

A stock solution of xanthan (supplied by Dupont, Paris), referred to as “xanthan–

STD (Standard LMW)” (see chapter 3) was prepared by dissolving a known amount 

in distilled deionised water, with gentle stirring at 3 h followed by overnight dialysis 

against phosphate–chloride buffer supplemented with NaCl at pH 7.0 and an ionic 

strength of 0.1M. The concentrations, c (g/ml) of the stock of chitosans and xanthan 

solutions were measured using an Atago (Japan) DD-7 refractometer calibrated with 

glucose standards. The mixtures of DNA–chitosan and xanthan–chitosan were 

prepared by adding equal volumes and concentration. 
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7.3. METHODS 

7.3.1. Sedimentation Velocity (SV) 

An Optima XL-I (Beckman Instruments, Palo Alto, USA) analytical ultracentrifuge 

equipped with Rayleigh interference optics was used. Sample solution (400 ȝl) and 

reference buffer (400 ȝl) were injected into the respective channels of double sector 

12 mm optical path length cells. The Rayleigh interference optical system was used 

to record changes in the concentration versus radial displacement profiles with time. 

An initial low rotor speed of 3000 rpm was used to check for the presence of any 

large sedimenting species and then adjusted to a rotor speed of 40,000 rpm. The 

standard conditions of density and viscosity of water at 20.0° C were used for 

adjustment of the sedimentation coefficients s to ݏଶ଴ǡ௪ values. Scans were taken at 2 

min intervals for a run time of 24׽ h. The data was analysed using the least squares, 

ls − g(s) procedure of SEDFIT (Dam and Schuck, 2004), which solves the Lamm 

equation describing the change of concentration distribution with radial position with 

time in terms of a distribution of sedimentation coefficients, g(s) vs s, where s is the 

sedimentation coefficient. The (differential) distribution of sedimentation 

coefficients g(s) can be defined as population – weight fraction – of species with a 

sedimentation coefficient between s + ds (Dam and Schuck, 2004, Harding, 2005b). 

To eliminate the effects of non-ideality (co-exclusion and any residual 

polyelectrolyte effects) a plot of the reciprocal of the sedimentation coefficient 

 against concentration, c (g/ml) was made from the intercept at infinite (ଶ଴ǡ௪ݏ/1)

dilution c = 0, the value free of these effects was found: ݏଶ଴ǡ௪଴  (units seconds, s, or 

Svedbergs, S, where 1S = 10−13s). The following relation due to (Gralen, 1944) was 

used for the extrapolations: 
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 (7.1)      (1+ksc) .(ଶ଴ǡ௪ݏ/1) =ଶ଴ǡ௪ݏ/1

where ks is the “Gralen” coefficient (ml/g). 

7.3.2. Sedimentation Equilibrium (SE) 

Sedimentation equilibrium experiments were performed also using the Optima XL-I 

analytical ultracentrifuge. The optical path length (12.0 mm) double-sector cells with 

sapphire windows were loaded with (80׽ ȝL) of dialysed sample and a matching 

amount of reference buffer dialysate in appropriate channels. The balanced cells 

were then loaded into an analytical 8 hole titanium rotor An50–Ti and placed in the 

AUC. After time was allowed for vacuum formation (≤50 microns) and for 

temperature equilibration (20.0°C), the rotor was then accelerated to 10000 rpm. 

Using the Rayleigh interference optical system, scans were taken every 1h and 

equilibrium was reached after approximately ~72 h. Records of the relative 

concentration distribution of the solute at equilibrium was analysed to give the 

weight average apparent weight average molecular weight Mw,app using the SEDFIT–

MSTAR program implemented by Schuck et al. (Schuck et al., 2014). To account 

for non-ideality, the conventional/reciprocal of the apparent weight average 

molecular weight 1/Mw,app determined over a range of concentrations, c, was 

extrapolated to zero concentration (Harding, 2005b). 

7.3.3. Size Exclusion Chromatography Coupled to Multi Angle 

Light Scattering (SEC-MALS) 

Molecular weights (weight averages) of the chitosan samples were also estimated by 

using the independent technique of SEC–MALS (Wyatt, 2012), a technique which 
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has been successfully applied to polysaccharide characterisation since Horton, 

Harding, and Mitchell (1991). The present set-up comprises a series of size exclusion 

chromatography (SEC) columns, namely TSK G6000PW and TSK G4000PW, 

protected by a similarly packed guard column (Tosoh Bioscience, Tokyo, Japan) 

coupled on-line to “Helios” multi-angle light scattering (MALS) and refractive index 

(OptilabrEX) detectors (Wyatt Technology, Santa Barbara, USA). Solutions 

prepared at injected concentrations of 0.5 and 1.0 mg/ml were filtered through a 0.45 

ȝm syringe filter (Whatman, Maidstone, England)—to remove any insoluble 

material or dust prior to being injected into the columns. The buffer was pumped at a 

steady, pulse free flow rate of 0.8 ml/min through the column system. ASTRA 

(Version 5.1.9.1) software (Wyatt Technology, Santa Barbara, USA) was used to 

analyse the data. A linear fit to the “Debye” plot of Kc/Rș vs sin2(ș/2), where the 

terms have their usual meaning (Wyatt, 2013b) was used for calculating the apparent 

weight average molecular weight (Mw,app) using a value for the refractive index 

increment dn/dc = 0.163 ml/g (Rinaudo et al., 1993). Because of the low 

concentrations after dilution on the columns no correction for non-ideality was 

assumed necessary, and Mw,app= Mw, the ideal weight average molecular weight. 

7.3.4. Intrinsic viscosity 

The relative viscosities (Șrel) of chitosan solutions ranging from 0.1 mg/ml to 1.0 

mg/ml were measured using a 2ml Schott-Geräte Ostwald viscometer system at a 

temperature of (20.0 ± 0.01) °C. The reduced (Șred = (Șrel-1)/c) and the inherent 

viscosities (Șinh = (lnȘrel)/c) were extrapolated to zero concentration to eliminate non-

ideality effects with the common intercept at c=0 yielding the intrinsic viscosity [Ș] 
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from Huggins (1942) and Kraemer equations (1938). As an additional check a 

combined Solomon & Ciuta (1962) relation was also used: 

[Ș] ~ (1/c). [2 (Șsp – ln (Șrel))]
1/2    (7.2) 

The assumption has been made that there was no shear dependence of [Ș]  under 

creeping flow conditions in the capillary viscometer. 

Relative viscosities Șrel were also estimated from a Viscostar (WyattTechnology) 

differential pressure viscometer linked on-line to the SEC–MALS system (Harding, 

1997). The differential pressure drop from solution flow versus solvent flow yielded 

Șrel and then the reduced viscosity Șred from:  

Șred=(Șrel-1)/c     (7.3) 

Then because of the high dilutions from the column, the assumption that the intrinsic 

viscosity ׽ reduced viscosity can be reasonably made: 

[Ș]  ~ Șred          (7.4) 

The average [Ș]  for the whole undistributed sample can therefore be specified as 

well as the intrinsic viscosity [Ș] (Ve) as a function of elution volume Ve using the 

Solomun-Ciuta relation (Eq 7.2). Because of the high sensitivity of the sensors and 

the high dilution from the column, Eq. (7.2) was used to obtain [Ș]  (Ve) without a 

concentration extrapolation. 
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7.4. RESULTS 

7.4.1. Sedimentation Velocity (SV) 

Chitosan samples were firstly characterised by sedimentation velocity in an 

analytical ultracentrifuge to examine their molecular integrity using the least squares 

ls-g(s) method of Dam & Schuck (2004). The sedimentation coefficient distribution 

profiles indicated polydisperse distributions in all cases as shown in Figure 7.2. 

These profiles showed unimodal distributions for all samples and suggested that the 

samples are homogeneous. Values of the weighted average ݏଶ଴ǡ௪ increased with 

decrease in concentration, showing no evidence of associative effects. The 

sedimentation coefficient, ݏଶ଴ǡ௪଴  of each sample was obtained ranging from 1.8S to 

2.7S as reported in (Table 7.1). These values are consistent with previous studies 

(Cölfen et al., 2001, Fee, 2006, Morris et al., 2009a).  
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Figure 7.2: Sedimentation coefficient distribution profiles using least squares 

g*(s) method of SEDFIT obtained from sedimentation velocity experiment for 

chitosan samples (A) CHIT1, (B) CHIT2, (C) CHIT3, (D) CHIT4, (E) CHIT5, 

(F) CHIT6. 

 

Additionally, the concentration dependence parameter, ks (Gralén coefficient) for 

each sample was yielded from the slope of the reciprocal plots of apparent 

sedimentation coefficient versus concentrationand this parameter is an indicative of 

non-ideality (Figure 7.3). 
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Figure 7.3: Concentration dependence (reciprocal) of the sedimentation 

coefficient plot for chitosan samples (A) CHIT1 (B) CHIT2 (C) CHIT3 (D) 

CHIT4 (E) CHIT5 (F) CHIT6. 

 

 

Table 7.1: Summary of ࢙ ૛૙ǡ࢝૙ and ks for chitosan samples. 

Sample s°
20,w  (S) ks (ml/g) 

CHIT1 2.5 ± 0.2 650 ± 50 

CHIT2 2.7 ± 0.2 750 ± 70 

CHIT3 2.3 ± 0.1 600 ± 30 

CHIT4 1.85 ± 0.1 300 ± 10 

CHIT5 1.8 ± 0.1 100 ± 30 

CHIT6 2.4 ± 0.1 120 ± 30 
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7.4.2. Estimation of Molecular Weight 

The weight average molecular weights of chitosan samples were determined by 

sedimentation equilibrium method in analytical ultracentrifuge and SEC-MALS. The 

values at first of all were determined by the sedimentation equilibrium method. The 

chitosan samples were run at different loading concentration ranges 0.5-2.0mg/ml to 

eliminate the non-ideality effect in solution from excluded volume and charge 

effects. Apparent weight average molecular weights (Mw,app) were then obtained 

using SEDFIT–MSTAR (see, for example Fig. 7.4). 

Plots of Mw,app versus concentration for commercial samples (CHIT1 to CHIT4) gave 

a non-linear extrapolation, showing a significant concentration dependence 

consistent with non-ideal behaviour and consistent with the sedimentation velocity 

results (Fig. 7.5a) (Harding, 2005b, Schuck et al., 2014). Meanwhile, a second order 

polynomial fit was used to obtain the molecular weight values which are presented in 

(Table 7.2). Similar behaviour has also been observed for hyaluronic acid at high 

molecular weight (see Chapter 5). The reciprocal plot of 1/Mw,app versus 

concentration was then applied for the laboratory-prepared samples (CHIT5 and 

CHIT6) (Fig. 7.5b), and Mw values obtained from the linear extrapolation (Table 

7.2).  
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Figure 7.4: SEDFIT–MSTAR output for analysis of CHIT4 at a loading 

concentration of 0.5 mg/ml sedimentation equilibrium experiment (a) molecular 

weight distribution, c(M) vs M plot; (b) log concentration ln c(r) vs r2 plot, 

where r is the radial distance from the centre of rotation; (c) M* vs r plot (open 

circle) and fit based on the M*  transformations of the c(M) fit of the raw data 

(red line): the value of M*  extrapolated to the cell base = Mw,app the apparent 

weight average molecular weight for the whole distribution. (d)Point or local 

apparent weight average molecular weight at radial position r (open circle) 

plotted against the local concentration c(r) for different radial positions: red 

line is the fit based on the equivalent transformations of the c(M) fit of the raw 

data.  

 

The weight average molecular weight of chitosan samples were also determined by 

SEC-MALS systems and the values were presented in Table 7.2. Due to the sample 

dilution in SEC columns, the non-ideality effect was reduced. The elution volume  
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Figure 7.5a: The conventional plot of the apparent weight average molecular 

weight (Mw,app) against concentration c (g/ml) (Mw, app vs c). 

 

Figure 7.5b: The reciprocal plot of the apparent weight average molecular 

weight (Mw,app) against concentration c (g/ml) (Mw, app vs c). 
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profiles of samples were given in Figure 7.6. Results were consistent with estimates 

from sedimentation equilibrium (Figure 7.6, Table 7.2) and values are similar to 

those found previously (Errington et al., 1993, Fee et al., 2003b). The elution volume 

profiles of samples for chitosan samples indicated earlier elution times for 

commercial samples (CHIT1 to CHIT4), in contrast to laboratory-prepared samples 

(CHIT5 and CHIT6) although similar molecular weights were observed (Figure 7.6). 

 

 

Figure 7.6: Elution profile of commercial and laboratory-prepared chitosan 

samples from dRI detector in 0.2 M, pH 4.3, acetate buffer, (A) CHIT1 (B) 

CHIT2 (C) CHIT3 (D) CHIT4 (E) CHIT5 (F) CHIT6 (black line) examined by 

SEC-MALS at concentration 0.5 mg/ml. The open squares correspond to 

molecular weights calculated from SEC-MALS. 
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Table 7.2: Summary of weight average molecular weights (Mw) results for 

chitosan samples from sedimentation velocity, equilibrium and SEC-MALS. 

Sample 103 x Mw (Da)a 103 x Mw (Da)b 103 x Mw (Da)c 

CHIT1 170 ± 10 170 ± 5.0 160 ± 10 

CHIT2 230 ± 10 260 ± 10 220 ± 10 

CHIT3 130 ± 10 140 ± 5.0 120 ± 20 

CHIT4 85 ± 5.0 110 ± 20 90 ± 10 

CHIT5 95 ± 10 85 ± 5.0 95 ± 10 

CHIT6 170 ± 30 170 ± 10 140 ± 30 

a : obtained from sedimentation equilibrium. 
b : obtained from SEC-MALS. 
c :obtained from molecular weight obtained from sedimentation velocity and the 
Extended Fujita method 

 

Additionally, the third method to estimate the molecular weight of chitosan samples 

is transforming a distribution of sedimentation coefficient g(s) vs s into a distribution 

of molecular weight,  f(M) vs M using the Extended Fujita method (Harding et al., 

2011). 

The transformation from g(s) versus s is as below: 

f(M) = g(s). (ds/dM)     (7.5) 

with 

s = țs . M b    (7.6) 

and 

ds/dM = b. țs
1/b. s(b-1/b)  (7.7) 
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the conformation parameter (MHKS) b has already been determined by Fee et al. 

(Fee, 2006) and țs can be yielded form equation (7.6) with at least one value of Mw 

(e.g. Mw from sedimentation equilibrium) and the corresponding of s (e.g. the weight 

average s value). The molecular weight distributions of samples were presented in 

Figure 7.7 and agreed with the results obtained from sedimentation equilibrium and 

SEC-MALS (Table 7.2). 

 

 

Figure 7.7: Molecular weight distribution for all chitosan samples in 0.2 M, pH 

4.3, acetate buffer obtained from transformation of the g(s) versus s distribution 

at concentration (0.2 mg/ml), using the Extended Fujita method of Harding et 

al., (2011) (A) CHIT1 (B) CHIT2 (C) CHIT3 (D) CHIT4 (E) CHIT5 (F) CHIT6. 
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7.4.3. Intrinsic Viscosity 

The intrinsic viscosities of chitosan samples were measured using both, a capillary 

viscometer and the Viscostar (Wyatt Technology) differential pressure viscometer 

for each chitosan sample. The value of [Ș] were obtained using Huggins, Kraemer 

and Solomon-Ciuta extrapolations from the capillary viscometer and these 

extrapolations are indicated in Figure 7.8  for all samples. The obtained intrinsic 

viscosity values were presented in Table 7.3. The differences between these values 

can be seen and they indicate the effect of different preparations and source of the 

samples on viscosity.  

 

Table 7.3: In trinsic viscosity values of (Commercial) and (Laboratory-

prepared) chitosan samples obtained from capillary viscometry and differential 

pressure viscometry. 

 

Sample 

Intrinsic viscosity [Ș] (ml/g) 

Capillary viscometry Online 
viscostarTM  

Huggins Kraemer Solomon-
ciuta 

CHIT1 830 ± 20 815 ± 15 825 ± 15 885 ± 20 

CHIT2 775 ± 50 805 ± 20      810 ± 25 820 ± 5 

CHIT3 730 ±10 740 ± 5 740 ± 5 730 ± 5 

CHIT4 440 ± 5 430 ± 5 435 ± 5 500 ± 10 

CHIT5 130 ± 10 130 ± 5 130 ± 5 230 ± 20 

CHIT6 295 ± 10 295 ± 5 295 ± 5 300 ± 20 
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Figure 7.8: The intrinsic viscosity plots from capillary viscometry: Huggins, 

Kraemer and Solomon-Ciuta extrapolations for chitosan samples (a) CHIT1 (b) 

CHIT2 (c) CHIT3 (d) CHIT4 (e) CHIT5 (f) CHIT6. 
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7.4.4. Conformational Analysis 

7.4.4.1. Mark-Houwink- Kuhn-Sakurada Power Law Relationship 

The Mark-Houwink-Kuhn-Sakurada (MHKS) relation is one of the simplest methods 

to provide conformation and flexibility information of polysaccharides. According to 

equation (7.6) and the slope of the double logarithmic plot of  ݏଶ଴ǡ௪଴  versus Mw (Figure 

7.9), the exponent b was found as (0.35 ± 0.06). This value suggests the 

conformation of chitosan samples are between the limits of rod (0.15) and coil (0.4-

0.5). Within the error estimate the value is similar to those obtained previously by 

Cölfen et al., and Fee et al., (Cölfen et al., 2001, Fee, 2006). 

 

 

Figure 7.9: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot of ࢙૛૙ǡ࢝૙   vs Mw for all chitosan samples. 
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Taking advantage of the feature of viscostar coupled on-line to SEC–MALS system, 

the most common used MHKS equation relates the intrinsic viscosity [Ș]  to 

molecular weight:  

[Ș] = țȘ . M a    (7.8) 

Figure 7.10 shows the double logarithmic plots of intrinsic viscosity [Ș] versus Mw 

for all chitosan samples and the a exponent yielded from the slope of this plot was 

presented in Table 7.4. The values of a for the chitosans are all consistent with semi-

flexible type molecules (the limits are 0.5-0.8 for a flexible coil, 0 for a compact 

sphere and 1.8 for a rigid rod), and again consistent with previous studies 

(Brugnerotto et al., 2001, Wan et al., 2003, Morris et al., 2009b). 

 

Table 7.4: Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent a, 

from SEC-MALS and Wales-van Holde ration, R for chitosan samples. 

Sample MHKS a R= ks/[Ș] 

CHIT1 0.98 ± 0.01 0.75 

CHIT2 0.92 ± 0.01 0.90 

CHIT3 0.98 ± 0.01 0.83 

CHIT4 0.90 ± 0.01 0.60 

CHIT5 0.70 ± 0.01 0.45 

CHIT6 0.85 ± 0.01 0.40 
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Figure 7.10: Mark–Houwink–Kuhn–Sakurada (MHKS) power law double 

logarithmic plot for chitosan samples (A) CHIT1 (B) CHIT2 (C) CHIT3 (D) 

CHIT4 (E) CHIT5 (F) CHIT6. 

 

7.4.4.2. Wales-van Holde Ratio 

The conformation of chitosan samples in solution was also obtained using the 

Wales-Van Holde parameter. The ratio of the sedimentation concentration 

dependence coefficient, ks, to the intrinsic viscosity [Ș]  was used to measure the 

parameter and the value for ~1.6 for spheres and random coils, and substantially 

lower, <1 for rods.  The R results in Table 7.4 appear that all chitosan samples 

adopted semi-flexible structures with the values between (R 0.9–0.4 ׽). These 

results again agree with the previous work from Cölfen et al. (Cölfen et al., 2001). 
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7.4.4.3. Estimation of the Persistence Length Lp and Mass Per Unit 

Length ML 

The flexibility of linear polymer chains (worm-like chains) were estimated by 

determining the persistence length Lp and ML representations (Harding, 2005a). Lp is 

defined as the average projection length along the initial direction of the polymer 

chain while ML is the mass of the molecule(s) within the polymer divided by its 

length. These both parameters can be estimated using different approaches either 

viscosity (Stockmayer and Fixman, 1963, Bohdanecky, 1983) or sedimentation 

coefficient (Hearst and Stockmayer, 1962, Yamakawa and Fujii, 1973). 

7.4.4.3.1. Bushin-Bohdanecky Method 

Referring with section (6.4.4.3.1), this method was applied to estimate the chain 

persistence length (Lp) using the equation below: 

ቀெమೢሾఎሿቁଵȀଷ
ଵȀଷିߔ଴ܤ + ଵȀଷିߔ௅ܯ଴ܣ = ቀଶ௅ುெಽ ቁିଵȀଶ  ௪ଵȀଶ            (7.9)ܯ

where ĭ is the Flory-Fox constant (2.86 x 1023 mol-1),  ܤ଴ taken as ~ 1.10 

(Bohdanecky, 1983) and ML ~ 450 (g.mol-1.nm-1) obtained from (Morris et al., 

2009b). Figure 7.11 showed the plot of ሺܯ௪ଶ  ȀሾߟሿሻଵȀଷ vs. ܯ௪ଵȀଶ for all chitosan 

samples. The Lp was obtained from the slope of this plot as (10 ± 1) nm. 
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Figure 7.11: Bushin-Bohdanecky plot for commercial (CHIT1 to CHIT4) and 

laboratory-prepared (CHIT5 and CHIT6) chitosan samples, where Lp = (10 ± 1) 

nm from the slope. 

 

7.4.4.3.2. Yamakawa–Fujii Method 

Another approach to estimate chain persistence length, Lp is Yamakawa Fujii method 

by using sedimentation coefficient and molecular weight information (Please refer to 

section 6.4.5.3.1) (Yamakawa and Fujii, 1973). The slope of ݏଶ଴ǡ௪଴  vs (Mw)1/2 plot 

gives the value of  Lp and ML by using the following equation, which Freire and 

Garcia de la Torre were provided the corrected version (Freire and Garcia De La 

Torre, 1992): 

 = ଴ݏ
ெಽሺଵିᛓఘబሻଷగఎబேಲ ͵൤ͳǤͺͶ ݔ  ቀ ெೢଶெಽ௅ುቁଵȀଶ ൅ ଶܣ  ൅ ଷܣ ቀ ெೢଶெಽ௅ುቁିଵȀଶ ൅ Ǥ Ǥ Ǥ Ǥ ൨   (7.10) 
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Figure 7.12: Yamakawa-Fujii plot for commercial and laboratory-prepared 

chitosan samples, where Lp = (18 ± 1) nm from the slope. 

 

Using the equation above and from the slope of ݏଶ଴ǡ௪଴  vs (Mw)1/2 (Figure 7.12) the Lp 

was yielded as (18 ± 1) nm by fixing ML as 450 (g.mol-1.nm-1).  

7.4.4.3.3. Global analysis method (HYDFIT) 

Clearly using one method can bias the result of Lp and ML and additionally it requires 

either Lp or ML to determine the other parameter. Therefore, a new algorithm was 

developed by Ortega and Garcia de la Torre which basically combines both previous 

methods to estimate Lp and ML from the two or more data sets of sedimentation 

coefficient, intrinsic viscosity and molecular weight information of the 
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macromolecule. This programme then optimises the parameters in order to obtain the 

minimisation of the target function, ∆.  

In this study, the Lp and ML were estimated by fixing the chain diameter d and with 

the minimum value of the target function, ∆. The Lp and ML values estimated using 

this procedure reported in in Table 7.5 The contour plot for each chitosan sample 

was presented in Figure 7.13. 

Although the theoretical limits are Lp = 0 for random coil and Lp = ∞ for extra-rigid, 

practically the range is ~ 1 nm for the random coils (e.g. pullulan) and ~ 200 nm for 

an extra-rigid (e.g. xanthan). In this study, the Lp values of chitosan were determined 

in the range 7-16 nm for Lp, whereas 390-560 (g.mol-1.nm-1) as they were shown in 

Table 7.5. The differences between chitosan samples in persistence length and mass 

per unit length may result from slight differences in the intrinsic viscosity and the 

sedimentation coefficient. These values agree with a semi-flexible rod structure and 

also from previous studies (Berth et al., 1998, Brugnerotto et al., 2001, Cölfen et al., 

2001, Morris et al., 2009b). 

Table 7.5: Summary of the persistence length Lp and the mass per unit length 

ML values for chitosan samples obtained from global HYDFIT analyses. 

Sample Lp (nm) ML (nm) 

CHIT1 16 ± 0.2 500 ± 30 

CHIT2 14 ± 0.2 560 ± 40 

CHIT3 10 ± 1.0 400 ± 30 

CHIT4 7 ± 0.4 400 ± 20 

CHIT5 7 ± 0.1 390 ± 40 

CHIT6 16 ± 1.0 550 ± 20 

 



199 
 

 

Figure 7.13: Contour plots of chitosan samples (A) CHIT1, (B) CHIT2, (C) 

CHIT3, (D) CHIT4, (E) CHIT5 and (F ) CHIT6. The target function, ǻ 

calculated based on variables values of Lp and ML, and are represented on the 

full colour spectrum from blue (ǻ = 0) to red (ǻ≥0.95). 
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7.4.4.4. Molecular Conformation Zoning 

The overall solution conformation can be determined using a sedimentation 

conformation zoning plot by plotting of ݇௦ܯ௅ versus [s]  ௅ (Pavlov et al., 1997)ܯ/

(see section 5.4.4.4). Figure 7.14 indicates that commercial chitosan samples (CHIT1 

to CHIT4) adapted a rigid rod structure in zone (B) while laboratory-prepared 

(CHIT5 and CHIT6) adapted the semi-flexible structure in zone (C). These results 

are also consistent with those obtained from the MHKS and Wales-van Holde 

approaches. 

 

 

Figure 7.14: The conformation zoning plot for chitosan samples, commercial 

(CHIT1 to CHIT4) which have rigid rod structures, and laboratory-prepared 

(CHIT5 and CHIT6) which have semi-flexible coil structures. 
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7.4.5. Interaction with Two Polyanions: DNA and Xanthan 

7.4.5.1. Chitosan-DNA Interaction 

The principle of co-sedimentation in the analytical ultracentrifuge - previously 

successfully employed to study chitosan–mucin interactions (Harding, 2003, 

Harding, 2006)- is used to explore this situation further. Solutions of the two 

laboratory-prepared chitosan samples CHIT5 and CHIT6 with different molecular 

weights and degrees of acetylation were studied in mixtures with the DNA of Mw, 

estimated from the Extended Fujita method (Harding et al., 2011) as approximately 

300 kDa. First, CHIT5, CHIT6 and DNA were characterised separately at a 

concentration of 1.0 mg/ml and a temperature of 20.0°C, using analytical 

ultracentrifugation based on sedimentation velocity. Unimodal distributions were 

seen in all cases, and the apparent weight average sedimentation coefficient ݏଶ଴ǡ௪ 

obtained for CHIT5, CHIT6 were 1.9S and 2.3S, respectively, and 6.8S for DNA as 

reported in Table 7.6. Each chitosan preparation was then mixed in a 1:1 w/w ratio 

with the DNA to a total concentration of 1.0 mg/ml. A clear shift to a high s value is 

observed in both cases, with nothing sedimenting at the rate of uncomplexed 

chitosan suggesting that the interaction had gone to completion. From the shoulder 

of the complex in Figure 7.15, some unreacted DNA was seen remaining. 

The effect of degree of acetylation has been examined by providing a greater ݏଶ଴ǡ௪ 

distribution at low acetylation ratio (CHIT6) compared to that of a higher acetylation 

ratio (CHIT5). 
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Figure 7.15: Normalized sedimentation coefficient distribution profiles obtained 

from sedimentation velocity experiment for unmixed controls and mixture for 

chitosan samples (CHIT5 and CHIT6) with DNA. 

 

Table 7.6: Sedimentation coefficients at ࢙૛૙ǡ࢝ at a total concentration of 1.0 

mg/ml, for chitosan, DNA, xanthan and chitosan-DNA and chitosan-xanthan 

complexes. 

Sample  ࢙૛૙ǡ࢝ 
(S) 

% unreacted 

chitosan 

% unreacted 

DNA 

% unreacted 

xanthan 

CHIT5 1.9    

CHIT6 2.3    

DNA 6.8    

xanthan 4.8    

CHIT5-DNA 17 0 28  

CHIT6-DNA 20 0 17  

CHIT5-xanthan 10 0  0 

CHIT6-xanthan 10 0  0 
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7.4.5.2. Chitosan-Xanthan Interaction 

Xanthan is a double helical highly polyanionic polymer and can generate hydrogel 

with other polysaccharides. The characteristics of chitosan and xanthan mixtures as 

hydrogels have been extensively studied for over two decades (Chu et al., 1995, 

Magnin et al., 2003, Popa et al., 2010, Draganescu et al., 2013). The chitosan and 

xanthan mixture was examined with a co-sedimentation method in this study. The 

molecular weight of the standard pyruvated xanthan (LMW-STD) was found 

previously to be 103 × 3.2׽ kDa using sedimentation equilibrium in the analytical 

ultracentrifuge (see Chapter 3). 

As with the DNA study, the sedimentation coefficient profile of xanthan was firstly 

characterised at 1.0 mg/ml yielding a unimodal g(s) vs s plot with a weighted-

average ݏଶ଴ǡ௪଴  of 4.8S. Then the 1:1 by weight mixtures with CHIT5 and CHIT6 at a 

total concentration of 1.0 mg/ml, were studied and the results shown in Figure 7.16 

and Table 7.6. Unlike chitosan–DNA, all the chitosan was complexed, and no 

residual chitosan or xanthan were left behind for both CHIT5 and CHIT6 complexes. 

Weighted average ݏଶ଴ǡ௪ for the complexes of 10.3S and 10.1S for CHIT5-xanthan 

and CHIT6-xanthan, respectively were obtained. 
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Figure 7.16: Normalized sedimentation coefficient distribution profiles obtained 

from sedimentation velocity experiment for unmixed controls and mixture for 

chitosan samples (CHIT5 and CHIT6) with xanthan-STD. 

 

7.5. DISCUSSION 

In this chapter, the six chitosan samples-commercial (C) and laboratory (L) prepared 

samples- with different molecular weights and degrees of acetylation (25% and 15%) 

have been characterised in terms of hydrodynamic properties to investigate further 

application for their interaction with polyanionic polymers. The weight-average 

molecular weight (Mw), sedimentation coefficient (ݏଶ଴ǡ௪଴ ) distribution, and intrinsic 

viscosities ([Ș]) of chitosan samples were assessed by hydrodynamic approaches 

using sedimentation equilibrium, sedimentation velocity and SEC–MALS. The 
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unimodal distributions were obtained from sedimentation coefficient distributions for 

all chitosan samples. The higher values of concentration dependence (ks) have been 

yielded for commercial samples (CHIT1 to CHIT4) whereas not for the laboratory-

prepared samples (CHIT5 and CHIT6), which might indicate very high non-ideal 

behaviour. The methods of sedimentation equilibrium, sedimentation velocity-

extended Fujita Method- and SEC–MALS provided the weight average molecular 

weight values for each sample in the range of ~(85-260) x 103 (Da). The values 

obtained from those were all consistent within the error estimate. 

The conformation of chitosan depends on the degree of acetylation of the molecule 

and the ionic strength of the solvent in which it was studied (Schatz et al., 2003). 

Therefore, knowledge of the dependence of [Ș] and ݏଶ଴ǡ௪଴  with corresponding Mw 

enables the investigation of the conformation of chitosan samples. The results 

indicated the conformation as semi-flexible rod and sample greater flexibility was 

observed for CHIT5. These results were confirmed with the Wales-van Holde and 

sedimentation conformation zoning methods. Different chemical composition, 

molecular weight and ionic strength may result in the discrepancy in the 

conformational flexibility of chitosan samples (Varum and Smidsrød, 2004). 

Therefore, using more than one hydrodynamic method can overcome to this problem 

while characterising the macromolecules. Regarding the persistence length, three 

different methods -Bushin-Bohdanecky and Yamakawa-Fujii, Multi HYDFIT- have 

been used to estimate the flexibility of chitosan structures. The results appear that 

chitosan samples adopt a semi-flexible rod type conformation, which is consistent 

with those calculated from MHKS and Wales-van Holde ratio. The results also 

reinforced the earlier study by Brugneretto et al. (2001) who found the stiffness of 

the chain was not affected from DA ratio (up to 60%). Examining the physical 
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Figure 7.17: Multi-Gaussian fit using MULTIG (locally written software, run 

under pro Fit™, interactive Preview Window, floating the position (s value), 

area and standard deviation of each peak Quansoft, Zurich) (A) Multi-Gaussian 

fit to the CHIT5-DNA mixture and (B) Multi-Gaussian fit to the CHIT6- DNA 

mixture. With the routine MULTIG fitting was initially performed manually 

via the interactive Preview Window, floating the position (s value), area and 

standard deviation of each peak. 
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properties of chitosans in solution provide information about the biophysical 

characteristics of molecules and this information enable the study of their behaviour 

in mixture with the DNA and xanthan. The principle of co-sedimentation 

successfully applied to examine interactions between the chitosan–DNA and 

chitosan-xanthan mixtures, where the laboratory prepared chitosan samples (CHIT5 

and CHIT6) were used. Interactions were observed by quantified from the changes in 

the sedimentation coefficient distribution of the mixture compared to unmixed 

controls using the sedimentation velocity approach. The effect of molecular weight 

on interaction can be particularly seen from the chitosan-DNA interaction.  

In terms of the shoulder of the chitosan-DNA complex, some unreacted DNA was 

observed (Figure 7.15). Multi-Gaussian analysis of the g(s) vs s distribution for the 

complex using the routine MULTIG suggests ~ 28% DNA had not interacted for 

CHIT5 (Figure 7.17A) and ~17% for CHIT6 (Figure 7.17B). The s-distribution of 

the complex is very broad, even on a logarithmic scale, with material in excess of 

100S, with the larger molecular weight chitosan CHIT6 showing the highest degree 

of complexation. The chitosan-xanthan mixture indicated that all chitosan and 

xanthan interact so there was no remaining unreacted polymer. 

7.7. CONCLUSION 

A combined hydrodynamic approach using sedimentation equilibrium, 

sedimentation velocity and SEC–MALS provides three methods for assessing the 

molecular weight and molecular weight distribution of chitosans—and all in 

agreement for the six samples studied. Combination with viscosity has been shown 

to yield estimates for the conformational flexibility parameter consistent with 

previous measurements. 
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This study also demonstrates that the principle of co-sedimentation can be used to 

study interactions with polyanions such as xanthan and DNA as it has been 

successfully applied previously to the study of chitosan–mucin glycoprotein 

interactions. Furthermore, the interaction of chitosan-xanthan is important to 

evaluate the potential medical and food applications such as drug delivery and 

flavour encapsulation. The latter interaction between chitosan-xanthan may prove 

useful for the assay of potential chitosan based materials with especially xanthan for 

controlled release of entrapped materials such as therapeutic agents, enzymes and 

bacteria particularly if it used in conjunction with mucoadhesive phenomena 

(Deacon et al., 2000).  
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CHAPTER 8 

 

CONCLUDING REMARKS AND SUGGESTIONS FOR 

FUTURE WORK 

 

The principal aim of this thesis was to provide a comprehensive hydrodynamic 

characterisation of a selected group of microbial polysaccharides, which are of 

particular commercial/therapeutic potential use. The solution properties of these 

polysaccharides -in terms of their molecular integrity, size distribution, conformation 

and interactions with other biopolymers have been  investigated using analytical 

ultracentrifugation (AUC), size exclusion chromatography coupled with multi angle 

light scattering (SEC-MALS) and viscometry as our main tools of enquiry. The 

virtue of combining these methods together has also been demonstrated. 

8.1. Characterisation of Xanthans 

We considered the solution behaviour of four commercial xanthan samples: two with 

identical degrees of pyruvalation (“Standard pyruvate” 3.9%), but different 

molecular weights (high molecular weight HMW and low molecular weight LMW), 

and two further ones of different degrees of pyruvalation-namely “High” (6.5%) and 

“Low” (2%) The hydrodynamic parameters such as viscosity, molecular weight were 

determined using AUC, viscometry and dynamic light scattering (DLS) techniques, 

but the samples were too large for adequate characterisation by size exclusion 



210 
 

chromatography coupled to multi-angle light scattering (SEC-MALS). Therefore, the 

SEC-MALS experiment could not be carried out.  

Sedimentation velocity revealed unimodal sedimentation coefficient distributions, 

which confirmed the purity of all the xanthan preparations. The molecular weights 

were determined using the sedimentation velocity-MHKS power law and 

sedimentation equilibrium methods. Due to the low value of the “critical overlap 

concentration” (c*) and large thermodynamic non-ideality of these macromolecules, 

normal “infinite dilution” extrapolation methods to eliminate non-ideality in 

sedimentation equilibrium were difficult to apply. However, taking advantage of the 

earlier study by Dhami et al. (1995) and using the value obtained for the 2nd 

thermodynamic virial coefficient B, correct apparent weight average molecular 

weights or thermodynamically ideal weight average molecular weights were 

obtained. For the conformation, the results revealed a rigid rod conformation, from 

both the Wales van Holde Ratio and using molecular conformation zoning. In terms 

of the ionic strength effect, the three xanthan samples- xanthan Standard LMW, High 

pyruvate and Low pyruvate - showed increasing rigidity with increasing ionic 

strength. 

8.2. Characterisation of Gellan 

The hydrodynamic properties of low acyl gellan (LAG) in low ionic strength 

(25mM) NaI solution were determined in terms of viscosity, heterogeneity, 

molecular weight and conformational properties. At this ionic strength of NaI buffer, 

the gellan exists in solution form (gellan - especially of low purity can easily form 

gels in the presence of higher concentrations of mono-and-divalent cations). The 

LAG sample was used without any further purification and it was irradiated for 
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varying times using microwave heating in a high pressure vessel to produce a series 

of polymers of different degrees of degradation or molecular weight, i.e. a 

“homologous” series of polymers.  Estimating how hydrodynamic parameters varied 

with molecular weight provided us with a means of estimating conformation.  

According to sedimentation velocity all samples showed a bimodal sedimentation 

coefficient distribution. With depolymerisation, a clear reduction in weight-average 

sedimentation coefficient, molecular weight, concentration dependence parameter ks, 

and viscosity was observed with increased heating time in the microwave. The 

results showed that microwave treated gellan most likely adopted a rod conformation 

with some flexibility when it dissolves in 25mM NaI. The Wales-Van Holde ratio 

indicated a rigid rod structure (R = 0.5 – 0.7), which was reinforced by Mark-

Houwink-Kuhn-Sakurada (MHKS) and conformation zoning methods. For the 

quantitative determination of flexibility of gellan, a new software package, HYDFIT 

(Ortega and García de la Torre, 2007), which considers data sets of both intrinsic 

viscosities for different molecular weights and sedimentation coefficients for 

different molecular weights was used: values for the persistence length Lp of (100 ± 

10) were again consistent with a rod conformation. 

8.3. Characterisation of Microbial Hyaluronic Acid 

We also investigated the solution behaviour of six different hyaluronic acid 

preparations (in their sodium salt form) and two further microwave irradiated 

samples. The sedimentation coefficient distribution plots, g*(s) vs. s plots again, like 

xanthan, showed unimodal behaviour. Both sedimentation equilibrium in the 

analytical ultracentrifuge and SEC-MALS were applied to estimate molecular 

weights. According to the MHKS method, the conformations of sodium hyaluronate 
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samples were all estimated as semi-flexible random coil type conformation, a 

conclusion which was reinforced by the Wales-van Holde ratio and conformation 

zoning methods. A combination of molecular weight with viscosity data was also 

used to determine the persistence length of the samples. The Multi-HYDFIT and 

Bushin Bohdanecky approaches were applied to estimate the quantitative 

conformational flexibility of the polysaccharides through their persistence lengths 

(Lp) and mass per unit lengths (ML). Those determinations indicated semi flexible 

random coil structures confirming results from other conformation determination 

methods.  

8.4. Characterisation of Schizophyllan 

We then considered the solution properties of two samples of schizophyllan (INV1 

and GM1) with different molecular weights, which were irradiated using microwave 

heating (GM1) and ultrasonication (INV1) to provide a homologous polymer series 

for analysis. Again, according to the sedimentation coefficient distribution profiles, 

all samples presented bimodal distributions with two peaks, which indicated the high 

and low molecular weight component in all schizophyllan samples. The molecular 

weights were estimated using three different approaches- sedimentation equilibrium 

and sedimentation velocity in the analytical ultracentrifuge and SEC-MALS by 

SEDFIT-MSTAR, the Extended Fujita, f(M) approach, (Harding et al., 2011) and 

ASTRA (Version 6.1) analysis methods, respectively. The results showed an 

agreement on Mw values from these three different approaches for all samples, which 

proved the importance of comparing different methods for the determination of 

molecular weight of polysaccharides. SEC-MALS also provided data to estimate the 

conformation by Mark-Houwink-Kuhn-Sakurada (MHKS) and flexibility by Multi-
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HYDFIT methods by the advantage of coupling online molecular weight and 

intrinsic viscosity measurements for all samples. The conformation results by the 

MHKS approach demonstrated that all four schizophyllan samples adopted rigid-rod 

type conformation confirmed by the Wales-van Holde ratio and conformation 

zoning.  The polymers were shown to gain increased flexibility at higher molecular 

weight (Yanaki et al., 1980). Further conformation analysis for the quantitative 

determination of flexibility of the schizophyllan samples (The Lp and ML values) was 

done using the Multi-HYDFIT and Yamakawa-Fujii approaches. The Lp and ML 

values of each sample and the results all pointed to a rigid-rod conformation with Lp 

values of ~120-130 nm, which were also consistent with previous studies (Norisuye 

et al., 1980, Stokke et al., 1993).  

8.5. Characterisation of chitosan – used as an interactant 

with xanthan and DNA 

Finally, the hydrodynamic properties of commercial (C) and laboratory (L) prepared 

chitosan samples with different molecular weight and degrees of acetylation were 

studied in Chapter 7. The hydrodynamic techniques- namely sedimentation 

equilibrium, sedimentation velocity, SEC-MALS and viscometry were used for 

characterisation. The molecular integrity of chitosan samples were examined by 

sedimentation velocity and the g*(s) vs. s (S) plots reflected the homogeneity of 

samples with unimodal distributions. The weight average molecular weights of 

chitosan samples were estimated by sedimentation equilibrium, sedimentation 

velocity method in analytical ultracentrifuge and SEC-MALS, and the values from 

sedimentation equilibrium method were consistent with those obtained from SEC-

MALS and the complementary Extended Fujita method of Harding et al. (Harding et 
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al., 2011). Knowledge of the intrinsic viscosity [Ș] and ݏଶ଴ǡ௪଴  with molecular weight 

(Mw) made it possible to investigate the conformation of chitosan samples by MHKS 

method and [Ș] values with Mw values were yielded from SEC-MALS for each 

chitosan sample. Mark–Houwink–Kuhn–Sakurada (MHKS) results suggested a 

semi-flexible coil conformation for the chitosan samples and this conformation was 

confirmed with the other approaches such as Wales–van Holde ratio and 

conformation zoning. The flexibility in terms of the persistence length (Lp) of all 

chitosan samples were estimated using three different approaches-Bushin-

Bohdanecky, Yamakawa-Fujii and Multi-HYDFIT.  The results again indicated a 

semi-flexible coil conformation for all commercial and laboratory-prepared chitosan 

samples in solution (Lp ~7 to 16 nm). 

The principle of co-sedimentation in the analytical ultracentrifuge was applied to 

study interactions of chitosan with two polyanions - xanthan and DNA, which is 

important when evaluating these mixtures for the potential medical and food 

applications such as gene delivery, drug delivery and flavour encapsulation. This 

may prove useful for the assay of potential chitosan based materials with especially 

xanthan for controlled release of entrapped materials such as therapeutic agents, 

enzymes and bacteria (Chellat et al., 2000). If this complex is particularly used along 

with mucoadhesive phenomena as an imaging probes, it can give better 

understanding for the drug delivery application in digestive track (Deacon et al., 

2000). 
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8.6. Suggestion for Future Work 

It is clear that there are a number of areas which can be covered in future studies: 

 Although the efficacy of hydrodynamic methods – including co-

sedimentation – to explore xanthan-chitosan interaction has been clearly 

presented, the interaction can also be explored with different conditions such 

as the buffer, pH value, ionic strengths and mixing ratio with this 

methodology. 

 The interaction between hyaluronic acid and chitosan can be investigated 

with the co-sedimentation methods with different mixing ratio, buffer and 

ionic strength 

 Since gellan is solution form in 25mM NaI and not requiring the any further 

purification to maintain as a solution form, the hydrogel formation of gellan-

chitosan can be studied in different pH values and concentrations with 

rheometer, Differential scanning calorimetry (DSC) and atomic force 

microscopy (AFM) and dynamic light scattering (DLS) methods as an 

addition to analytical ultracentrifugation method. 

 These additional methods which were mentioned above (eg. rheometer, 

DSC, AFM, DLS can also be useful to examine the interaction of xanthan-

chitosan and xanthan-hyaluronic acid mixtures, which will provide more 

information to develop better healthcare therapies and food applications. 
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Abstract: Sedimentation in the analytical ultracentrifuge is a matrix free solution technique 

with no immobilisation, columns, or membranes required and can be used to study  

self-association and complex or “hetero”-interactions, stoichiometry, reversibility and 

interaction strength of a wide variety of macromolecular types and across a very large 

dynamic range (dissociation constants from 10−12 M to 10−1 M). We extend an earlier 

review specifically highlighting advances in sedimentation velocity and sedimentation 

equilibrium in the analytical ultracentrifuge applied to protein interactions and mucoadhesion 

and to review recent applications in protein self-association (tetanus toxoid, agrin),  

protein-like carbohydrate association (aminocelluloses), carbohydrate-protein interactions 

(polysaccharide-gliadin), nucleic-acid protein (G-duplexes), nucleic acid-carbohydrate 

(DNA-chitosan) and finally carbohydrate-carbohydrate (xanthan-chitosan and a ternary 

polysaccharide complex) interactions. 
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1. Introduction 

We recently [1] gave a detailed consideration of how the Analytical Ultracentrifuge—a matrix-free 

separation technique for the analysis of the concentration distributions of a protein solute in solution at 

high centrifugal field—can be used to investigate either how this concentration distribution changes 

with time (known as sedimentation velocity), or (at relatively lower centrifugal fields using the same 

instrumentation) the final steady state concentration distribution after sedimentation and diffusive 

forces have come to equilibrium (sedimentation equilibrium), can be applied to the study of protein 

interactions. The choice of the appropriate optical system was shown to be important, with sometimes 

combined optics (refractometic and UV absorption) proving useful via the process of co-sedimentation, 

especially when used to study mucoadhesive interactions for drug delivery applications [2,3], and 

protein-cofactor binding [1]. 

Since that time there have been some important developments in terms of analysis, particularly  

for the sedimentation velocity and equilibrium analysis of heterogeneous materials. We will briefly 

review those developments and then consider very recent applications to protein self -association 

(tetanus toxoid, the yeast exoribonuclease co-factor Rrp47 and mini-agrin), protein-like carbohydrate 

self-association (aminocelluloses), carbohydrate-protein interactions (polysaccharide-gliadin), nucleic 

acid-carbohydrate (DNA-chitosan), carbohydrate-carbohydrate (xanthan-chitosan and PGX® complex) 

interactions and nucleic acid-protein interactions (G-quadruplex—RNA helicase). 

2. Analytical Ultracentrifugation 

The analytical ultracentrifuge is a high speed (to 60,000 rpm) ultracentrifuge with one or more 

optical systems to allow the analysis of the redistribution of macromolecular solute under the influence 

of a centrifugal field [4,5]. This can be either a sedimentation velocity experiment where the change in 

concentration distribution with time is followed, or a sedimentation equilibrium experiment—performed 

at lower speeds—where the steady state distribution of the macromolecular solute is recorded 

following equilibration of centrifugal and diffusive forces. The following are common types of optical 

systems used to register concentration distributions: (i) UV/visible—useful for proteins and nucleic 

acids which generally absorb in the UV, and coloured macromolecules like the cytochromes which 

absorb in the visible; (ii) refractometric or interferometric optics, which can be used for any 

macromolecular system. Two other types of optical system are used; (iii) fluorescence optics, 

permitting detection at very low concentration; and (iv) refractive index gradient or “Schlieren” optics, 

available on some older equipment. 

3. Sedimentation Velocity 

In sedimentation velocity we measure the sedimentation coefficient distribution g(s) vs. s—a 

measure of the purity/heterogeneity of the sample. The s value of individual components present can 

be related to the molecular weight and (from the frictional properties) shape. The greater the molecular 
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weight or more compact the macromolecule is, the larger its s value. It is often converted to standard 

conditions (the density and viscosity of water at 20.0 °C)—to give s20,w. Modern software, such as the 

highly popular SEDFIT suite of algorithms of Schuck and colleagues [6,7] provides also: 

(i) A correction to the sedimentation coefficient distribution for diffusion broadening (this assumes 

all particles in the distribution have the same frictional ratio f/fo (ratio of the friction coefficient 

of a macromolecule to the friction coefficient of a sphere of the same mass and anhydrous 

volume)—the resulting corrected distribution is known as a c(s) vs. s distribution. 

(ii)  Conversion of g(s) vs. s or c(s) vs. s for a discrete distribution (i.e., of a small number of 

resolvable components) to a molecular weight distribution (again, assuming particles of the 

same shape/frictional ratio), known as g(M) vs. M or c(M) vs. M. 

(iii)  For continuous distributions, a recently published algorithm known as the Extended Fujita 

algorithm [8] was incorporated into SEDFIT. 

The transformation in the Extended Fujita algorithm is as follows:  

f(M) = (ds/dM). g(s) (1) 

with 

M = (s/țs)1/b (2) 

and 

ds/dM = b.țs 1/b.s(b−1)/b  (3) 

b is a conformation parameter (~2/3 for globular macromolecules, decreasing for more asymmetric 

structures down to ~0.15 for rigid rods). țs can be found from Equation (2) provided that at least one 

value of M (e.g., Mw from sedimentation equilibrium) is known for one value of s (e.g., the weight 

average s value). This method for determination of molecular weight distribution is useful for large 

glycoconjugates [9] and associative complexes of very large molecular weight which are out of reach 

of other methods of analysis. 

Interactions can manifest themselves in the appearance of material of a higher sedimentation coefficient, 

and if the reaction is reversible (or partially reversible) an increase in the slope of a plot of sedimentation 

coefficient s20,w vs. concentration, c (the normal trend—due to non-ideality effects—is a decrease). The 

proportion of higher molecular weight component(s) should increase as the concentration increases and 

vice versa. 

4. Sedimentation Equilibrium 

In sedimentation equilibrium we analyse the steady state distribution of solute concentration c(r) as 

a function of radial displacement r from the centre of rotation to obtain an estimate for the molecular 

weight. For an interacting system it can in principle tell us the stoichiometry of the system, the average 

molecular weight of all the components in the solution being analysed (principally the weight average 

Mw but also z-average Mz and number average information Mn) and also how the local or “point” 

average values Mw(r) (and also Mz(r) and Mn(r)) vary with r and c(r). From this, and the help of 

various diagnostic plots it is possible also to ascertain association/interaction Ka or dissociation Kd 

constants (often expressed in ȝM−1 or ȝM respectively) from the way the molecular weight changes 
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with concentration. A popular algorithm in the past has been MSTAR based on the M* function of 

Creeth and Harding [10] and this has very recently been incorporated into SEDFIT as the very easy to 

use SEDFIT-MSTAR algorithm [11] which provides an estimate for Mw, Mw(r) vs. r or c(r) and 

through a smart-smooth procedure an estimate for the molecular weight distribution c(M) vs. M. 

Except at very small concentrations (<1 mg/mL for proteins, <0.3 mg/mL for large glycoconjugates) 

thermodynamic non-ideality (co-exclusion and polyelectrolyte effects) can be significant—estimates 

will then be of the apparent molecular weight (e.g., Mw,app). 

An associated algorithm MULTISIG [12] provides accurate estimates of Mn(r) vs. c(r), Mz(r) vs. c(r) 

as well as Mw(r) vs. c(r) and is proving very useful in the diagnosis of reversibility in interaction 

processes [13,14]. 

For non-interacting systems the conventional way of correcting for non-ideality is to measure Mw,app 

at a series of concentrations and extrapolate back to zero concentration. Unfortunately if reversible 

concentration dependent interactive effects are being studied, this procedure is inappropriate. However 

the extent of non-ideality (as manifested by the 2nd thermodynamic virial coefficient B) can be 

predicted if the molecular weight and shape of the interacting species are known using the excluded 

volume theory of Rallison and Harding [15] and incorporated into the COVOL algorithm [16]: 

examples were demonstrated in the Harding and Rowe [1] review. 

5. Protein Self-Association 

Recent examples include the application of AUC to the analysis of the self-association of the 

tetanus toxoid protein and agrin. 

5.1. Tetanus Toxoid Protein  

The tetanus toxoid (TT) protein is a chemically detoxified form of the tetanus toxin produced from 

Clostridium tetani. The tetanus neurotoxin is a 1292 amino acid protein consisting of two chains  

(N-terminal light chain of 52 kDa and C-terminal heavy chain of 98 kDa) linked by a single disulfide 

bridge. In addition to being a potent antigen, tetanus toxoid has been frequently used as the carrier 

protein in conjugate vaccines (see for example [17]), adding much greater efficacy to carbohydrate 

vaccines (see, e.g., [18]). Sedimentation coefficient c(s) vs. s profiles (Figure 1a) revealed the presence 

of two clear components with approximately 86% monomer sedimenting at ~7S and a 2nd component 

at ~11S (expected for the dimer, if s ~ M2/3). The proportions of each do not seem to alter significantly 

with increasing total loading concentration (Figure 1a): this implies that these two components are not 

in reversible equilibrium. Extrapolation of s20,w values of both components to c = 0 yielded s°20,w 

values of (7.6 ± 0.1)S and (11.6 ± 0.2)S for the two components. The corresponding c(M) vs. M plots 

(Figure 1b) yielded molecular weight values of ~(150,000 ± 5000) g/mol for the main peak and 

(270,000 ± 15,000) g/mol for the minor peak, consistent (within experimental error) with a monomer-dimer 

system, results which were consistent with sedimentation equilibrium and SEC-MALS (size exclusion 

chromatography coupled with multi-angle light scattering). Furthermore, from the sedimentation 

coefficient for the monomer combined with the intrinsic viscosity, it was possible, after allowing for a 

range of plausible hydration values [18], to estimate the overall shape of the TT protein in terms of  

a prolate ellipsoid, and the measurements are consistent with an asymmetric protein of aspect ratio  
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~(3 ± 1):1 (Figure 1c), coincidentally similar to the cartoon representation of it presented some years 

earlier by Astronomo and Burton [17]. Such a structure presents a greater surface area for conjugation 

with polysaccharide than a more globular structure, underpinning its popular choice as a conjugation 

protein for glycoconjugate vaccines. 
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Figure 1. (a) Sedimentation coefficient distribution profiles, c(s) vs. s, for tetanus toxoid 

protein at different concentrations, showing mostly monomer with a smaller proportion of 

dimer not in reversible equilibrium; (b) Corresponding molecular weight distribution plots 

c(M) vs. M; (c) Low resolution structure of tetanus toxoid protein using the simple ellipsoid 

modelling routine ELLIPS1 showing clearly its extended form of axial ratio ~3:1. Reproduced 

from reference 18 with permission from Elsevier. 

5.2. Yeast Exoribonuclease Rrp6 Associated Cofactor Rrp47 

In contrast to the TT-protein, recent measurements [19] using both sedimentation velocity and 

sedimentation equilibrium have established that the protein Rrp47, which plays an important part in 

RNA processing and degradation events, is a pure dimer at least under the conditions analysed, with an 

s value of (2.7 ± 0.1)S and M ~ 54,000 g/mol, but like TT-protein it has large frictional ratio (~1.6) 

corresponding to an axial ratio of ~6:1 [19]. 

5.3. Mini-Agrin 

Mini-agrin [20] is a miniaturized form of agrin—an extracellular matrix proteoglycan that induces 

acetylcholine receptor aggregation at the neuromuscular junction, miniaturized so that it just contains 

4-domains, the N-terminal domain and 3 globular C-terminal domains, considered to be potentially 

important in the treatment of congenital muscular dystrophy. Unlike the tetanus toxoid system sedimentation 

velocity in the analytical ultracentrifuge showed no direct evidence of associative behaviour from the 

c(s) vs. s plots but the weight average s°20,w value (4.7 ± 0.2)S combined with an estimate from dynamic 

light scattering for the translational diffusion coefficient D°20,w ~ (3.3 ± 0.2) × 10−7 cm2/s yielded an 

estimate of the M of (127,000 ± 12,000) g/mol using the Svedberg equation, well in excess of the sequence 

monomer molecular weight of 106,650 g/mol suggestive of associative behaviour. This was confirmed 
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by SEC-MALS which revealed a value for the 2nd virial coefficient B of −6.5 × 10−4 mL·mol·g−2. On 

the grounds that return of a negative value for B signifies that thermodynamic non-ideality in the classical 

sense (exclusion volume and polyelectrolyte effects) is +ve and we observe –ve values confirms that 

self-association is significant. Re-analysis of the sedimentation equilibrium data using a routine which 

specifically considers the evaluation of the association/dissociation constants yielded and estimate of 

0.24 L/g for the association constant—corresponds to a molar dimerization constant Kd ~ (4.2 ± 0.4) ȝM. 

The low value for the sedimentation coefficient for such a large ~100 kDa protein suggests the 

agrin monomer is asymmetric with an axial ratio ~3.8, coincidentally similar to the tetanus toxoid 

protein. Further experiments using small angle x-ray scattering and modelling the angular distributions 

of scattered x-rays reinforced this view and indicates dimerization via an end-to-end rather than a  

side-by-side process [20]. 

6. Carbohydrate Self-Association 

Certain classes of carbohydrate polymer are known to form double or triple helices (for example 

xanthan and schizophyllan respectively) but these tend to be non-reversible equilibria, i.e., by 

“reversible” we mean by changing the concentration one can reversibly change the relative amount of 

oligomerization. Two systems have been shown to give reversible behaviour—one a very weak 

dimerization (xyloglucan) the other a stronger oligomerisation (aminocelluloses). 

6.1. Xyloglucans 

A very weak reversible dimerization was observed for xyloglucans—these are ȕ(1–4) linked xylose 

polymers with arabinose (sometimes esterified with phenolic acids) side chains [21]. Evidence for 

dimerization comes not from the appearance of an extra component in the sedimentation coefficient 

distribution plots but from the concentration dependence of the sedimentation coefficient after allowing 

for non-ideality. For example one xyloglucan (PO2) gave a dissociation constant value Kd ~ (340 ± 50) ȝM 

at 20 °C. Intriguingly decreasing the temperature to 5 °C greatly suppressed the interaction(Kd > 3000 ȝM) 

whereas raising the temperature to 30 °C increased the dimerization strength (Kd ~ 140 ȝM): this decrease 

in Kd (increase in dimerization) with increase in temperature is systematic of a reversible hydrophobic 

interaction [21]. 

6.2. Aminocelluloses 

Even more unusual protein-like association has been observed in solutions of the water soluble 

carbohydrates known as the 6-deoxy-6-(Ȧ-aminoalkyl) aminocelluloses which had previously been 

reported to produce controllable self-assembling films for enzyme immobilisation and other 

applications [22]. c(s) vs. s distributions show multiple components (up to pentamers) all related 

according to s ~ M 2/3 (Figure 2). Not only had such oligomerisation—of the sort seen for example in 

antibody aggregation processes—never been seen in polysaccharides, the power law coefficient of 2/3 

is more appropriate for globular proteins rather than carbohydrates [13]. The oligomerisation was at 

least partially reversible (the proportion of the lower molecular weight components decreasing as the 

total concentration is increased). One particular aminocellulose exhibited a completely reversible 

tetramerisation behaviour [14] as deduced on the basis of (i) point average molecular weights, Mn(r), 
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Mw(r) and Mz(r) all converging to the same (monomer value) M1 = 3250 at zero concentration (and 

converging to the tetramer value at higher concentration) in plots of these point averages vs. c(r) using 

the MULTISIG routine and (ii) overlap of plots of Mz(r) vs. c(r) for different loading concentrations. 

This completely reversible tetramerisation (and subsequent assembly into larger structures) resembled 

more like the behaviour of sickle cell deoxyhemoglobin than any carbohydrate, possibly revising 

traditional views of what is “protein-like” and what is “carbohydrate-like” behaviour (see [14] and 

references therein). 

 

Figure 2. Sedimentation coefficient distributions of a 6-deoxy-6-amino cellulose (BAEA 

cellulose) at various concentrations: solid (ņņ) 2.0 mg/mL; dash (– –) 1.0 mg/mL; dot (∙∙∙∙∙∙) 
0.5 mg/mL; dash dot (– ∙ – ∙) 0.25 mg/mL; short dot (∙∙∙∙∙∙) 0.125 mg/mL. Reproduced from [13] 

with permission from Wiley. 

7. Carbohydrate-Protein Interactions 

Recent work on carbohydrate-protein interactions has been focusing on the possible use of fibre 

polysaccharides as a macromolecular block trying to stop gliadins reaching the mucosal epithelia and 

causing an immune response in people with gluten intolerance or coeliac disease. The work is currently 

on going, but an assay procedure based on sedimentation velocity in the analytical ultracentrifuge 

monitoring for co-sedimentation has been developed. The assay procedure takes advantage of the fact 

that gliadins absorb ultraviolet light at a wavelength ~280 nm whereas polysaccharides do not. For 

example iota-carrageenan [23]. Figure 3 shows sedimentation concentration distribution plots for a  

co-sedimentation experiment involving a mixture of gliadin and iota-carrageenan, showing a 

significant amount of what appears to be complexed material picked up by the UV absorption system 

at 280 nm and sedimenting at ~4.5S, well in excess of unbound gliadin. A comprehensive survey of 

fibre polysaccharides as potential macromolecular barriers to gliadin will be published in the near 

future (see also ref. [24]). 
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Figure 3. Sedimentation coefficient distribution diagrams for gliadins and iota carrageenan 
in aqueous phosphate-chloride buffer. c(s) = the population of species with a sedimentation 
coefficient between s and ds. UV-absorption optics at 280 nm were used showing only the 
gliadins—and whatever they may have interacted with. Red line: gliadin only control at  
5.0 mg/mL loading concentration showing material sedimenting at 2S and a small amount of 
aggregated material at ~5S. Blue line: iota- carrageenan control at 1.0 mg/mL. The 
sedimenting material is almost transparent at 280 nm. Black line (same concentrations): 
mixture showing a substantial amount of material sedimenting at ~4.5S: this may indicate 
an interaction with gliadin. Reproduced with permission from [23]. 

8. Nucleic Acid-Carbohydrate Interactions 

There is increasing interest in the use of polycationic polysaccharides as histone analogues for 

condensing nucleic acids in DNA/RNA therapies against disease. Chitosans have been the focus of 

particular attention: these are soluble derivatives of chitin (poly N-acetyl glucosamine). Reducing the 

degree of acetylation (DA) yields the soluble polycationic form of chitin known as chitosan. In a recent 

study [25] (Almutairi et al., 2014), the principle of co-sedimentation was used to explore the effectiveness 

of chitosans for binding to DNA, in a similar way to earlier studies applied to the study of chitosan 

“mucoadhesive” types of interaction with mucins [1–3]. In the Almutairi et al. study, solutions of two 

chitosans samples of different degrees of acetylation, known as “CHIT5” (DA = 25%) and “CHIT6” 
(15%) and different weight average molecular weights Mw (95,000 g/mol and 170,000 g/mol respectively) 

from sedimentation equilibrium were characterised and then studied in mixtures with the DNA of Mw, 

estimated from the Extended Fujita method of Harding et al. [8] to be approximately 300,000 g/mol. 

Sedimentation velocity of 1.0 mg/mL solutions of the chitosans CHIT5 or CHIT6 with DNA at a 

temperature of 20.0 °C all gave unimodal distributions with respective weight average sedimentation 

coefficients s20,w 1.9S, 2.3S and 6.8S respectively. Each chitosan preparation was then mixed in a  

1:1 w/w ratio with the DNA to a total concentration of 1.0 mg/mL. A clear shift to a high s value is 

observed in both cases, with nothing sedimenting at the rate of uncomplexed chitosan suggesting that 

the interaction had gone to completion. From the shoulder of the complex, some unreacted DNA 

appears remaining (Figure 4a). Multi-Gaussian analysis of the g(s) vs. s distribution for the complex 
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(Figure 4c) using the routine MULTIG suggests ~72% DNA had interacted with CHIT5 and ~83% for 

CHIT6. The s-distribution of the complex is very broad, even on a logarithmic scale, with material in 

excess of 100S, with the larger molecular weight and highest positively charged chitosan CHIT6 

showing the greatest degree of complexation [4]. For a more detailed quantification of the nature of the 

interaction, other factors such as the differences in partial specific volume between DNA and 

carbohydrate would need to be taken into consideration. 

 

 

Figure 4. Normalized sedimentation coefficient distribution profiles obtained from sedimentation 

velocity experiments for unmixed controls and mixtures (a) chitosan with DNA; (b) chitosan 

with xanthan-STD; (c) multi-Gaussian fit to the CHIT5-DNA mixture; (d) multi-Gaussian 

fit to the CHIT6-DNA mixture. Reproduced from [25] with permission from Elsevier. 

9. Carbohydrate-Carbohydrate Interactions 

9.1. Chitosan-Xanthan Interactions 

The advantageous properties of mixtures of chitosan and xanthan as hydrogels have been considered 

for some while [26–28] but only very recently has the biophysical basis behind this interaction been 

studied by analytical ultracentrifugation, again using co-sedimentation [25]. Xanthan, like DNA is a 

double helical highly polyanionic polymer obtained from the microorganism Xanthomonas campestris, 

and is widely used in the Food Industry as a thickener. The molecular weight of the particular xanthan 
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used in the study of Almutairi et al. [25]—known as “xanthan-STD”—had been found previously to be 

~3.2 × 103 kDa using sedimentation equilibrium in the analytical ultracentrifuge [29]. 

As with the chitosan-DNA study, the sedimentation velocity profile of xanthan was first characterised 

at 1.0 mg/mL yielding a unimodal g(s) vs. s plot with weighted-average s20,w of 4.8S. Then the 1:1 by 

weight mixtures with CHIT5 and CHIT6 at a total concentration of 1.0 mg/mL, were studied and the 

results shown in Figure 4b,d. As with chitosan-DNA, all the chitosan was complexed, but unlike 

chitosan-DNA, for xanthan-DNA there was no residual xanthan were left behind for both CHIT5 and 

CHIT6 complexes. Weighted average s20,w for the complexes of 10.3S and 10.1S for CHIT5-xanthan 

and CHIT6-xanthan, respectively were obtained. 

9.2. PGX® 

Sedimentation coefficient distribution profiling has also been used to good effect for detecting interactions 

in mixed polysaccharide systems used for health applications. An example is the proprietary commercial 

product PGX® (PolyGlycopleX®) which is manufactured from konjac glucomannan, xanthan and 

sodium alginate using a proprietary manufacturing process (EnviroSimplex®, Inovobiologic inc. Burnaby, 

Canada). This product has been successfully used as a dietary/satiety product for help towards obesity 

control. Detailed analysis by co-sedimentation [30,31] showed clear evidence for a ternary interaction 

between the components at low ionic strength reinforcing experiments on the rheological properties of 

this system [32]. Interactions were shown to be clearly ionic strength dependent, clearly illustrating the 

importance of the solvent environment in the behaviour of polyelectrolyte polymers in solution. 

10. Concluding Remarks 

In our earlier review [1], we showed how powerful the analytical ultracentrifuge—with its intrinsic 

separation and analysis ability without the need for a separation matrix—was for characterising the 

strength, stoichiometry and reversibility for interacting protein (or glycoprotein) systems, and how 

potentially complicating issues such as thermodynamic non-ideality could be adequately dealt with. 

In the present study, we have shown the considerable diversity of systems that the two main AUC 

techniques of sedimentation velocity and sedimentation equilibrium can be applied to with examples 

from very recently published studies, particularly using the principle of co-sedimentation. Particularly 

exciting is the application of the method for scrutinising the stability and behaviour of antibody based 

therapies—where the method is already considered as a gold standard—and also glyco-vaccine and 

DNA based therapy systems and the design of macromolecular based therapies against allergies and 

obesity. Other exciting developments include the improvement of ways of using and applying the 

analytical ultracentrifuge to high concentration systems, as is important for example in the development 

of monoclonal antibody formulations. This can provide a highly crowded macromolecular environment 

with a concomittant situation of high nonideality, well beyond the dilute solution situations considered 

in refs [15] and [16]. The use of tracer preparative (as opposed to analytical) ultracentrifugation in this 

regard, as pioneered by Minton, Rivas and others [33] has now been extended to centrifugal separation 

followed by subsequent analysis by solid state NMR ([34,35] and references therein). 

For details of some of the latest developments and publications in the application of the  

analytical ultracentrifuge to the study of macromolecular interaction phenomena the interested  
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reader is advised to refer to the web pages (and links given therein) of the National Centre for 

Macromolecular Hydrodynamics (www.nottingham.ac.uk/ncmh) and that of the SEDFIT user group: 

www.analyticalultracentrifugation.com/. 

Acknowledgements 

Richard B. Gillis is grateful for a BBSRC (UK) Studentship, Fahad Almutairi is grateful to the 

support of the University of Tabuk, Saudi Arabia for a studentship and Tayyibe Erten is grateful to the 

Turkish Ministry of National Education for a studentship. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Harding, S.E.; Rowe, A.J. Insight into protein-protein interactions from analytical ultracentrifugation. 

Biochem. Soc. Trans. 2010, 38, 901–907. 

2. Harding, S.E. Mucoadhesive interactions. Biochem. Soc. Trans. 2003, 31, 1036–1041. 

3. Harding, S.E. Trends in mucoadhesive analysis. Trends Food Sci. Tech. 2006, 17, 255–262. 

4. Harding, S.E.; Rowe, A.J.; Horton, J.C. Analytical Ultracentrifugation in Biochemistry and 

Polymer Science; Royal Society of Chemistry: Cambridge, UK, 1992. 

5. Scott, D.J.; Harding, S.E.; Rowe, A.J. Analytical Ultracentrifugation. Techniques and Methods; 

Royal Society of Chemistry: Cambridge, UK, 2005. 

6. Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation 

and Lamm equation modeling. Biophys. J. 2000, 78, 1606–1619. 

7. Dam, J.; Schuck, P. Calculating sedimentation coefficient distributions by direct modeling of 

sedimentation velocity concentration profiles. Meth. Enzymol. 2004, 384, 185–212. 

8. Harding, S.E.; Schuck, P.; Abdelhammed, A.S.; Adams, G.; Kök, M.S.; Morris, G.A. Extended 

Fujita approach to the molecular weight distribution of polysaccharides and other polymer  

systems. Methods 2011, 54, 136–144. 

9. Gillis, R.B.; Adams, G.G.; Wolf, B.; Berry, M.; Besong, T.M.D.; Corfield, A.; Kök, S.M.; 

Sidebottom, R.; Lafond, D.; Rowe, A.J.; et al. Molecular weight distribution analysis by 

ultracentrifugation: Adaptation of a new approach for mucins. Carbohyd. Polym. 2003, 93,  

178–183. 

10. Creeth, J.M.; Harding, S.E. Some observations on a new type of point average molecular weight. 

J. Biochem. Biophys. Methods 1982, 7, 25–34. 

11. Schuck, P.J.; Gillis, R.B.; Besong, D.; Almutairi, F.; Adams, G.G.; Rowe, A.J.; Harding, S.E. 

SEDFIT-MSTAR: Molecular weight and molecular weight distribution analysis of polymers by 

sedimentation equilibrium in the ultracentrifuge. Analyst 2014, 139, 79–92. 

12. Gillis, R.B.; Adams, G.G.; Heinze, T.; Nikolajski, M.; Harding, S.E.; Rowe, A.J. MultiSig: A new 

high-precision approach to the analysis of complex biomolecular systems. Europ. Biophys. J. 

2013, 42, 777–786. 



Biology 2015, 4 249 
 
13. Heinze, T.; Nikolajski, M.; Daus, S.; Besong, T.M.D.; Michaelis, N.; Berlin, P.; Morris, G.A.; 

Rowe, A.J.; Harding, S.E. Protein-like oligomerisation of carbohydrates. Ang. Chem. Int. Ed. 

2011, 50, 8602–8604. 

14. Nikolajski, M.; Adams, G.G.; Gillis, R.B.; Besong, D.T.; Rowe, A.J.; Heinze, T.; Harding, S.E. 

Protein-like fully reversible tetramerisation and super-association of an aminocellulose. Sci. Rep. 

2014, 4, doi:10.1038/srep03861. 

15. Rallison J.M.; Harding, S.E. Excluded volumes for pairs of triaxial ellipsoids at dominant 

Brownian motion. J. Coll. Int. Sci. 1985, 103, 284–289. 

16. Harding, S.E.; Horton, J.C.; Jones, S.; Thornton, J.M.; Winzor, D.J. COVOL: An interactive 

program for evaluating second virial coefficients from the triaxial shape or dimensions of rigid 

macromolecules. Biophys. J. 1999, 76, 2432–2438. 

17. Astronomo, R.D.; Burton, D.R. Carbohydrate vaccines: Developing sweet solutions to sticky 

situations? Nat. Rev. Drug Discov. 2010, 9, 308–324. 

18. Abdelhameed, A.S.; Morris, G.A.; Adams, G.G.; Rowe, A.J.; Laloux, O.; Cerny, L.; Bonnier, B.; 

Duvivier, P.; Conrath, K.; Lenfant, C.; et al. An asymmetric and slightly dimerized structure  

for the tetanus toxoid protein used in glycoconjugate vaccines. Carbohyd. Polym. 2012, 90,  

1831–1835. 

19. Feigenbutz, M.; Jones, R.; Besong, T.D.; Harding, S.E.; Mitchell, P. Assembly of the yeast 

exoribunuclease Rrp6 with its associated cofactor Rrp47 occurs in the nucleus and is critical for 

the controlled expression of Rrp47. J. Biol. Chem. 2013, 288, 15959–15970. 

20. Patel, T.R.; Besong, T.M.D.; Patel, N.; Meier, M.; Harding, S.E.; Winzor, D.J.; Stetefeld, J. 

Evidence for self-association of a miniaturized version of agrin from hydrodynamic and  

small-angle X-ray scattering measurements. J. Phys. Chem. B 2011, 115, 11286–11293. 

21. Patel, T.R.; Harding, S.E.; Ebringerova, A.; Deszczynski, M.; Hromadkova, Z.; Togola, A.; 

Paulsen, B.S.; Morris, G.A.; Rowe, A.J. Weak self-association in a carbohydrate system.  

Biophys. J. 2007, 93, 741–749. 

22. Jung, A.; Berlin, P. New water-soluble and film-forming aminocellulose tosylates as enzyme 

support matrices with Cu2+-chelating properties. Cellulose 2005, 12, 67–84. 

23. Kök, M.S.; Gillis, R.; Ang, S.; Lafond, D.; Tatham, A.S.; Adams, G.; Harding, S.E.  

Can dietary fibre help provide safer food products for sufferers of gluten intolerance?  

A well-established biophysical probe may help towards providing an answer. BMC Biophys. 

2012, 5, doi:10.1186/2046-1682-5-10. 

24. Gillis, R. Protein Polysaccharide Complexes: Permanent/Nonpermanent Interactions between 

Polysaccharides and Polypeptides. PhD Thesis, University of Nottingham, Nottingham, UK, 2015. 

25. Almutairi, F.M.; Erten, T.; Adams, G.G.; Hayes, M.; McGloughlin, P.; Kök, M.S.; Mackie, A.R.; 

Rowe, A.J.; Harding, S.E. Hydrodynamic characterisation of chitosan and its interaction with two 

polyanions: DNA and xanthan. Carbohyd. Polym. 2015, doi:10.1016/j.carbpol.2014.09.090. 

26. Dumitriu, S.; Magny, P.; Montane, D.; Vidal, P.; Chornet, E. Polyionic hydrogels obtained by 

complexation between xanthan and chitosan: Their properties as supports for enzyme immobilization. 

J. Bioact. Compat. Polym. 1994, 9, 184–209. 

27. Martínez-Ruvalcaba, A.; Chornet, E.; Rodrigue, D. Viscoelastic properties of dispersed 

chitosan/xanthan hydrogels. Carbohyd. Polym. 2007, 67, 586–595. 



Biology 2015, 4 250 
 
28. Shchipunov, Y.; Sarin, S.; Kim, I.; Ha, C.-S. Hydrogels formed through regulated self-organization 

of gradually charging chitosan in solution of xanthan. Green Chem. 2010, 12, 1187–1195. 

29. Erten, T.; Adams, G.G.; Foster, T.J.; Harding, S.E. Comparative heterogeneity, molecular weights 

and viscosities of xanthans of different pyruvate and acetate content. Food Hydrocoll. 2014, 42, 

335–341. 

30. Abdelhameed, A.S.; Ang, S.; Morris, G.A.; Smith, I.; Lawson, C.; Gahler, R.; Wood, S.; Harding, S.E. 

An analytical ultracentrifuge study on ternary mixtures of konjac glucomannan supplemented 

with sodium alginate and xanthan gum. Carbohyd. Polym. 2010, 81, 145–148. 

31. Harding, S.E.; Smith, I.H.; Lawson, C.J.; Gahler, R.J.; Wood, S. Studies on macromolecular 

interactions in ternary mixtures of konjac glucomannan, xanthan gum and sodium alginate 

Carbohyd. Polym. 2011, 83, 329–338. 

32. Smith, I.H.; Lawson, C.J.; Harding, S.E.; Gahler, R.J.; Lyon, M.R.; Wood, S. Viscosity 

development during aqueous dispersion and dissolution: A comparison of PGX® with other 

dietary supplements and individual polysaccharides. Food Hydrocoll. 2014, 38, 152–162. 

33. Rivas, G.; Minton, A. Beyond the second virial coefficient: Sedimentation equilibrium in highly 

non-ideal solutions. Methods 2011, 54, 167–174. 

34. Bertini, I.; Luchinat, C.; Parigi, G.; Ravera, E.; Reif, B.; Turano, P. Solid-state NMR of proteins 

sedimented by ultracentrifugation. Proc. Nat. Acad. Sci. USA 2011, 108, 10396–10399. 

35. Bertini, I.; Luchinat, C.; Parigi, G.; Ravera, E. SedNMR: On the edge between solution and  

solid-state NMR. Acc. Chem. Res. 2013, 46, 2059–2069. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


	2.pdf
	Comparative heterogeneity, molecular weights and viscosities of xanthans of different pyruvate and acetate content
	1 Introduction
	2 Materials and methods
	2.1 Xanthans
	2.2 Sedimentation velocity analytical ultracentrifugation
	2.3 Sedimentation equilibrium analytical ultracentrifugation
	2.4 Dynamic light scattering
	2.5 Capillary viscometry

	3 Results and discussion
	4 Concluding remarks
	Acknowledgement
	References


	3.pdf
	Hydrodynamic characterisation of chitosan and its interaction with two polyanions: DNA and xanthan
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sedimentation velocity in the analytical ultracentrifuge
	2.3 Sedimentation equilibrium in the analytical ultracentrifuge
	2.4 Size exclusion chromatography coupled to multi angle light scattering (SEC–MALS)
	2.5 Intrinsic viscosity measurement

	3 Results and discussion
	3.1 Sedimentation coefficient and sedimentation coefficient distribution
	3.2 Molecular weights
	3.3 Intrinsic viscosity and conformation analysis
	3.4 Chitosan–DNA interaction
	3.5 Xanthan–chitosan interaction

	4 Conclusion
	Acknowledgements
	References


	MethEnzymol_Polysaccharides_by_AUC_review_2015.pdf
	Front Cover
	Analytical Ultracentrifugation
	Copyright
	Contents
	Contributors
	Preface
	Chapter One: Next-Generation AUC Adds a Spectral Dimension: Development of Multiwavelength Detectors for the Analytical U...
	1. Introduction
	2. Development of MWL Absorbance Detectors
	2.1. First-Generation MWL
	2.2. Second-Generation MWL Developments
	2.3. Third-Generation MWA

	3. Hardware and Control System of Second-Generation MWL Detectors
	3.1. Second-Generation MWL Open AUC Design
	3.2. Second-Generation MWL from Nanolytics
	3.3. Nanolytics Hardware
	3.4. Nanolytics Data Acquisition
	3.5. Nanolytics Omega Device
	3.6. Nanolytics Acquisition and Control Software

	4. MWL Data From AUC
	4.1. Open AUC Data Format and Management
	4.2. Nanolytics Data Format and Management

	5. Data Visualization and Experimental Results
	5.1. SNR and Stability
	5.2. Radial Resolution

	6. Discussion
	6.1. Qualitative Visualization of Data without Analysis
	6.2. MWL Data Quality

	7. Summary and General Discussion of the Impacts of MWL AUC Data in the Field of Biopolymers
	Acknowledgments
	References

	Chapter Two: Next-Generation AUC: Analysis of Multiwavelength Analytical Ultracentrifugation Data
	1. Introduction
	2. Computational Treatment of Multiwavelength Data
	2.1. Data Representation
	2.2. Data Preprocessing
	2.3. Data Analysis
	2.4. Analysis of MWLD Containing Species with Known Extinction Profiles
	2.5. Parallelization
	2.6. Visualization
	2.6.1. Experimental Data
	2.6.2. Analysis Results


	3. Applications
	4. Discussion
	5. Conclusion
	Acknowledgments
	References

	Chapter Three: Sedimentation Velocity: A Classical Perspective
	1. Early History
	2. Irreversible Thermodynamics
	3. Sedimentation Velocity
	4. Balanced Forces in Diffusion
	5. Balanced Forces in Sedimentation
	6. Derivation of the Lamm Equation
	7. Heterogeneous Paucidisperse Systems
	8. Nonideal Systems
	9. Interacting Systems
	10. Solutions of the Lamm Equation
	11. Equipment and Optical Systems
	12. Sedimentation Velocity Experimental Design
	Acknowledgments
	References

	Chapter Four: Hydrodynamic Modeling and Its Application in AUC
	1. Introduction
	2. AUC and Hydrodynamics
	2.1. Hydrodynamic Bead Modeling
	2.2. Boundary Element Modeling
	2.3. Electrostatic-Hydrodynamic Analogy

	3. The Hydration Issue
	4. Segmental Flexibility and Intrinsically Disordered Structures
	5. Available Programs for Rigid Body HM
	5.1. Modeling in the Absence of Atomic Coordinates
	5.2. Modeling Based on Atomic Coordinates
	5.2.1. HYDROPRO
	5.2.2. BEST (as Implemented Within US-SOMO)
	5.2.3. AtoB in US-SOMO
	5.2.4. SoMo in US-SOMO


	6. Comparing the Performance of Various Methods
	7. A Step-by-Step Guide to Performing Correct HM Using Atomic Coordinates
	8. Selected Literature Examples
	9. Concluding Remarks
	References

	Chapter Five: Calculations and Publication-Quality Illustrations for Analytical UltracentrifugationData
	1. Introduction
	2. General Features of GUSSI
	2.1. The svdfr Module
	2.2. The cofs Module
	2.3. The General dfr Module

	3. Utility Functions of GUSSI
	3.1. Assembling SV-Based Isotherms
	3.2. Sorting SEData
	3.3. Determining the Oligomeric State of Glycoproteins and Membrane Proteins
	3.3.1. Protein, Solution, and Chemical Information
	3.3.2. Glycoproteins
	3.3.3. Membrane Proteins


	4. Summary
	Acknowledgments
	References

	Chapter Six: Sedimentation Equilibrium Analysis of ClpB Self-Association in Diluted and Crowded Solutions
	1. Introduction
	1.1. ClpB Assembly and Function
	1.2. Biological Compartments Are Crowded

	2. Experimental Approaches and Analysis
	2.1. Sedimentation Velocity
	2.1.1. SV Assays and Analysis

	2.2. Sedimentation Equilibrium
	2.2.1. SE Assays and Analysis

	2.3. Composition-Gradient Static Light Scattering
	2.3.1. CG-SLS Assays
	2.3.2. Scattering Analysis of ClpB

	2.4. Studying ClpB Self-Association in Crowded Solutions
	2.4.1. Estimation of Crowding Effects on ClpB Self-Association
	2.4.2. Nonideal Tracer SE
	2.4.3. NITSE Assays
	2.4.4. NITSE Analysis


	3. Summary of Experimental Results
	3.1. Environmental Factors That Modulate the Association Equilibrium of ClpB: Ionic Strength
	3.2. The M Domain Stabilizes ClpB Hexamers
	3.3. Nucleotides Modulate the Stability and Hydrodynamic Behavior of ClpB Hexamers
	3.4. Crowding Shifts the Association Equilibrium Toward the Hexameric Species

	4. ClpB Association Equilibrium and Disaggregase Activity
	5. Concluding Remarks
	Acknowledgments
	References

	Chapter Seven: Analysis of Linked Equilibria
	1. Introduction
	2. Determination of Ln,0 for an Assembling System
	3. Global Fitting of Sedimentation Velocity Data as a Function of Protein Concentration Kinetic Considerations
	4. Global Analysis Using the 1-2-4-6 Model with Rapid Dissociating Oligomers
	5. Global Analysis Using the 1-2-4-6 Model with Slow Dissociation of Oligomers
	6. Global Analysis with Rate Constants in the Detectable Range
	7. Conclusions
	References

	Chapter Eight: Elucidating Complicated Assembling Systems in Biology Using Size-and-Shape Analysis of Sedimentation Veloc ...
	1. Techniques for Studying Macromolecular Mixtures
	2. An Overview of the Standard Sedimentation Coefficient Distribution Approach
	3. Two-Dimensional Size-and-Shape Analysis
	4. Case Study: Cyclic GMP-AMP Synthase Oligomerization
	5. Case Study: IRF-3 Phosphorylation by TBK-1
	6. Conclusions
	Acknowledgments
	References

	Chapter Nine: Quaternary Structure Analyses of an Essential Oligomeric Enzyme
	1. Introduction
	2. Catalytic Function of DHDPS
	3. Structure of DHDPS
	3.1. Subunit Structure
	3.2. Active Site
	3.3. Canonical Bacterial Tetramer
	3.4. Dimeric Structure of S. aureus DHDPS
	3.5. Canonical Structure of Plant DHDPS

	4. Conclusions
	References

	Chapter Ten: Characterization of Intrinsically Disordered Proteins by Analytical Ultracentrifugation
	1. Introduction
	2. Ultracentrifugal Procedures
	2.1. Sedimentation Equilibrium
	2.2. Sedimentation Velocity
	2.3. Sucrose Density Gradient Centrifugation

	3. Extent of Structural Information Obtained
	3.1. Stokes Radius and the Frictional Ratio
	3.2. Analysis of Boundary Spreading: Theoretical Aspects
	3.3. Analysis of Boundary Spreading: Practical Applications

	4. Concluding Remarks
	References

	Chapter Eleven: Sedimentation Velocity Analysis of the Size Distribution of Amyloid Oligomers and Fibrils
	1. Introduction
	2. Preparative Ultracentrifugation
	2.1. Separation of Fibrils that Differ in Morphology
	2.2. Separation of Linear and Closed-Loop Fibrils
	2.3. Isolation of Huntingtin Oligomers and Aggregates

	3. Analytical Ultracentrifugation
	3.1. Sedimentation Velocity Theory
	3.2. Sedimentation Velocity Procedures

	4. Heterogeneous Systems
	4.1. Effects of αB-Crystallin on Mature ApoC-II Amyloid Fibrils
	4.2. The Use of Fluorescence Detection

	5. Summary
	Acknowledgments
	References

	Chapter Twelve: AUC and Small-Angle Scattering for Membrane Proteins
	1. Introduction
	2. Membrane Proteins in AUC
	2.1. On the General Principles of AUC and Analysis for Membrane Proteins
	2.2. Expression of the Buoyant Molar Mass for Membrane Proteins
	2.3. Sedimentation Equilibrium Is Difficult and Restricted to Favorable Cases
	2.4. SV-General Considerations
	2.5. SV in a Given Buffer Condition
	2.6. Complementarity with Size-Exclusion Chromatography Coupled to Light Scattering (SEC/MALS)
	2.7. SV in Two Buffers, One Containing Isotopically Labeled Water
	2.8. Following Complex Formation in Cellular Extracts Using the Fluorescence Detection
	2.9. Preliminary Investigation of Lipid Vesicles Sedimentation Using Fluorescent Detection

	3. Membrane Proteins in SAXS and SANS
	3.1. General Information on SAS Devices and Analysis
	3.2. Contrast and Forward Intensity in SAS
	3.3. Review on Recent Strategies to Investigate Membrane Proteins

	Acknowledgments
	References

	Chapter Thirteen: Hydrodynamic Models of G-Quadruplex Structures
	1. Introduction
	2. Correlating Molecular Structure with Experimental Solution Hydrodynamic Measurements-General Comments
	3. HYDROPRO Software
	4. Getting Structure Files and Building Models
	5. Software for Model Building
	6. Protocol for Running HYDROPRO on Quadruplex Nucleic Acid StructureFiles
	7. Extending the Static Hydrodynamic Bead Model By Analyzing Molecular Dynamics Trajectories
	8. Accelerated Molecular Dynamics Can Explore More ConformationalSpace
	9. Examining Higher Order Quadruplexes from the Human Telomere Sequence
	10. Experimental Determination by Analytical Ultracentrifugation
	11. The Partial Specific Volume Problem
	12. Correlation of Calculated and Measured Hydrodynamic Properties
	References

	Chapter Fourteen: Analytical Ultracentrifugation as a Tool to Study Nonspecific Protein-DNA Interactions
	1. Introduction
	2. Nonspecific Interaction Model
	2.1. Nonspecific Binding of Proteins to Linear Nucleic Acids (Non-Cooperative Versus Cooperative)
	2.2. MvH Model
	2.3. Specific and Nonspecific Competitive Binding of Proteins to Linear Nucleic Acids

	3. Case Studies
	3.1. Determination of Binding Stoichiometry Using SE-AUC
	3.2. Evaluation of Protein Nonspecific Binding Parameters Using SE-AUC
	3.3. Examination of Specific and Nonspecific Competitive Binding Using SV-AUC
	3.4. Identification of a Conformational Change Upon Nonspecific Protein-DNA Binding Using SV-AUC

	4. Summary
	Acknowledgments
	References

	Chapter Fifteen: Characterization of Homogeneous, Cooperative Protein-DNA Clusters by Sedimentation Equilibrium Analytica...
	1. Introduction
	1.1. Homogeneous Cooperative Assemblies

	2. Measurement of DNA Binding
	2.1. Samples
	2.2. Sedimentation Equilibrium Analyses
	2.3. Prediction of Cluster Sizes

	3. AFM Tests of the HBC Model
	3.1. Sample Handling and Imaging of Protein-DNA Complexes
	3.2. AFM Probe Calibration
	3.3. Characterization of AGT Complexes
	3.4. A Mechanism That Accounts for Differences Between Model and Experiment

	Acknowledgments
	References

	Chapter Sixteen: Sedimentation Velocity Analysis of Large Oligomeric Chromatin Complexes Using Interference Detection
	1. Introduction
	2. Theory
	3. Equipments
	4. Setting Up the Interferometer Laser: Laser Delay and Duration
	5. Radial Calibration of Interference Detector
	6. Final Considerations for Interference Sedimentation Velocity Run
	7. Experimental
	7.1. Reconstitution of Chromatin Fibers and Assembly of Chromatin Oligomers
	7.2. Choosing the Rotor Speed

	8. Data Analysis
	8.1. Systematic Noise Considerations
	8.2. Time Derivative Method
	8.3. Other Analysis Methods

	9. Discussion
	9.1. Chromatin Oligomers
	9.2. Large Complexes in General

	References

	Chapter Seventeen: Dissecting Steroid Receptor Function by Analytical Ultracentrifugation
	1. Introduction
	2. AUC Analysis of Steroid Receptor Self-Assembly
	2.1. Homologous Steroid Receptors Display a Vast Range of Self-Assembly Energetics
	2.2. GR and AR Show No Evidence of Reversible Dimerization
	2.3. ER-α Is the Only Receptor to Date That Exhibits Strong Self-Association

	3. Integrating AUC Results into Understanding Receptor-Promoter Interactions
	4. Implications for Receptor-Mediated Transcriptional Regulation
	5. Conclusions and Future Directions
	Acknowledgments
	References

	Chapter Eighteen: Ultracentrifuge Methods for the Analysis of Polysaccharides, Glycoconjugates, and Lignins
	1. Introduction
	2. Polysaccharides
	3. Glycoconjugates
	4. Lignins
	5. Relevant Recent Advances in AUC and Related Procedures
	5.1. Sedimentation Velocity: SEDFIT
	5.1.1. Hypersharpening

	5.2. Sedimentation Equilibrium: SEDFIT-MSTAR
	5.3. Higher Resolution Molecular Weight Distribution Evaluation-the Extended Fujita Approach
	5.4. Conformation and Flexibility Analysis
	5.4.1. Scaling or Power Law
	5.4.2. Wales-van Holde Relation
	5.4.3. Persistence Length Estimation
	5.4.4. Sedimentation Conformation Zoning
	5.4.5. Quasi-Rigid Particle Modeling


	6. Examples of Applications to Specific Carbohydrate Systems
	7. Analytical Ultracentrifuge Analysis of Interactions Involving Carbohydrate Polymers
	7.1. Carbohydrate Self-Association
	7.2. Carbohydrate-Protein Interactions: Co-Sedimentation in the Analytical Ultracentrifuge
	7.3. Carbohydrate-Mucin ``Mucoadhesive´´ Interactions
	7.4. Carbohydrate-Nucleic Acid Interactions
	7.5. Carbohydrate-Carbohydrate Interactions
	7.5.1. Chitosan-Xanthan Interactions
	7.5.2. PGX


	8. Conclusions
	References

	Chapter Nineteen: Analytical Ultracentrifugation and Its Role in Development and Research of Therapeutical Proteins
	1. The Development of Analytical Ultracentrifugation and Its Role in Biology and Biotechnology
	2. Analysis of Aggregates by AUC
	3. Early Studies of the Use of AUC in Determining Molecular Weight and Size Distribution of Protein Drugs
	3.1. ``Simple´´ Globular Proteins
	3.2. More Complex Glycoproteins

	4. AUC and Formulation Development
	4.1. Using AUC to Investigate Surfactant-Protein Interactions

	5. Using AUC to Characterize Immune Complexes
	6. Assessment of Dosing of Anti-IgE by AUC Competitive Binding Experiments
	7. Using the Competitive Binding AUC Method to Critically Evaluate SPR Measurements
	8. Investigation of Protein-Protein Interactions and Impact on Viscosity
	9. Summary and Conclusions
	References

	Chapter Twenty: Guidance to Achieve Accurate Aggregate Quantitation in Biopharmaceuticals by SV-AUC
	1. Introduction
	2. Applications of SV-AUC
	3. Optimizing SV-AUC Method Parameters and Applying Real-Time Controls
	3.1. Avoiding False Aggregate Reporting
	3.2. Recommended Operational Parameters and Real-Time Controls

	4. Method Lifecycle Maintenance: Monitoring and Controlling SV-AUC Method Performance Over Time
	4.1. Designing an SV-AUC Method for Long-Term Success
	4.2. Method Performance Qualification
	4.3. Establishing a Method Monitoring Program

	5. Conclusions
	References

	Chapter Twenty-One: Protein Assembly in Serum and the Differences from Assembly in Buffer
	1. Introduction
	2. Materials and Methods
	2.1. Analytical Ultracentrifugation Approach
	2.2. Protein Labeling
	2.3. Protein and Solution Systems
	2.4. Special Considerations for Serum Studies

	3. Results
	3.1. Binding and Assembly in Dilute Solutions
	3.1.1. OPG_Monomer and RANKL Interactions in PBS (phosphate-buffered saline) Buffer, pH 7.4, 0.1mg/ml HSA
	3.1.2. OPG_Dimer and RANKL Interactions in PBS Buffer, pH 7.4, 0.1mg/ml HSA
	3.1.3. RANKL and Ab Interactions in PBS Buffer, pH 7.4, 0.1mg/ml HSA

	3.2. Binding and Assembly in Serum and Concentrated Albumin Solutions
	3.2.1. Sedimentation Properties of Serum
	3.2.2. RANKL Interactions With OPG_Monomer and OPG_Dimer in Concentrated Solutions
	3.2.3. Antibody in Serum
	3.2.4. Antibody and RANKL Interactions in Serum


	4. Conclusions
	Acknowledgments
	References

	Author Index
	Subject Index
	Back Cover


