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Abstract 

Group B Streptococcus is a pathogen that chiefly infects immunocompromised individuals 

and neonates. To combat this infection, at-risk mothers are currently given antibiotics before 

birth to prevent exposure of neonates to the bacteria. A vaccine would be beneficial, as it 

would allow mothers to combat this infection without excessive use of antibiotics. As 

encapsulated bacteria, the main structure available as a target antigen is the polysaccharide 

capsule itself, rather than any underlying structures. For this reason, glycoconjugate vaccines 

are being synthesised which use surface polysaccharides conjugated to carrier proteins to 

improve their immunogenicity.  This project studies the stability of candidate polysaccharides 

for use in a glycoconjugate vaccine. The polysaccharides were provided by GSK vaccines, who 

requested the use of specific hydrodynamic methodology. The polysaccharides were found 

to be generally stable, only seeing small changes in hydrodynamic properties after exposure 

to stress, but in many cases it is likely that the differences seen are due to minor 

experimental variation rather than genuine structural differences. The polysaccharides were 

also tested for possible association effects with blood plasma proteins: serum albumin, 

fibrinogen and immunoglobulin. The polysaccharides were again found to be stable in the 

presence of these molecules. 

Together, these results suggest that these molecules are suitable for further testing and 

development to generate a vaccine. 
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1 Introduction 

1.1 Group B Streptococcus 

Streptococcus agalactiae is a bacterium that causes Group B Streptococcal (GBS) infections. It 

was first categorised by Lancefield based on its reaction to serum of animals immunised with 

formalinized cultures [1]. Lancefield also later found that the bacterium was able to colonise 

the human vagina [2]. The bacterium originated in cows, where it causes bovine mastitis [3], 

but was then shown to infect neonates [4]. It has been suggested that this transmission from 

bovine hosts to humans was linked to a change in the manner in which milk was collected [5]. 

In the 1960s there was a sudden increase in the number of cases, which shows a temporal 

(but not necessarily causal) link to the beginning of bulk tank collection and large-scale 

organised processing of milk, rather than small batches being distributed by farms [5]. It has 

been suggested that, rather than this causing exposure to a novel pathogen, the improved 

cleanliness and reduced exposure to GBS also reduced herd immunity [6]. 

There are ten known serotypes of S. agalactiae (IA, IB, and II to IX), with serotype based on 

the structure of their capsular polysaccharides through a serological interaction [7, 8]. It is 

possible to categorise these polysaccharides into classes defined by their chemical 

similarities, most notably the backbone of the repeating unit [9]. Class 1 GBS have alternating 

β (1→4) linked galactose and glucose residues forming the main backbone of the repeating 

unit, with a β (1→3) linked side chain on the galactose. Class 2 GBS have trisaccharide 

backbone of glucose galactose and glucose in the repeating unit with a β (1→6) linked side 

chain. Class 3 GBS have larger backbones with no structural similarity to other serotypes. 

Shown in Figure 1.1, 1.2, 1.3, 1.4, 1.5 and 1.6 are the structures of serotypes IA and IB (Class 

1), II (Class 3), III (Class 1), IV and V (Class 2), redrawn from previously presented structures 

[9]. While there are other serotypes, this PhD is chiefly concerned with these six serotypes, 

and so the structures of other capsular polysaccharides are not presented. It is believed that 
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these six serotypes are the most common disease-causing serotypes, particularly in Europe 

and North America, and so are the current focus for the development of a vaccine by GSK 

[10, 11]. Individual repeating units are synthesised and exported from the bacterial cell, 

where they are then polymerised into a structure covalently linked to the to the 

peptidoglycan cell wall. While each repeating unit is identical for a given serotype, the 

number of repeats, and therefore polymer length, is variable [12]. These chains are also 

flexible, although tend to adopt an extended conformation [13]. 

 

 

Figure 1.1 - Repeating structure of GBS serotype IA. This is a class 1 capsular polysaccharide due to alternating β 
(1→4) linked galactose and glucose residues forming the main backbone of the repeaƟng unit, with a β (1→3) 
linked side chain on the galactose. Glucose residues are shown in blue, galactose residues are shown in orange, N-
Acetylglucosamine residues are shown in red, and N-Acetylneuraminic acid residues are shown in green. Redrawn 
from [9]. 
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Figure 1.2 - Repeating structure of GBS serotype IB. This is a class 1 capsular polysaccharide due to alternating β 
(1→4) linked galactose and glucose residues forming the main backbone of the repeaƟng unit, with a β (1→3) 
linked side chain on the galactose. Glucose residues are shown in blue, galactose residues are shown in orange, N-
Acetylglucosamine residues are shown in red, and N-Acetylneuraminic acid residues are shown in green. Redrawn 
from [9]. 

 

 

Figure 1.3 - Repeating structure of GBS serotype II. This is a class 3 capsular polysaccharide due to the large 
backbone with no structural similarity to other serotypes. Glucose residues are shown in blue, galactose residues 
are shown in orange, N-Acetylglucosamine residues are shown in red, and N-Acetylneuraminic acid residues are 
shown in green. Redrawn from [9]. 
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Figure 1.4 - Repeating structure of GBS serotype III. This is a class 1 capsular polysaccharide due to alternating β 
(1→4) linked galactose and glucose residues forming the main backbone of the repeaƟng unit, with a β (1→3) 
linked side chain on the galactose. Glucose residues are shown in blue, galactose residues are shown in orange, 
and N-Acetylneuraminic acid residues are shown in green. Redrawn from [9]. 
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Figure 1.5 - Repeating structure of GBS serotype IV. This is a class 2 capsular polysaccharide due to the 
trisaccharide backbone of glucose galactose and glucose in the repeaƟng unit with a β (1→6) linked side chain. 
Glucose residues are shown in blue, galactose residues are shown in orange, N-Acetylglucosamine residues are 
shown in red, and N-Acetylneuraminic acid residues are shown in green. Redrawn from [9]. 
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Figure 1.6 - Repeating structure of GBS serotype V. This is a class 2 capsular polysaccharide due to the 
trisaccharide backbone of glucose galactose and glucose in the repeaƟng unit with a β (1→6) linked side chain. 
Glucose residues are shown in blue, galactose residues are shown in orange, N-Acetylglucosamine residues are 
shown in red, and N-Acetylneuraminic acid residues are shown in green. Redrawn from [9]. 
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The bacterium can be carried in the gastrointestinal and genitourinary tracts of around 

twenty to forty percent of healthy adults, irrespective of gender [14-16]. While these carriers 

are usually asymptomatic, there is a risk of bacterial infection in people with underlying 

health issues, such as those with diabetes, the elderly, or the immunocompromised [17]. 

Elderly people see an increase in disease but without an increase in asymptomatic 

colonisation, possibly due to increased carriage of GBS serotype V, which can be more 

invasive [18]. This increase in disease without an increase in colonisation is similar to that in 

those infected with HIV [17, 19]. 

Outside these immunocompromised individuals, GBS is most problematic around birth. As 

these bacteria are present in the genitourinary tracts of pregnant women [20], it can easily 

be passed on to the foetus or neonate either before or during birth [21]. 

GBS infection in neonates can be divided into two groups depending on when the infection 

begins: either early (<1 week) or late (1 week to 3 months) onset. Early onset GBS is acquired 

vertically from mother, and is more common [22]. Late onset is less common [22] and is 

acquired from other environmental sources such as nurses’ hands [23] and breast milk [24, 

25] rather than the birth itself. Neonates may be colonised without infection, but as very 

young children are more likely to become infected [26] this could develop into invasive 

infection later. As time progresses, severity of late onset disease decreases [27]. 

It is also possible for the mother to develop perinatal disease (i.e. during pregnancy) [28], 

where it may cause inflammation of foetal membranes, (chorioamnionitis) [29]. In one study 

[30], 61% of cases where the mother had a serious perinatal infection led to the death of the 

infant, although the study did not elaborate on whether the foetus also contracted GBS, or if 

the maternal infection caused complications which led to the death of the infant. The study 

also found that the rate of transmission to live births from the seriously infected mothers 

was 5%, although as only 35% of births were live in this group, this represents a more 
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significant portion of those births. It has also been found that immunocompromised mothers 

are more likely to pass GBS on to a neonate [31], but this may be because of the lack of 

maternal antibodies making them more susceptible to the disease [32]. Associations have 

also been found between transmission and high degrees of colonisation or long labours [33]. 

While there is a link between premature birth and GBS infection, it is unclear if this is 

because the premature babies are more susceptible to GBS [22]. It is also possible that GBS 

infection causes the prematurity [34], which could be easily prevented with a suitable 

antibiotic treatment [35]. 

GBS can cause meningitis and sepsis in neonates. Sepsis occurs when the body ‘overreacts’ to 

an infection, to such an extent that the immune response becomes damaging across the 

entire body [36]. The increased immune response leads to increased tissue permeability, and 

in excess causes the loss of barrier functions, with multiple effects depending on the specific 

organ [37]. In the lungs it can trigger pulmonary oedema [38], which when coupled with a 

disruption of heart function [39] and the presence of microthrombi [40] can quickly lead to 

hypoxia across multiple organs. The gut epithelium is also made overly permeable [41], 

which can lead to injury and autodigestion [42]. The breakdown of the blood-brain barrier 

can lead to delirium and even coma [43, 44]. Acute kidney injury is also caused [45], although 

this is thought to be due to cytokine and immune-mediated tubular dysfunction rather than 

renal perfusion [46]. In the liver, red blood cells are normally broken down to produce 

bilirubin, a precursor of bile. However, during sepsis, this process is interrupted leading to 

cholestasis [47], a lack of bile flow, which coupled with the loss of other liver functions 

further stimulates systemic inflammation [48] creating a feedback loop to increase the 

severity of sepsis.  Finally, sepsis causes a highly weakened immune system due to the almost 

total depletion of T cells [49], which can lead to the presence of other secondary infections 

[50]. 
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Meningitis is an inflammation of the meninges, the membranes surrounding the brain [51] 

and is diagnosed by the growth cultures from cerebrospinal fluid. GBS is able to pass into the 

central nervous system due to the presence of adhesive pilus proteins [52], which allow 

transition across the blood-brain barrier, most likely at highly vascularized sites [53]. As with 

sepsis, the body’s inflammatory response is thought to exacerbate some of the damage to 

the blood-brain barrier, particularly the release of matrix metalloproteases [54] and nitric 

oxide [55] by leukocytes. A combination of the inflammation and the release of bacterial 

toxins leads to the destruction of neurons, notably atrophy of the hippocampus [56]. The 

infection can prove fatal, but if the patient survives there is also the possibility of long-term 

neurological health implications such as blindness, deafness, problems with coordination and 

epilepsy. If a child patient recovers, mild sequelae such as dizziness, tiredness, mild memory 

deficits and gait ataxia are seen in a majority of cases [57]. They remain at a higher risk of 

death even after recovery, but this varies depending on the specific pathogen [58]. The 

degree of neurological impairment may be lower in surviving adults than children, but again 

this depends on the specific organism that infects the host [59]. 

It is estimated that in 2015, 21,734,000 live births were exposed to GBS from colonised 

mothers worldwide [60]. Of these, 33,000 cases of maternal GBS disease occurred [60]. It has 

been estimated that, given the rates of preterm births among mothers with any form of GBS 

carriage, up to 3,500,000 preterm births may have occurred due to maternal GBS 

colonisation [60]. In addition, that there were 57,000 still births from GBS disease. There 

were estimated to be 319,000 cases of neonatal and infant GBS, of which neonatal 

encephalopathy occurred in 7,000 cases, and 10,000 cases in which neurodevelopmental 

impairment occurred [60]. 

It is possible to treat GBS infection with antibiotics, usually penicillin given intravenously [61]. 

Penicillin is a safe antibiotic with few side effects unless the patient is allergic. As prevention 
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is preferable to a cure, antibiotics are also used to treat mothers who are at risk of passing on 

infection by intrapartum antibiotic prophylaxis [62]. By giving the mother intravenous 

treatment immediately before or even during labour, the bacteria is not present and so 

cannot be passed on [62]. It is also possible that the passage of the antibiotic to the neonate 

prevents their colonisation [62]. This prevents early- but not late-onset disease, and if a 

neonate is suspected to have GBS disease, they are treated immediately before tests for 

infection are completed to ensure the best possible prognosis [61]. 

Despite its effectiveness, the routine use of antibiotics is undesirable, particularly as issues of 

antimicrobial resistance become more pressing. In addition, while penicillin and ampicillin 

are still effective treatments and generally the first choice, they cannot be used for patients 

with allergies to penicillin. Erythromycin and clindamycin are the drugs of choice for patients 

with a penicillin allergy, but are no longer effective in all serotypes [63]. This means 

vancomycin must be used in cases where the patient is allergic to penicillin but GBS is 

resistant to other common antibiotics [64]. 

Extensive use of antibiotics places a strong evolutionary selective pressure for the 

development of antimicrobial resistance in GBS, as the bacteria most able to resist the 

antibiotics can survive and repopulate. If GBS did develop resistance, then an alternative 

antibiotic would have to be used that may incur more side effects, which could be even more 

problematic during the late stages of pregnancy and birth. Even if GBS itself does not develop 

a resistance to further antibiotics, their extensive use and the exposure of other bacteria in 

the environment to this antibiotic may lead to other bacteria developing resistance. 

To avoid issues with antimicrobial resistance and potential side effects, it would be 

preferable to prevent GBS infection without using antibiotics. The best method to do this 

would be a vaccine.  Ideally, such a vaccine would be administered to pregnant women, 

meaning they would no longer carry the bacteria, preventing early-onset GBS, and would also 
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pass antibodies to the foetus via the placenta and breast milk to prevent late-onset disease. 

However, there has been little impetus to develop a vaccine, in part due to the success of 

intrapartum antibiotic prophylaxis. It is possible to generate a vaccine, although it must 

target the polysaccharide capsule as it is the only available antigen on the bacterial surface. 

Unfortunately, such vaccines are generally insufficiently effective, unless the polysaccharide 

is linked to a protein carrier to improve immunogenicity, making a glycoconjugate vaccine. 

There are a number of vaccines currently being researched, which have already been 

reviewed elsewhere [65]. However, the majority of these seem to be against single serotypes 

[66-72]. Even those which combat multiple serotypes are mixtures of multiple monovalent 

vaccines [73, 74], or against relatively few serotypes [75-78]. Very few studies are performed 

on a single vaccine against more than three serotypes [79].  

1.2 Glycoconjugate vaccines  

To understand the advantages of glycoconjugate vaccines, it is imperative to understand how 

the immune system works, particularly concerning its interactions with protein and 

polysaccharide antigens. This introduction will briefly cover some general information on the 

immune system. 

1.2.1 Pathogens and the immune system 

1.2.1.1 Barrier functions 

Pathogens are defined as disease-causing microorganisms [80], and the immune system 

protects the body from these pathogens. Human skin is hydrophobic and blocks access to the 

majority of pathogens, but there are regions where the skin does not provide protection, 

such as the stomach and eyes. In these places, chemical barriers such as stomach acid, mucus 

and tears provide further protection. In general, such defences occur at epithelia, more 

permeable regions where pathogenic entry is more likely [80]. These contain many 
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antimicrobial proteins, such as defensins, cathelicidins, C-type lectins, ribonucleases, S100 

proteins and psoriasin [81]. 

However, such chemical and physical barriers are not perfect, and some pathogens are able 

to bypass these defences. In these cases, biological barriers provide protection. These 

biological defences form the immune system and are split into two categories: innate and 

adaptive. 

1.2.1.2 Innate immunity 

Innate immunity is always active and can respond immediately to threats [80]. This consists 

of similar molecules to the antimicrobial proteins listed above, but also enzymes such as 

lysozyme to digest pathogens [80]. If these fail, innate immunity also offers the complement 

system. Some cells have pattern recognition receptors that can interact with pathogen-

associated molecular patterns, common markers of pathogens [82]. This leads to the 

induction of signalling pathways to trigger a number of processes. Key among these are 

opsonisation, where pathogens are coated to enable phagocytosis [83]; inflammation and 

the recruitment of further immune system cells, typically through release of cytokines [84]; 

and the formation of membrane attack complexes to rupture the pathogen membranes [85]. 

However, this innate system is not effective against all pathogens. While selective pressures 

have driven the evolution of the immune system, the ability to fight back also exerts a 

selective pressure on the pathogen community, favouring their evolution into forms that can 

evade or counteract the immune system. For example, the bacterial polysaccharide capsule 

covers the pathogen-associated molecular patterns that interact with the innate immune 

system, and other pathogens are able to inhibit complement activation [86]. It is most likely 

for this reason that the adaptive immune system has also evolved. 
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1.2.1.3 Adaptive immunity 

The adaptive or cell-mediated immune system can be broadly considered to consist of two 

groups of cells: B cells and T cells. B cells mature in the bone marrow, although their name 

comes from the bursa, the organ in birds in which they were originally discovered [80]. These 

cells have receptors on their surface that can bind to complementary regions on a pathogen, 

and cause it to produce antibodies. As the binding causes antibody generation, molecules 

which trigger this are known as antigens, and the specific regions of the antigen that bind to 

a receptor are known as epitopes [80]. When activated by their antigen, B cells can 

differentiate into plasma cells and memory cells [80]. The plasma cells release antibodies 

while the memory cells persist in the body and can respond to the antigen again if it is 

encountered a second time [80]. 

Antibodies themselves vary in structure depending on their type. However, they are normally 

variations on the same theme: in two dimensions they are represented as Y-shaped 

glycoprotein, shown in Figure 1.1.7. 

 

Figure 1.1.7 – Structure of a typical immunoglobulin of the IgG (left) and IgM (right) isotypes. 

For a given antibody class, the central region does not vary and is not flexible. As this means 

it can be crystalised, it is called the crystallisable fragment (Fc). The two antigen binding 
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fragments (Fab) have a highly variable structure and so cannot be crystallised. There are two 

heavy chains, each making up half the Fc and Fab fragments; and two light chains, each 

completing the Fab fragments. Antigen binding occurs at the tip of the Fab fragment.  In 

three dimensions, the structure does not necessarily form a flat “Y” structure, but can be 

non-coplanar. 

There are five types of antibody or immunoglobulin, namely immunoglobulin A, D, E, G and 

M, which have α, δ, ε, γ and μ heavy chains respectively [80]. The light chains can be one of 

two classes, κ or λ, but these do not affect type [80]. IgG can be considered the “classic” 

antibody, with the “Y” shaped two-dimensional structure as previously discussed. IgM is a 

pentamer of IgG-style antibodies, held together in a ring by a J-chain [80]. This means that 

IgM has ten binding sites compared to IgG’s two, giving it a higher avidity for antigens. 

However, this does not make IgM more effective. IgM is the first antibody produced in 

response to an infection, but afterwards cells undergo affinity maturation, a process of 

somatic hypermutation that selects for the highest-affinity antibodies to make in one of the 

other classes [80]. This means that other classes of antibodies should have a much stronger 

affinity to an antigen than its comparable IgM antibody. The specific type of antibody that is 

produced after IgM will depend on the function required. For example, while the IgA isotype 

is present in the blood it is also the predominant antibody in mucous secretions [80]. 

Antibodies bind antigens, but to what effect? Simply binding to the surface of a pathogen 

could block some vital surface protein from carrying out its function, but in general, 

antibodies provide an additional signal to other immune system cells, such as opsonisation to 

trigger phagocytosis or further signalling to the complement system.  

T cells are the second group of cells in adaptive immunity. These, like all blood cells, are 

initially produced in the bone marrow, but after they are produced they travel to the thymus 

to mature, hence their name [80]. Like B cells they have surface receptors, but they may only 



 
 

15 
 

bind to digested antigens in the context of a Major Histocompatibility Complex (MHC), 

depending on the T cell type [87, 88]. Cytotoxic T cells kill any cell that displays a specific 

epitope by inducing apoptosis, although its target is the body’s own cells. The T cell will bind 

to its complementary epitope, and Cluster of Differentiation (CD) 8 will bind to the MHC I 

complex on the surface of a cell [89], triggering a signalling pathway that kills the cell. This 

allows the T cell to kill cells that have become cancerous, or infected with a virus, to stop the 

spread of these diseases by preventing the body’s own cells from multiplying [80]. Another 

class of T cell is the Helper T cell. These are involved in the signalling to activate B cells [80], 

and work in a similar way to the killer T cells. They also must bind to their complementary 

epitope and simultaneously contact an MHC, this time MHC II with CD4 [90]. While there are 

other groups of T cells, we are chiefly concerned with the helper T cells to understand 

glycoconjugate vaccines. 

1.2.2 Vaccines 

While adaptive immunity is useful, it takes time to generate a suitable immune response. The 

generation of complementary receptors occurs at random when the cells are made, and the 

extreme variation in possible structures means it takes a great deal of time to generate a 

suitable receptor, which must then by chance encounter the correct antigen. However, when 

a host is infected, this can rapidly lead to extreme discomfort, illness and death. One way to 

increase the speed of an immune response is to have had the infection before. A secondary 

infection is dealt with more rapidly and with an increased antibody titre. However, it is clear 

that infecting people with a harmful pathogen to protect them from that pathogen is 

ridiculous. 

Vaccines are antigens that have been made safe enough to inoculate deliberately into a 

person to activate their immune system to generate an adaptive, cell-mediated immune 

response against a specific pathogen. In most cases, relatively little harm is caused by the 
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injection, and memory B cells develop that will respond rapidly if the real pathogen is 

encountered, preventing serious life-threatening infections. The vaccine antigens are 

typically attenuated pathogens, or pieces of dead pathogens, that cannot cause a disease but 

still retain the same antigen structures [91]. As discussed above, the primary response to the 

initial vaccination tends to produce a relatively slow immune response, along with a low titre 

of predominately IgM antibodies that have not undergone affinity maturation. However, a 

secondary response to the real pathogen would be much larger because, in addition to the 

possibility that some antibodies may remain, memory cells will be present, which are able to 

rapidly proliferate and antibodies which have undergone affinity maturation will be produced 

more rapidly. It has been estimated that vaccines annually prevent almost 6 million deaths 

worldwide [92], but as an individual antigen may only be specific to a single strain of a given 

pathogen, there is always a need for more. As people travel more, they encounter highly 

localised diseases they have never encountered before, for which vaccines may not exist. 

Similarly, pathogens can change over time, allowing them to avoid the defences generated 

by the immune system, driving the need for yearly vaccinations against diseases such as 

influenza in some at risk groups. In part, this may be avoided by targeting conserved 

structures which remain unchanged on the pathogen. The importance of vaccines is not just 

their ability to prevent disease, but that they prevent the need to treat the disease or its 

complications and long-term health impacts, which can prove expensive and thus particularly 

problematic in developing countries. Particular care must be taken due to the growing issues 

with antimicrobial resistance: some diseases have been known for many years but posed 

little risk as they are typically treated with antibiotics, but this may no longer be possible if 

they become resistant [93]. 

1.2.2.1 Antibiotics 

Developing new antibiotics is difficult: it is possible to alter the structure of existing 

antibiotics to improve effectiveness, but this process cannot be continued indefinitely, and, 
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at some point, a new base chemical must be discovered. There are a number of ways this 

could be done. Many antibiotics were discovered through screening of soil-derived 

Streptomycetes for antimicrobial activity [94]. This system began in the 1940s and was used 

extensively, but within a finite group there are limits on the discoveries to be made, and after 

twenty years it seemed that it was no longer possible to find new classes of antibiotic [95]. 

Given the advances that have been made in genomics, proteomics and bioinformatics since 

then, it is now possible to streamline this process by screening libraries of information from a 

wider variety of organisms [96, 97]. However, this method is still reliant on chance. Similarly, 

it is possible to search libraries of structures for small molecules and perform large-scale 

tests to find examples which may inhibit bacterial growth [98]. Another alternative would be 

to use synergistic strategies by which multiple compounds are used at once to overcome the 

resistance to one of the antibiotics [99]. Once a new antibiotic is discovered, its use in 

combinational therapies would likely extend the time until resistance emerges [99].  

However, when treating GBS, antibiotics would still need to be used routinely in intrapartum 

antibiotic prophylaxis [62]. As this would eventually lead to the development of antimicrobial 

resistance to these new compounds, in both GBS and other bacteria, a vaccine will be of 

more use for the treatment of GBS than developing a new antibiotic. 

1.2.3 Polysaccharide and protein antigens 

Polysaccharides should be an excellent antigen to use as a vaccine as often they make up the 

capsule of bacteria. While this capsule protects the bacteria from phagocytes [100], it is also 

readily available to interact with cells of the adaptive immune system. B cells are able to bind 

to polysaccharides if they possess suitable complementary binding sites. Usually, repeating 

patterns are recognised which then cross-link multiple binding sites on the surface [101]. This 

process depends on interaction with pathogen associated molecular patterns, which show 

that the antigen is not only non-self, but also that it is a risk to the host body [102, 103]. Once 

activated, the B cell releases antibodies. These are the IgM isotype [101, 103]. As stated 
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previously, these are pentameric by linking through a J chain, which gives it high avidity [104] 

but are low affinity as no affinity maturation occurs [105]. However, polysaccharides are 

unable to bind to MHC and be presented to T cells. There are exceptions, such as if the 

polysaccharide is zwitterionic [106, 107], and other mechanisms have also been found by 

which antigens can be presented [108]. However, in general polysaccharides cannot bind to 

MHC. An MHC-bound antigen can bind with T cells to activate it [109], causing isotype 

switching and affinity maturation in B cells, making high affinity antibodies rather than IgM 

[110], and memory cell development [107]. Therefore, without MHC binding, no T cells 

become involved and so these advantages do not occur. This means the immune response is 

poorer as the antibodies are less effective. In addition, as the B cells do not differentiate into 

memory B cells, there is a less marked improvement on re-inoculation. Polysaccharide 

vaccines therefore frequently need booster shots to maintain immunity. 

If only the ability to successfully interact with T cells via MHC binding is considered, proteins 

could be considered better antigens than polysaccharides. Proteins are able to bind to the 

MHC after an antigen is digested; the digested fragments are then presented in the MHC on 

the cell surface where they can interact with CD4+ T cells to activate B cells, triggering 

differentiation and clonal expansion [80]. As this means the secondary response is improved 

due to the presence of high levels of high affinity antibodies, proteins can be seen as more 

effective vaccines. 

In the case of pathogens such as encapsulated bacteria, the only available surface antigen is a 

polysaccharide [111], which can be poor molecules to use as vaccines for the reasons 

described above [107, 110]. Fortunately, there is a way to improve the immunogenicity of a 

polysaccharide antigen. Glycoconjugate vaccines are a way of giving the positive traits of a 

protein antigen to a polysaccharide antigen by covalently binding the two together. The 

conjugate molecule will be digested, and covalently linked fragments containing both 
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polysaccharides and proteins can interact with the MHC and be presented to T cells [108]. 

This triggers isotype switching and B cell differentiation into memory cells, thus acting as a 

good vaccine [80]. However, the target antigen will still be the polysaccharide portion, so the 

vaccine will allow the body to defend itself from pathogens such as encapsulated bacteria. 

This process is shown in . 

 

Figure 1.8 – Diagram showing the interaction between a glycoconjugate vaccine, antigen presenting cells and 
CD4+ T cells. The glycoconjugate binds to the B cell receptor, and this complex is internalised and digested. 
Fragments of the glycoconjugate that still contain some protein can interact with the MHCII, which is then 
transported to the surface of the cell where the MHCII/antigen complex can interact with the T cell receptor. This 
triggers to T cell to release signalling molecules, which trigger the differentiation and proliferation of the B cell. 
Adapted from [80]. 

1.2.4 Production methods 

To produce a glycoconjugate vaccine, each element is produced individually then conjugated 

to form a single molecule. As the polysaccharide part contains the desired antigen, only this 

polysaccharide element needs to be unique for a given vaccine, usually one of a small group 

of proteins is used. The most commonly used protein components are toxoids, toxins that 

have been inactivated, usually with the use of formaldehyde [112], and have been shown 

historically to be strongly antigenic and safe vaccines. Toxins are produced by some 

pathogenic microorganisms, meaning it is possible to use these cells as bio-factories [112, 
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113]. For example, tetanus toxoid has been in use as a vaccine since 1924. It is also possible 

to use comparatively new non-toxic mutants rather than an inactivated toxin, such as Cross 

Reactive Material 197 (CRM197) rather than diphtheria toxoid [114, 115]. Using a non-toxic 

mutant rather than an inactivated toxin can be preferable as, no matter how safe the toxoid 

is known to be, there is still a potential risk. This could be due to a “bad batch” of toxoid that 

is not fully inactivated, or from which formaldehyde has not been totally removed, as well as 

the health and safety risks for workers during production. 

Although the bulk of protein carriers are toxoids, other examples are known. As any antigen 

that is perceived as non-self will be sufficient to induce an immune response, there is a vast 

array of known proteins available for use as carriers. For example, keyhole limpet 

hemocyanin has been used as a carrier for glycoconjugate vaccines against Candida albicans 

[116] and even some cancers with distinct molecular markers [117]. Bovine serum albumin is 

a well characterised protein that has also been used, for example in a vaccine against 

Aspergillus fumigatus [118]. 

All these proteins could be produced by growing cell cultures to high cell density and then 

purifying the protein from the culture. This is particularly easy for toxoids, as the toxin is 

naturally secreted by pathogens [112, 113]. However, it is also possible to generate them 

using cloning to place a transcript of the desired gene into a different host organism [119]. 

This may be more attractive in the case of toxoids as it no longer requires large batches of 

potentially deadly bacteria to be grown.   

While the protein element is relatively easy to produce, the polysaccharide portion is 

potentially more problematic. Unlike proteins, polysaccharides are not produced from a 

direct set of instructions that give an identical structure every time. Instead they are 

produced enzymatically, which leads to variation or polydispersity in their structure 

depending on the local kinetics and thermodynamics, as well as in the relative proportions of 
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subunits and enzymes. This means that to generate antigens that are similar to the wild type 

pathogen, the easiest way is to purify the polysaccharides from a bacterial culture. Similar to 

proteins, this is an unattractive approach, as it requires large potentially deadly cultures to 

be grown. If anything, this could be considered more dangerous as, unlike with the toxoids, 

there are less likely to be available vaccines for these pathogens. As understanding grows 

and the size of the epitope necessary to trigger an immune response is better understood, it 

is possible that smaller fragments of polysaccharides could be used which would be easier to 

synthesise in vitro. 

Both the protein and polysaccharide components must be produced on an industrial scale. 

Ensuring that it is possible to increase production to this scale is a consideration that must be 

made early in the design stage to prevent potential problems later in development. 

Once a protein and polysaccharide have been produced, they must be covalently linked 

together. However, just as the synthesis of polysaccharides results in polydispersity, this too 

is a step with a potential to introduce variation. On the surface of a protein or polysaccharide 

there will be a number of functional groups where the potential to generate a link under the 

right conditions may exist. One way of limiting the polydispersity from this step would be to 

treat the components prior to conjugation to activate or block specific functional groups to 

increase the probability of specific bonds occurring. 

There are a number of possible pathways to glycoconjugate vaccine production [120]. In the 

case of protein-polysaccharide conjugation, there are generally two methods to consider. 

First, a large polysaccharide antigen can be broken down into smaller oligosaccharide chunks. 

These chunks can then be linked to a protein carrier. This linkage can be either monovalent 

or polyvalent, depending on the ratio of polysaccharide to protein [120]. One example of a 

monovalent conjugate vaccine is the Infanrix hexa vaccine. While this contains a mixture of 

different antigens, one of these is a Haemophilus influenzae type b polysaccharide 
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(polyribosylribitol phosphate) conjugated to tetanus toxoid as carrier protein [121]. If the 

vaccine is polyvalent, it is possible to attach oligosaccharides from different serotypes to give 

a vaccine against multiple serotypes at once, such as Menveo: a quadrivalent vaccine against 

meningococcal serogroups A, C, W-135 and Y [122]. The second method involves conjugating 

a number of protein carriers onto a high-mass polysaccharide complex [120]. 

Once a vaccine is made, it must be tested to ensure it is of acceptable quality. It must be 

proved that each part, as well as the link between them, is stable. Of the two, the most 

important to remain stable is the polysaccharide, as this must be able to mimic accurately 

the structure of the real antigen. If a certain threshold of degradation is acceptable, this will 

vary between the protein and polysaccharide portions. While the protein carrier’s properties 

can have an impact on the effectiveness of a vaccine, as the protein element only needs to 

be recognised as non-self the vaccine can in theory still be functional even after extensive 

degradation, whereas the polysaccharide portion must still accurately mimic the antigens of 

the organism the vaccine protects against. The link between the two molecules also needs to 

remain intact, although similarly there must be an acceptable level of breakdown. It is 

possible that once memory cells have been generated using the complete glycoconjugate, 

any polysaccharide that has broken away will be able to act as a simultaneous booster 

vaccination, interacting with the memory cells to produce a secondary immune response 

during the immunising process. 

A number of physicochemical techniques have been shown to be particularly useful as tools 

for monitoring macromolecular integrity of vaccines after production and processing, such as 

gel permeation chromatography and size exclusion chromatography. High field nuclear 

magnetic resonance (NMR) spectroscopy has also been shown to provide an important check 

on the chemical integrity of products after the industrial production of glycoconjugate 

vaccines, and is recommended by the World Health Organisation [123]. NMR provides a 
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routine release test for identity and testing conformity of polysaccharide components [123] 

although this can be difficult after conjugation as the protein component interferes with the 

polysaccharide signal. Circular dichroism spectroscopy is limited as a technique for studying 

polysaccharides but can monitor secondary and tertiary structural changes in the carrier 

protein before and after conjugation processing. Only after a vaccine has been proved to be 

stable and reproducible is it worth performing clinical trials to demonstrate an effective 

immune response and safety. 

1.2.5 Zwitterionic polysaccharides 

As previously stated, some glycans possess dual or zwitterionic charge motifs and can bind to 

the MHC-II and activate T cells without the assistance of a carrier protein [124-126]. These 

zwitterionic glycans possess both positive and negative centres within a repeating molecular 

unit [126, 127]. This shows a similarity to the repeating structure of peptides, which also 

contain amine and carboxylate groups, suggesting it is the interaction of these charged 

groups with the MHC II binding groove that allows zwitterionic polysaccharides to bind. 

Indeed, there is evidence that a helical structure with a specific periodicity may be required 

for a zwitterionic polysaccharide to bind to MHC-II, perhaps as this mimics the alpha helical 

structure found in many proteins [128]. A diverse range of bacteria produce zwitterionic 

polysaccharides including type 1 Streptococcus pneumoniae (the SP1 polysaccharide capsule) 

[129], Staphylococcus aureus (the CP8 polysaccharide) [130], and Morganella morganii (the 

O-chain antigen) [131]. There have been successful applications of this knowledge towards 

development of all-carbohydrate vaccines, especially cancer vaccines [132-135], highlighting 

the considerable future potential of using zwitterionic polysaccharides to control immune 

responses. 
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1.2.6 Cancer vaccines 

Such a response should not be limited to combatting encapsulated bacteria. When cancerous 

cells develop, they alter their gene expression which can lead to the presentation of new 

antigens which the immune system may detect. A good target antigen could be tumour 

marker gangliosides, as they are expressed at high levels on cancer cells. Tumour marker 

gangliosides are sialic acid-containing glycosphingolipids with extracellular polysaccharide 

head groups, and so like encapsulated bacteria the most obvious antigen to target is 

polysaccharide based [136-138]. 

A number of possible polysaccharide-based cancer vaccines have already been explored but 

these generally proved to be ineffective, as they were either insufficiently immunogenic or 

did not provide clinical benefits [139-144]. However, in these instances, the vaccines were 

attempting to trigger the production of antibodies, which is not the typical method by which 

the body combats cancerous cells. Usually, tumours are attacked using CD8+ cytotoxic T cells, 

which directly trigger the death of malfunctioning body cells when they bind to tumour 

antigens. Therefore, a vaccine which can activate specific CD8+ T cells would be of immense 

importance in combatting cancer. Indeed, synthetic antigens of tumour marker gangliosides 

conjugated to polyamidoamine scaffolds have been produced and can illicit responses in 

CD8+ T cells and appear to be therapeutic [145]. 

1.3 Considerations in Glycoconjugate design 

The author chose to review further literature that may have an impact on vaccine design and 

production. A search was performed on Cochrane, Web of Science, and PubMed using the 

key words “polysaccharide” and “vaccine” from 2013-2018. Duplicates were removed using 

Endnote and further searches performed for the terms “protein”, “conjugate”, “link” and 

“carrier”. These were then manually sorted into the following groups (where the number in 

parentheses is the number of papers found): 
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 Comparison of glycoconjugate vs unconjugated polysaccharide vaccines (20) 

 Comparison of glycoconjugate vaccines using different carrier proteins (10) 

 Production method (65) 

Many papers referred to the same diseases, and these are highlighted in further subsections. 

1.3.1 Comparison of Glycoconjugate and polysaccharide vaccines 

It is known that using a glycoconjugate vaccine induces a T cell dependent B cell response 

onto a vaccine, which improves immunogenicity by triggering the production of memory B 

cells (see section 1.2) and confers immunity in people who may not respond adequately to 

unconjugated polysaccharides. However, the act of conjugating a polysaccharide to a protein 

may alter some aspects of its structure, which then has the potential to alter its effect on the 

immune system. For this reason, papers in which unconjugated polysaccharide vaccines were 

compared to glycoconjugate vaccines using the same antigenic compounds were reviewed to 

establish a general trend. 

This has previously been reviewed in a meta-analysis [146], but the focus was more on the 

mechanism of action of each vaccine in terms of which immune system cells each vaccine 

stimulated. The results generally show that immediately after vaccination, glycoconjugate 

vaccines show an almost identical response to polysaccharide vaccines. However, they also 

found that upon a second vaccination, in the majority of cases a stronger response was seen 

in the groups which had received glycoconjugate vaccines, strongly suggesting memory B 

cells had developed. 

1.3.1.1 Haemophilus influenzae type b 

Two papers were found for vaccines to Haemophilus influenzae type b, which investigated 

polyribosyl ribitol phosphate as the polysaccharide antigen. This is a capsular polysaccharide, 

and in both studies was compared when used on its own and when conjugated to CRM197, 

the non-toxic diphtheria toxin mutant. In the first of these [147] different combinations of 
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conjugated and unconjugated vaccines were used in specific orders to establish the long-

term vaccination scheme that could be used. Tests were performed on 7- to 15-month old 

infants and inoculation performed three times, the second two months after the first, and 

the third six months after the first. Their findings showed that if all three vaccinations used 

the conjugated vaccine, or if only the last one (six months after initial inoculation) was 

replaced with pure polysaccharides, the response gave similar mean antibody levels. These 

levels were only reduced if two of the three inoculations were replaced with polysaccharide 

only. This suggests that polysaccharide vaccines may be inappropriate for use as booster 

vaccinations. The second paper studying Haemophilus influenzae type b [148] looked 

specifically at the effect of the vaccine in HIV-infected individuals. The population studied 

were split into four groups: HIV-, HIV+, asymptomatic HIV+, and people with AIDS. It was 

found that the conjugate vaccine gave a three-fold increase in antibody titre over the pure 

polysaccharide vaccine unless the infection had progressed to AIDS, at which point patients 

responded poorly to both vaccinations. This suggests that glycoconjugate vaccines may be 

more suitable for use with some moderately immunocompromised patients. 

1.3.1.2 Neisseria meningitidis 

Commercially available Neisseria menigitidis vaccines typically include capsular 

polysaccharides from four serotypes, A, C, W and Y. In the following three papers these are 

conjugated to CRM197, although marketed vaccines use tetanus or diphtheria toxoids for 

multivalent vaccines. The first [149] studied the persistence of immunity 5 years after 

vaccination with polysaccharide and conjugate vaccines. It was found that whilst the all-

polysaccharide vaccine gave a “less robust” response, it was still adequately protective. This 

suggests that while a conjugate vaccine may have increased protection, it is not always 

necessary, as the protection provided by a polysaccharide vaccine may still be sufficient. 

However, this does not take into account how the response may vary between different 

groups (e.g. immunocompromised) and suggests that the response may wane to unsafe 
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levels beyond the five years tested in immunocompromised individuals. The next study 

attempted to explain the differences observed in antibody titre observed after using the 

conjugated and unconjugated vaccine [150]. It found that some serotypes were better 

protected using the polysaccharide vaccine (serotype C) while others fared better with the 

conjugate vaccine (serotype W). It should be noted that the difference observed in serotype 

C may be due to the lower titre of polysaccharide C conjugated to the CRM197 protein in the 

conjugate vaccine. However, the mechanism by which the response to serotype W is reduced 

in the pure polysaccharide vaccine is unclear, although it is hypothesised that there may be 

some sort of negative feedback mechanism present when polysaccharide vaccines are used. 

This may be explained by the final paper [151], which found that as well as being less 

effective at eliciting a response, polysaccharide vaccines might take a role in actively 

depleting memory B cells when used as a booster vaccine, a mechanism that may also 

explain findings covered previously [147]. 

Two papers [152, 153] studied polysaccharides from serotypes A, C, W and Y linked to 

tetanus toxoid. The first [152] looked at immediate differences between the two vaccines, 

while the second [153] studied the difference in the persistence of immunity after 5 years. In 

both cases, it was found that antibody titres were higher and persisted in a greater number 

of patients when they were inoculated with the conjugate vaccine rather than the 

polysaccharide vaccine. 

1.3.1.3 Streptococcus pneumoniae 

All the examples found which studied conjugated vs unconjugated vaccines against 

Streptococcus pneumoniae used CRM197 as a carrier protein. In each case, a 23-valent 

polysaccharide vaccine was compared to a conjugate with a lower valency (up to 13-valent), 

with comparisons being drawn only for those serotypes present in both vaccines. Simple 

comparisons of the effectiveness of conjugated and unconjugated vaccines were performed 
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for specific populations. One [154] showed that, in people aged 60-64, increased antibody 

titres were seen for the majority of serotypes analysed when the conjugate vaccine was 

used. Similarly, in a Japanese population aged over 80, a higher titre was seen with the 

glycoconjugate vaccine [155]. Whilst in this latter case all vaccines were safe, there was a 

slight increase in swelling and redness from the conjugate vaccine. While this effect is not a 

significant issue, it is interesting to note that an increase in side effects seems to be linked to 

an increase in response. In patients with systemic lupus erythematosus, both conjugate and 

polysaccharide vaccines for Streptococcus pneumoniae were found to be safe, but neither 

was superior in terms of the protection they provided [156]. However, one study found that 

using booster vaccinations had a greater impact on vaccine efficacy than the relatively minor 

differences between conjugated and unconjugated vaccines [157]. It was found at first that a 

seven-valent conjugate vaccine had a significant increase in titre of antibodies for serotypes 

5, and 23F; while a 23-valent pure polysaccharide vaccine had increased titre for serotypes 3, 

19F and 19A immediately after vaccination. If a booster polysaccharide vaccination was 

administered to the conjugate vaccine group, antibody titre was increased for serotypes 6A, 

9V, 18C and 23F, but waned in the group without booster vaccinations. No major benefit of 

one vaccine over the other was seen, as all vaccines were protective initially. The effect of 

the booster vaccination is likely to be more important. This result was corroborated by 

another study [158], which also found that a booster vaccination with a polysaccharide 

vaccine after a glycoconjugate vaccine gave a greater antibody response than polysaccharide 

vaccine alone. It has also been found [159] that a glycoconjugate vaccine was less able to 

provide a boosting effect on vaccination in patients previously inoculated with unconjugated 

vaccine, but at the 1-year endpoint all vaccines studied provided acceptable levels of 

protection. It has also been found that booster vaccination may be more effective if they are 

glycoconjugate, particularly in populations immunocompromised by HIV [160]. In asplenic 

patients, a difference is also seen depending on the order of conjugated/unconjugated 
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vaccinations. It is reported [161] that being inoculated by a conjugate vaccine followed by a 

purely polysaccharide vaccine confers greater protection than doing the reverse as there is 

an increased antibody titre. 

1.3.1.4 Other pathogens 

Two other examples of this type of comparison were found. One study examined a cholera 

vaccine using the O-antigen [162], and found that in a mouse model, unconjugated vaccine 

did not induce the production of IgG. However, IgM production was comparable between the 

two groups. Finally, a typhoid vaccine is being studied [163]. These initial results show that 

titre of antibodies is higher when using conjugate vaccines, but that both groups generated 

sufficient antibodies to provide protection. 

1.3.2 Comparison of carriers in glycoconjugate vaccines 

Assuming it is possible to produce a vaccine with the same antigen conjugated to different 

protein carriers, and that there is no obvious reason such as stability or ease of production 

which favours a specific conjugation, tests must be performed to ensure that the compound 

to be used in the vaccine is the best at producing an immune response. A number of papers 

examining this are reviewed below. 

A range of vaccines were studied to establish common features in their stability, such as the 

effect of storage at 2-8oC, -20oC, and repeated freeze-thaw cycles [164]. It was found that 

while there were no significant differences in the majority of cases, storage at -20°C did have 

a negative impact on the stability of glycoconjugate vaccines made with CRM197. 

1.3.2.1 Haemophilus influenzae type b 

A number of studies have been performed on vaccines for Haemophilus influenzae type b. 

Diphtheria toxoid, CRM197 and an outer membrane protein have all been compared as 

potential carriers for polyribosyl ribitol phosphate [165]. While this study focused more on 

the interactions between the outer membrane protein conjugate with other vaccines, it did 
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show that all vaccine responses declined 10-15 months post inoculation but increased again 

following polysaccharide or outer membrane protein conjugate re-inoculation. However, 

different carriers were not compared in this booster, so the paper’s assertion that this 

conjugate specifically be used as vaccination and booster for reasons of practicality is 

potentially flawed. It has been found [166] that CRM197 conjugates were poorly 

immunogenic in comparison to outer membrane protein conjugates after a single dose. The 

CRM197 conjugates only became effective when they were administered along with 

diphtheria toxoid, which acted as an adjuvant to the conjugate vaccine. However, as the 

vaccines being compared used different polysaccharide antigens, the comparison is not 

direct. The currently licensed vaccine contains tetanus toxoid, but studies have been 

performed to challenge its effectiveness with new vaccinations. When tetanus toxoid and 

CRM197 were compared as carriers for polyribosyl ribitol phosphate [167], no significant 

differences were found between the two carriers in terms of their immunogenicity, although 

the CRM197 conjugate had an increased local reaction. In contrast, it has been found [168] 

that CRM197 had an increased bactericidal activity compared to the tetanus toxoid. 

1.3.2.2 Neisseria meningitidis 

In a study on polysaccharides from Neisseria meningitidis serotypes A, C, W and Y conjugated 

to tetanus toxoid or CRM197 [169], no significant differences were found in the responses 

between the two vaccines, despite the fact there were subtle variations in the composition 

of the polysaccharide component of the vaccine in each case. 

Two studies were performed which looked at both Haemophilus influenzae type b and 

Neisseria meningitidis simultaneously. The first [170], rather than comparing the activity of 

the vaccines, compared their ability to interact with aluminium-based adjuvants. It was found 

that aluminium phosphate was less able to interact with the vaccines than aluminium 

hydroxide, but it was also found that the degree of interaction varied depending on the 
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protein carrier. Tetanus toxoid interacted more with the adjuvants than CRM197, regardless 

of whether the Haemophilus influenzae type b or Neisseria meningitidis serotype C 

polysaccharides were bound. This information could potentially be useful when designing 

formulations for vaccines. 

The second paper looking at both Haemophilus influenzae type b and Neisseria meningitidis 

serotype C sought to make a bivalent vaccine on tetanus toxoid comparing its efficacy to 

Haemophilus influenzae type b-tetanus toxoid and Neisseria meningitidis serotype C-CRM197 

conjugates [171]. No significant differences in immunogenicity were observed between the 

three groups, which suggests that the bivalent vaccine may be more suitable due to the ease 

of application, assuming that production costs are similar. 

1.3.2.3 Other pathogens 

A study for a conjugate vaccine against a typhoid-causing bacterium, Salmonella 

Thyphimurium, [172] linked core O-polysaccharide to flagellin protein or CRM197 with 

different architecture. The flagellin protein carrier was not as effective when linked in a 

lattice with the O-polysaccharide antigen, but was when linked in a “sun-like” array. 

Polysaccharides attached to CRM197 in a similar “sun-like” array were similarly effective. 

However, this paper was more focused on the effect of the partial removal of O-acetyl 

groups than on the effect of the carrier. 

Finally, a further study [173] compared the effects of the same basic carrier, diphtheria 

toxoid, on O-specific polysaccharide of Salmonella Partyphi A. However, they tested the 

effects of a linker (adipic acid dihydrazide) between the carrier and polysaccharide. It was 

found that a higher antibody titre was produced when the linker was present compared to 

the simple glycoconjugate. 
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1.3.3 Production methods 

A final factor that affects the design of a vaccine is the ability to produce reliably the 

individual parts and the link between them. However, as the protein portion is usually easier 

to define and common between vaccines, there are fewer papers covering this topic. 

Therefore, this final section comprises of two parts: studying polysaccharide production and 

studying conjugation. 

1.3.3.1 Polysaccharide production 

Clearly, one way to produce polysaccharides for vaccines is to grow a culture of the relevant 

bacteria and purify the desired molecules. If this is the intent, it is first necessary to produce 

a culture of sufficient cell density to produce a high yield, for example controlling agitation 

and pH during growth [174]. One method has been described using hot phenol to extract 

lipopolysaccharide and core hydrolysis to extract O-antigen to produce vaccine components 

for Salmonella Typhi [175]. Another method breaks down the capsular polysaccharides of 

Acinetobacter baumannii into repeating oligosaccharide units using bacteriophage Phi AB6 

tailspike protein [176].  However, the purification method of polysaccharide from a cell 

culture is potentially complex. One scheme [177] considers the whole process from start to 

finish, involving cell separation by tangential microfiltration, concentration by tangential 

ultrafiltration, diafiltration with sodium dodecyl-sulphate, precipitation with trichloroacetic 

acid, precipitation with ethanol, and finally anion exchange chromatography. This method 

was found to give acceptably pure polysaccharides for use as vaccines for Streptococcus 

pneumoniae serotype 14. However, as any method that involved growing a large culture of 

potentially deadly bacteria is understandably not ideal, alternative methods for in vivo 

production have been suggested.  

One study found that it was possible to transfer the polysaccharide synthesis machinery from 

Neisseria meningitidis serotype X into Escherichia coli to produce polysaccharides with the 
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same properties as the native polysaccharide [178]. Similarly, it has been found for Neisseria 

meningitidis serotype X that it is possible to produce a trisaccharide that remains 

immunogenic, which could be used rather than the native pentadecasaccharide [179]. 

Another found a method of triggering glycosylation of lipopolysaccharides of Raoulterra 

terrigena by introducing bacteriophage lysogenic enzymes to improve the accuracy of 

antigen production in E. coli [180]. It is even possible to perform such transformation on 

plant cells. There has been work in which genes for Streptococcus pneumoniae cps3S were 

transformed into Nicotiana tabacum using pCambia2301 vector and Agrobacterium 

tumefaciens mediated gene transfer, and the resulting product was found to be 

immunogenic in mice [181]. 

Such in vivo production systems are not limited to single serotypes. A method has been 

found to produce a trisaccharide common to B and C serotypes of Cryptococcus neoformans 

[182], and capsular polysaccharides for Streptococcus pneumoniae serotype 6 that are 

sufficiently small to react with types 6A, 6B and 6D [183]. Work has also been performed to 

produce capsular polysaccharides from four Streptococcus pneumoniae serotypes in vivo in 

the same E. coli cells [184]. There has even been some work done to produce a live vaccine 

for Salmonella Typhi that produces the O-antigen from Shigella spp., and is therefore able to 

act as a vaccine to two diseases at once [185]. 

As opposed to in vivo, it is also possible to produce polysaccharides in vitro. This can be done 

by producing enzymes that synthesize the polysaccharides. For example, CsaA, CsaB and 

CsaC enzymes have all been combined in vitro to produce capsular polysaccharide A of 

Neisseria meningitidis that was identical to the native form [186]. A similar method has been 

used to produce Neisseria meningitidis serotype X capsular polysaccharides [187] which has 

even gone on to be conjugated to CRM197 [188]. 
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Another method to produce polysaccharides in vitro is to do so in blocks. The exact number 

of monosaccharides in each block can vary, such as a di- and tetrasaccharide [189], di- and 

trisaccharide [190-192], three disaccharides [193] and two trisaccharides [194]. It should be 

noted that it is possible to compare these two assembly methods and it has been found that 

linear assembly may be more effective than block assembly in at least some cases [194, 195].  

Other methods have been described to produce polysaccharides in vitro such as an 

automated glycan assembly [196] or solid phase synthesis using cyanopialoyl ester as a 

protecting group [197]. 

To develop a vaccine against E. coli, methods have been described to generate a 

pentasaccharide with a propyl-amino linker at one end to allow easy conjugation to CRM197 

[198] or use of a heat labile p-methyloxybenzyl protecting group [199]. 

To develop a vaccine for Leishmania, glycosyl 1-phosphate was synthesised using fluoridated 

analogues and a solid phase phosphoramidite method to make repeating structures [200]. A 

repeating trisaccharide unit for Staphylococcus aureus has been produced, despite the 

difficult chemistries involved in alpha-fucosylation and beta-mannosylation, using careful 

choices of protecting groups [201]. 

A number of polysaccharides have been produced to act as vaccines to different strains of 

Streptococcus pneumoniae. For serotype 3, a tetrasaccharide [202] or glucuronic acid linked 

trisacharide [203] can be used.  For serotype 6A, a capsular repeating unit has been produced 

in a “one-pot method,” despite the relatively challenging chemistry needed to produce 1,2-

cis glycosidic linkages. Finally, an automated glycan assembly has produced serotype 8 

polysaccharides, glycan microarray-based monoclonal antibody reverse engineering and 

immunological evaluation in vivo. This uncovered the minimum epitope needed in this case 

to provide protection, and could be conjugated to CRM197 for effective protection in rabbits 

[204]. 
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Polysaccharides can even be produced that are effective in the treatment of some cancers. 

Thomsen-Friedenreich tumour associated carbohydrates have been produced using 11-step 

synthesis using D-GalN(3) acceptor carrying pre-installed alpha-N-hydroxysuccinimidyl 

moiety, prepared using D-GalN(3)-thioglycoside donor with N-hydroxysuccinimide [205] 

Whichever method is used to produce a polysaccharide, tests must be performed to ensure it 

is of sufficient quality to use in a vaccine. Methods using rapid microtiter plate tests [206] 

and size exclusion chromatography [207] have been described. 

1.3.3.2 Conjugate production 

One method of producing a glycoconjugate vaccine is to use host glycosylation enzymes to 

transfer polysaccharides onto protein carriers. Typically, this involves using E.coli as a 

recombinant expression vector. However, the actual glycosylation machinery used may not 

be native to the E.coli. 

Campylobacter jejuni oligosaccharyltransferase PglB was transformed into E.coli to perform 

the glycosylation for Burkholderia pseudomallei 0 OPS II conjugated to glycoprotein AcrA 

[208]. It was also used to generate a vaccine for Staphylococcus aureus from capsular 

polysaccharides 5 and 8 conjugated to detoxified Pseudomonas aeruginosa exoprotein A, and 

was also shown to be protective in mice [209]. A further vaccine was made in this way for 

both Salmonella Typhi’s O-antigen and Staphylococcus aureus’s capsular polysaccharide 5 to 

various proteins [210]. Another vaccine made with this scheme is that for Shigella flexneri, 

whose O-polysaccharides were linked to Pseudomonas aeruginosa EPA-2a [211]. 

Perhaps most interestingly, it has also been possible to synthesise Streptococcus pneumoniae 

polysaccharides covalently liked to CRM197 with multiple antigens, giving a 13-valent 

glycoconjugate produced in vivo [212]. 

E.coli is not the only possible recombinant host, and can be unsuitable in some cases as it 

lacks the O-linked glycosylation machinery. A glycoconjugate vaccine against Neisseria 
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meningitidis has been produced using Shigella spp.’s O-linked glycosylation system [213]. 

However, it is also possible to make a recombinant form of the original pathogen to confer O-

linked glycosylating enzymes on them, as in the case with Salmonella Paratyphi A, where the 

O-polysaccharide was transferred onto an antigenic peptide (P2) [214]. 

Schemes have also been devised for conjugation to non-protein carriers in vivo. Serotype 14 

polysaccharides from Streptococcus pneumoniae have been produced which are linked to 

liposomes as they are synthesised, which are highly immunogenic when administered with a 

suitable adjuvant [215]. Similar work has also been performed for E.coli vaccines using the O-

antigen and outer membrane vesicles [216]. 

It is also possible to perform the conjugation in vitro. A vaccine for Bordetella pertussis was 

synthesised by linking oligosaccharides with terminal trisaccharides to aminooxylated BSA via 

terminal ketodeoxyoctanate residues [217]. Conjugation of Neisseria meningitidis serotype A 

capsular polysaccharides to tetanus toxoid has been performed by activating groups to make 

conjugation more likely [218]. Linking Streptococcus pneumoniae and Salmonella Typhi to 

diphtheria and tetanus toxoid respectively can be achieved using an isocyanide-based 

multicomponent process with a Ugi-multicomponent reaction [219]. 

As with the individual components, it is important to ensure that the conjugation itself has 

occurred successfully and the result is stable. As such, a number of analysis methods or 

proposals for more effective conjugations have been reported. One such result is the report 

that, across many glycoconjugates, the more common binding sites are at the termini of the 

protein, suggesting that these bonds form more easily and should be considered as first 

targets for conjugation [220]. 

A glycan-based antigen from Candida albicans was produced and conjugated to CRM197, 

using tyrosine-directed ligation to give higher anti-glycan IgG levels than if a lysine residue 

were used. However, a more interesting feature of this study was the improvement seen if 
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any directed conjugation was used rather than allowing conjugation to occur at random, 

which suggests that reducing the polydispersity at this stage may improve immunogenicity 

[221]. Conversely, it has also been found that random conjugation location on the antigen 

improves the bactericidal activity of antibodies produced in response to Salmonella 

Typhimurium O-antigen conjugated to CRM197. This may be logical, as if the conjugation 

always occurred on the same place in a polysaccharide, very little would be “seen” of the rest 

of the antigen after digestion and presentation on the MHC [222].  

An experiment was performed to establish if ELISA was a suitable test to act as quality 

control in glycoconjugate synthesis. Haemophilus influenzae type b polyribosylribitol 

phosphate antigens were conjugated to tetanus toxoid, and ELISA used to assess if the 

polyribosyl ribitol phosphate was pure and if the two components were successfully linked. It 

was found that ELISA was suitably precise and cheap for use as a test by others for similar 

purposes [223]. 

For Salmonella Typhi, the Vi polysaccharide of different lengths were assessed as an antigen 

conjugated to a number of different carriers. Short chain Vi polysaccharide was less able to 

develop a robust immune response than long chain, but only when conjugated to diphtheria 

toxoid or CRM197, and only on primary infection [224]. Quantification of free Vi 

polysaccharide has also been used to assess the stability of conjugates [225]. 

The effects of a number of factors, in particular the pH, were used to find a conjugation 

method for lipopolysaccharide from Vibrio cholerae to either BSA or tetanus toxoid [226]. 

However, such covalent linkages may not be necessary. It has been found that simply cross-

linking a polysaccharide to a protein matrix may be sufficient to trigger a T cell dependent 

response [227]. 
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1.4 Conclusions 

Immunity is complex, but the ability to combine different antigens together to produce 

beneficial effects is clearly a great advantage for pharmacologists. However, there does not 

appear to be a single ‘best’ carrier. Instead, it seems likely that the most suitable carrier in a 

given situation can be chosen for reasons of practicality rather than simply immunogenicity. 

Key elements to consider when choosing a carrier antigen are the ease with which it can be 

reproduced on an industrial scale, stability of the final product, and how safe it is to produce. 

While the methods for synthetic polysaccharide production are complex, it is clear that 

production in vitro is much safer than purification from a pathogen culture. As the repertoire 

of methods for polysaccharide production grows, it will become easier to produce 

glycoconjugate vaccines.
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2 Aims and Objectives 

The main aim of this study was to investigate the stability of polysaccharide extracts from the 

capsule of Group B Streptococcus to assess their suitability for developing a vaccine. For this 

purpose, nine samples of purified polysaccharides have been kindly provided by GSK for 

analysis. It was requested that this analysis was only performed using hydrodynamic 

methods to provide a characterisation of the properties of each molecule as they were sent 

in solution, and for this reason no assessment was performed the determine the purity of the 

samples. 

In addition, the samples have been subjected to defined stresses as a means of establishing 

their stability. Three environmental stresses were selected: repeated freeze-thaw, incubation 

at room temperature (20˚C) and incubation at human body temperature (37˚C). The 

percentage change in the parameters measured were recorded. Additional statistical tests 

performed where possible to establish if these changes were significant: if p > 0.05, it is 

assumed that any changes are due to chance and therefor that the material was not 

significantly degraded. 

As an adverse interaction of the polysaccharides with blood proteins could lead to the 

formation of blood clots, further tests were performed to determine if the polysaccharides 

interact with three of the most common blood proteins: serum albumin, fibrinogen and 

immunoglobulin. Finally, as the carrier for the polysaccharide antigens in the vaccine is 

intended to be CRM197, a sample of this protein was also kindly provided by the National 

Institute for Biological Standards and Control. Some initial hydrodynamic tests were 

performed on CRM197 to determine some baseline properties, but further work will be 

required that is outside the current scope of this study to understand its stability.
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3 Methods 

3.1 Materials 

Solutions of 0.1 M phosphate buffer pH 7.0 were produced using 4.595 g Na2HPO4.12H2O, 

1.561 g KH2PO4 and 2.923 g NaCl, in 1L of MilliQ water. This was used to dialyse samples 

provided in solution or to dissolve samples provided as powders and could afterwards be 

used as a reference solvent in experiments. 

Nine samples of polysaccharide from Streptococcus agalactiae, serotypes IA, IB and II to V, 

were kindly provided by Ghislain Delpierre of GSK, Rixensart, Belgium. These samples are 

potential vaccine candidates, some of which have undergone further processing after 

extraction (“sized”). Each sample molecule was suspended in a phosphate buffered solution, 

although the exact composition was not provided by GSK. Some supplementary information 

was provided, the which is given in full in Table 3-1. A shortened name to be used in this 

work is also shown here. 

Table 3-1 - Information relating to the samples provided upon their delivery. 

State Serotype Name Concentration 
(mg.mL-1) 

dn/dc 
(mL.g-1) 

Native 

IA N-IA 9.5 

0.147 

IB N-IB 7.9 
II N-II 10.5 
III N-III 5.9 
IV N-IV 5.9 
V N-V 7.2 

Sized 
IA S-IA 8.4 
IB S-IB 7.3 
II S-II 5.1 

 

In section 4.10, the hydrodynamics of CRM197 were considered. A sample of CRM197 was 

provided by Barbara Bolgiano of the National Institute for Biological Standards and Control. 

Information was not provided on the method used to make this sample, or its storage prior 

to its arrival. While this sample of CRM197 was not provided by GSK, there is usually very 
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little variation in the structure of primary structure proteins (ie the amino acid sequence), 

especially as compared to polysaccharides. Proteins are produced from a defined gene 

sequence to give a monodisperse sample, so one sample of a proteins should be broadly 

comparable to another. The differences are more likely to arise between different solvents 

used to suspend the protein sample, or differences in the folding and glycosylation 

mechanisms used in the host organism producing the protein. However, if the protein were 

to fold incorrectly, it is likely that the resulting protein would form an insoluble aggregate 

Therefore, while the CRM197 used here may not be identical to that used by GSK, as it will 

share the same amino acid sequence and has successfully folded into a soluble protein, it 

should have a comparable structure and so this may not make any noticeable difference to 

this analysis. As only a relatively small volume of CRM197 was provided, it was only possible 

to perform baseline measurements. 

In section 8, the interaction of these polysaccharides with blood proteins are also considered. 

The proteins used in these cases were Bovine Serum Albumin (Sigma, lot SLCB9433), albumin 

from human serum (Sigma, lot SLBT8667) and fibrinogen from human plasma (Sigma, lot 

SLBR592V). Each were reported to have high purity (>96%) but were also dialysed to reduce 

the presence of any impurities. Interactions with immunoglobulins were also considered. In 

these cases, samples of monoclonal antibodies isolated from human myeloma cells were 

used. Two samples, IgG1K m(f) Cri and IgG1K M(za) Wid, were kindly provided by Margaret 

Goodall of the Clinical Immunology Service at the University of Birmingham. The two have 

slightly different glycosylation profiles, where Wid is glycosylated on both the heavy and light 

chains while Cri is only glycosylated on the heavy chains [228]. 

3.2 Dialysis 

When samples were provided in liquid form, it was necessary to produce a reference solvent 

with the exact same conditions and contents as the solution. This process also dilutes any 
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impurities present in the sample. Dialysis was performed in phosphate buffer, pH 7 and ionic 

strength 0.1 M using membrane BID-010-040B BioDesignDialysis TubingTM (D006) with 

molecular weight cut off-of 14000 Da. Aliquots were dialysed in 500 mL of solution for at 

least 12 hours at 4.0°C. 

3.3 Concentration measurements and dilution series 

Polysaccharide concentration was measured using an Atago® Differential Refractometer DD-

7 to generate six consistent Brix (%) values, of which the mean average value was converted 

into concentration using the formula in Equation (1), provided by the instrument 

manufacturer. 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑏𝑟𝑖𝑥 (%) ×

𝑑𝑛
𝑑𝑐

𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑑𝑛
𝑑𝑐

𝑜𝑓 𝑠𝑢𝑐𝑟𝑜𝑠𝑒
× 10 𝑚𝑔. 𝑚𝐿ିଵ (1) 

As stated in Table 3-1, the dn/dc of all samples was given as 0.147 mL.g-1 (by G. Delpierre, 

private communication), and the dn/dc of sucrose is known to be 0.1483 mL.g-1. 

Experimental error was calculated using the standard error of the mean for the 

refractometer readings, using error propagation formulae to convert into associated error for 

the concentration value. 

A one-in-two dilution series was performed on each sample down to 2-7 to give a range of 

concentrations, allowing results to be plotted against concentration and then extrapolated to 

zero concentration and corrected for the effects of non-ideality. Additional dilutions were 

generated by combining these dilutions to give averaged concentrations. A summary of this 

dilution series is given in Table 3-2. 
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Table 3-2 - Dilutions used in this experiment and the conversion factor to give the concentration of that dilution 
from the stock concentration. 

Dilution (2n) Conversion factor 
-0 1.000 
-1 0.500 

-1.415 0.375 
-2 0.250 
-3 0.125 

-3.415 0.094 
-3.678 0.078 

-4 0.063 
-4.415 0.047 
-4.678 0.039 

-5 0.031 
-6 0.016 
-7 0.008 

 

The error associated with performing the dilution has been assumed to be negligible, as the 

same pipet was used to mix equal volumes of solution and solvent. 

3.4 Density and v̅ determination 

Density of solutions was measured by an Anton Parr DMA500 to give six consistent readings. 

By measuring the density of the dialysate and a range of concentrations of sample, it is 

possible to establish the partial specific volume using Equation (2) [229]. 

𝑣̅ =  
1

𝜌௪
൬1 −

𝑑𝜌

𝑑𝑐
൰ (2) 

Where v ̅is the partial specific volume, ρ is the density of the sample, ρw is the density of 

water, and c is the concentration. This parameter, as well as the density of solution, is used in 

sedimentation analysis. The density of each solution is also used in viscosity analysis. 
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3.5 Viscosity 

Viscosity was measured by recording the flow times of dialysate (t0) and solutions (ts) using a 

semi-automated (Schott Geräte, Hofheim, Germany) U-tube Ostwald capillary viscometer 

held at 20 °C by immersion in a water bath. In each case six consistent measurements were 

made on 2 mL of solution, and this information was combined with recorded densities using 

Equation (3) 

𝜂௥ =
𝑡

𝑡଴
 × 

𝜌

𝜌଴
 (3) 

where ηr is the relative viscosity. This value was then used in Equations (4) and (5) to consider 

the concentration of solution to find the reduced and inherent viscosities [230]: 

Huggins Equation: 𝜂௥௘ௗ =
𝜂௥ − 1

𝑐
= 𝐾ு[𝜂]ଶ𝑐 + [𝜂] (4) 

Kraemer Equation: 𝜂௜௡௛ =
ln (𝜂௥)

𝑐
= −𝐾௄[𝜂]ଶ𝑐 + [𝜂] (5) 

where ηred is the reduced viscosity, ηinh is the inherent viscosity, KH and KK are the Huggins 

and Kraemer constants respectively, and [η] is the intrinsic viscosity. These values were then 

plotted against concentration and extrapolation performed to where the concentration is 

zero, to correct for non-ideality effects, to give the intrinsic viscosity. 

The intrinsic viscosity can also be calculated from a single point using Equation 6 [230], but in 

this work this value was also plotted against concentration and extrapolated to zero 

concentration to obtain the most accurate value possible for intrinsic viscosity. 

Solomon-Ciuta Equation: [𝜂]~
ඥ2(𝜂௥ − 1) − 2 ln (𝜂௥)

𝑐
 (6) 

An average was taken of the three intrinsic viscosities. Error associated with each value was 

calculated using the standard error of the mean for both the flow time and concentration. 

The error on each point is considered by the software Origin (version 6.1) when performing a 
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linear fit, and a value of error for the intercept (i.e. the intrinsic viscosity) is also given. These 

are combined using standard error propagation formulae when taking the average. 

3.6 Analytical Ultracentrifugation 

Analytical ultracentrifugation can be used to characterise the shape and size of 

macromolecules by determining the molecular weight and sedimentation coefficient, and 

testing for any potential interactions. These tests can be performed in the natural state of 

biologically relevant molecules such as proteins and polysaccharides, under the conditions at 

which they are normally found [231]. As the technique does not rely on the interaction of a 

macromolecule with a separation matrix, there is no need to use a series of standards to 

analyse data, which is instead measured directly [232]. Partial specific volume and density of 

solution are required to analyse the data as these both impact sedimentation properties. 

Samples are loaded into cells containing multiple sectors, usually two, one loaded with a 

reference solvent while the other is filled with the solution to be tested. The dual-sector 

centrepiece is pressed between two transparent windows (see Figure 3.1) which allow a laser 

beam to pass through the cell and optically register the sedimentation profile (see figure 

Figure 3.2). This can be done using different optical systems depending on the molecule to be 

assessed. 
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Figure 3.1 – The centrepiece of an analytical ultracentrifuge cell is shown on the left. The two sectors are visible 
from above, while at the front are the holes used to inject samples and reference solvents into the assembled cells. 
In the middle is shown the centrepiece pressed between two transparent windows. This seals the sectors, allowing 
them to be filled with a sample and reference solvent, while also allowing laser light to pass through. On the right 
is the entire assembly placed in a metal casing, held together by a screw ring (not shown) which is tightened with a 
torque wrench to prevent leaks. 

 

Figure 3.2 – The analytical ultracentrifuge rotor is shown. In this case there are eight holes into which individual 
cells can be loaded. Light is emitted from the centrifuge through a monochromator and redirected downward 
through the sample cells and into a photomultiplier to detect the distribution of sample within the cell. 

For samples which absorb UV light, such as proteins, absorbance optics are used, and the 

signal registered on a photomultiplier. Absorbance optics are less suitable if proteins are 

heavily glycosylated, as this can interfere with the absorbance profile. As absorbance scans 

take a relatively long time to perform, they are also avoided if molecules sediment quickly, as 
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the molecule may sediment before it is possible to collect sufficient data. Absorbance data is 

saved as *.RA files, with a radial position relative to the centre of rotation, an absorbance 

value in the form of optical density, and a standard error. The Lambert-Beer law can then be 

used to convert the optical density to concentration. 

For samples which do not absorb UV, such as polysaccharides, Rayleigh interference optics 

are used, and the signal registered on a charge-coupled device array. These scans are much 

faster than absorbance scans as monochromatic light passes through entire sector at once to 

produce horizontal fringes, which are bent according to the concentration profile in the 

solution. The fringe distribution is recorded as a *.IP file, and converted to a single line using 

a Fourier transformation. 

Rotation in a centrifuge creates a centrifugal force, which acts as gravitational field and 

causes mass to redistribute. The separation of molecules depends on molecular weight, as 

molecules with a higher mass sediment more rapidly; and the structure, as molecules which 

have higher frictional ratios sediment more slowly. 

There are two forms of analysis that can be performed using an analytical ultracentrifuge. 

Sedimentation velocity experiments are performed at high rotor speeds, which generate a 

high centrifugal field. This force is so great that the effects of back diffusion are small, but 

size and shape of molecules will both have an impact on the rate of sedimentation. As time 

passes and molecules are depleted from the cell closer to the centre of rotation, a boundary 

forms between the depleted solute region and the solution region. The rate of movement of 

this boundary is measured to give the sedimentation coefficient. 

Sedimentation equilibrium is performed at lower rotor speeds, which generate a weaker 

centrifugal field. Here, an equilibrium will form between the sedimentation forces and those 

of back diffusion, giving an even distribution of concentrations throughout the cell. As the 
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two forces are balanced, friction (and therefore shape of the molecule) has no impact on the 

spread of concentrations, so it is possible to measure molecular weight. 

These two methods are descried in Figure 3.3, and the theory given in more detail in sections 

3.7 and 3.8. 

 

Figure 3.3 – Diagram showing the outputs of sedimentation velocity and sedimentation equilibrium experiments. 
The position of the cell top is shown by a blue dotted line, the meniscus by a green dashed line, and the cell base by 
a solid red line. A, on the left, shows an example of a sedimentation velocity experiment. The cell is almost 
completely filled with sample. The centrifugal force outweighs the effects of back diffusion, and so the sample 
sediments over time. The graph shows the readings given by the laser, appearing as an array of sigmoidal curves. 
The sharp increase shows the position of the boundary between the solvent region (from which sample has been 
depleted) and the region where solute is still present. The rate of movement of this boundary is used to give the 
sedimentation coefficient. B, on the right, shows an example of a sedimentation equilibrium experiment. The cell 
contains a much lower volume. The effects of sedimentation and back diffusion are balanced, and the system is at 
equilibrium. Rather than a sharp boundary between solute and solution, there is a gradual increase in 
concentration towards the cell base. The shape of this single curve is used to ascertain the molecular weight. 

3.7 Sedimentation velocity 

Sedimentation velocity establishes the sedimentation coefficient, s, using the Svedberg 

Equation: 
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𝑠 =  
𝑣

𝜔ଶ𝑟
=

𝑀(1 − 𝑣̅𝜌଴)

𝑁஺𝑓
=

𝑀(1 − 𝑣̅𝜌଴)𝐷

𝑁஺𝑘஻
=  

𝑀(1 − 𝑣̅𝜌଴)𝐷

𝑅𝑇
 (7) 

where s is the sedimentation coefficient, v is the velocity of boundary movement, ω2r is the 

angular acceleration, M is the molar mass, v̅ is the partial specific volume, ρ0 is the density of 

the solvent, NA is Avogadro’s constant, f is the frictional coefficient, D is the diffusion 

coefficient, kB is the Boltzmann constant, R is the molar gas constant, and T is the 

temperature. 

This equation gives sT,b, the sedimentation coefficient at an arbitrary set of temperature and 

buffer conditions. This must be converted to a sedimentation coefficient under a standard 

set of conditions to allow comparison between different experiments: s20,w, sedimentation 

coefficient at 20˚C and a buffer with the density of water. This is done using the equation: 

𝑠ଶ଴,௪ =
1 − 𝑣̅𝜌ଶ଴,௪

1 − 𝑣̅𝜌்,௕
.

𝜂்,௕

𝜂ଶ଴,௪
. 𝑠்,௕ (8) 

where s is sedimentation coefficient, ρ is the density and η is the viscosity at either 

experimental conditions (subscript T,b) or standard conditions (subscript 20,w). 

The value is heavily dependent on concentration due to the effects of non-ideality, described 

by the equation: 

1

𝑠ଶ଴,௪
=

𝑘௦

𝑠°ଶ଴,௪
𝑐 +

1

𝑠°ଶ଴,௪
 (9) 

where ks is the concentration dependent Gralen parameter, c is concentration and the 

symbol ˚ indicates that the value has been corrected for non-ideality effects. Plotting the 

reciprocal of sT,b against c gives the reciprocal of s˚20,w. However, if the ks value is close to 

zero, meaning the gradient iss a flat line, an average of each data point can instead be taken. 

As this gives an average from a range of data, this allows a statistical test to be performed 

and compare results, which otherwise is not possible using the techniques in this thesis. 
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The Svedberg equation can be used to analyse monodisperse systems where only the rate of 

boundary movement is analysed. However, if the system is polydisperse then the boundary 

shape is also important due to the boundary spreading over time with diffusion. These shape 

effects are described by the Lamm Equation: 

𝑑𝑐

𝑑𝑡
= 𝐷 ቈቆ

𝑑ଶ𝑐

𝑑𝑟ଶቇ +
1

𝑟
൬

𝑑𝑐

𝑑𝑟
൰቉ − 𝑠𝜔ଶ ൤𝑟 ൬

𝑑𝑐

𝑑𝑟
൰ + 2𝑐൨ (10) 

where c is the concentration, t is time, D is the diffusion coefficient, r is the radius, s is the 

sedimentation coefficient and ω is angular velocity. The equation can be solved using an 

algorithm to fit the data and find an optimal solution, as in the program SEDFIT. SEDFIT was 

written by Schuck in 2000 [233], later updated by Dam and Schuck in 2004 [234], with the 

latest version, 16.1c, made in 2019. The program finds solutions to the Lamm Equation, 

solved in terms of apparent distribution of sedimentation coefficients. This gives a plot, the 

least squares Gaussian fit of sedimentation coefficient distribution ls-g*(s) vs s20,w. The * here 

refers to the values not yet being corrected to account for non-ideality. SEDFIT superimposes 

a stepped model onto the real data which is analysed. The software also removes noise in 

the data, both time invariant (patterns which do not change over the course of the run) and 

radial invariant (artifacts of Fourier transformation). 

Once analysed, the sedimentation coefficient of peaks were recorded and the reciprocals 

taken. These values were plotted against loading concentration and extrapolated to zero 

concentration to correct for the effects of non-ideality as in Equation (9). Multiple readings 

were not taken for these experiments. Instead the error in peak value is given by SEDFIT and 

incorporated by the graphing software Origin 6.1 when extrapolating the data to give an 

error for the y intercept, which can then be converted into an error for s˚20,w. 

In addition, as the gradient in many cases is near zero, the sedimentation coefficient can be 

viewed as concentration independent. Therefore, it is possible the treat the data set as a set 

as a series of repeated measurements. This allows a statistical test such as a student’s T test 
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to be performed to assess whether the differences between measured sedimentation 

coefficient are significant. 

An Optima XL-I analytical ultracentrifuge (Beckman, Palo Alto, USA) set at 20 °C with Rayleigh 

interference optics was used in these experiments. 395 μL of sample and 405 μL of dialysate 

were injected into 12 mm double sector epoxy cells with sapphire windows and analysed 

while spinning at 44000 rpm. Scans were taken at one-minute intervals.  

3.8 Sedimentation equilibrium 

These experiments are performed at lower speeds, allowing the sedimentation effects to 

reach an equilibrium with backflow diffusion effects [231]. In this equilibrium state, the 

distribution of material along the length of the sector will form an even curve, the gradient of 

which links to the centrifuge settings and molecular weight in the equation below: 

𝜔ଶ𝑟𝑀(1 − 𝑣̅𝜌଴) =
𝑅𝑇

𝑐(𝑟)

𝑑𝑐(𝑟)

𝑑𝑟
 (11) 

where ω2r is the centrifugal acceleration, M is the molar mass, v̅ is the partial specific 

volume, ρ0 is the density of the solvent, R is the molar gas constant, and T is the temperature, 

c is the concentration and r is the radius. This allows the shape of the curve to be used to 

calculate molecular weight. While the shape of a molecule can impact the time taken to 

reach equilibrium, no terms in Equation (11) involve the shape as forces are balanced, so 

shape has no effect on analysis. It is an absolute method to determine molecular weight 

[235]. The rotor speed is selected to provide a curve which is convenient to analyse; high 

enough that material is depleted from the area near the meniscus but not so high that all 

material sediments to the cell base. As the curve formed will be exponential, it can be 

described by the equation: 

𝑑𝑙𝑛(𝑐)

𝑑𝑟ଶ
=

𝜔𝑟ଶ𝑀(1 − 𝑣̅𝜌଴)

2𝑅𝑇
 

(12) 
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Indicating that a plot of ln(c) against r2 will give a linear line, the gradient of which can be 

used to calculate molecular weight. However, there is an added complication. Highly 

polydisperse samples can form an upward curve in this graph, while non-ideality effects can 

cause a downward curve, both of which prevent accurate analysis. In addition, these two 

effects can balance out if a sample is both highly non-ideal and polydisperse, which can be 

misleading. For this reason, an alternative analysis is often used, particularly for polydisperse 

molecules such as polysaccharides. 

An alternative analysis, M* [236], uses an integral of the equilibrium distribution curve to 

find trends in the molecular weight throughout the distribution: 

𝑀∗(𝑟) =
𝑐(𝑟) − 𝑐(𝑎)

𝑘𝑐(𝑎)(𝑟ଶ − 𝑎ଶ) + 2𝑘 ∫ [𝑐(𝑟) − 𝑐(𝑎)]𝑑𝑟
௥

௔

 
(13) 

 

where a is the radial displacement at the meniscus, and k is a collection of constants for a 

given experiment: 

𝑘 =
(1 − 𝑣̅𝜌଴)𝜔ଶ

2𝑅𝑇
 

(14) 

 

where ω is angular velocity. 

At the cell base, the value given by M* will be the average molecular weight of the whole 

distribution. As this value is still impacted by non-ideality effects, it is referred to as the 

apparent molecular weight, Mw,app. The value of M*(r) approaches Mw,app as calculations are 

made closer to the cell base, but the cell base itself usually has more optical distortion so it is 

not appropriate to calculate M* here. Instead, M*(r) is calculated at a number of radial 

positions and then extrapolated to give the value at the cell base [237].  

The M* Equation has been incorporated into SEDFIT to make the program SEDFIT-MSTAR 

[238]. This analyses samples as described in Equation (13), while also performing hinge point 

analysis. At the radial position of the inflection point of the initial distribution curve, the local 
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concentration will equal the cell loading concentration. Calculating the local Mw,app at this 

position in Equation (12) will therefore give the apparent molecular weight across the whole 

distribution. The value from hinge point analysis is usually slightly less accurate because it 

comes from differentiation of the ln(c) vs r2 plot, which produces inherently noisy data unless 

smoothing routines are applied [238]. Using both methods provides corroboration for the 

measurement. As with sedimentation velocity, to correct for non-ideality, the reciprocal of 

Mw,app is plotted against loading concentration and extrapolated to zero concentration to give 

the true value of Mw. 

An Optima XL-I analytical ultracentrifuge (Beckman, Palo Alto, USA) set at 20 °C with Rayleigh 

interference optics was used in these experiments. 95 μL of sample and 105 μL of dialysate 

were injected into 12 mm double-sector epoxy cells with sapphire windows and analysed 

while spinning at 10000 rpm. The interference system recorded changes in concentration in 

fringe units against radial displacement over time, and the experiment was stopped when 

the system had reached equilibrium. The analysis was repeated using the error of the v̅ and 

density values to give maximum and minimum values. The values of Mw,app (from the M* 

function and from hinge point analysis) were plotted in Origin 6.1 and used to extrapolate to 

zero concentration to correct for the effects of non-ideality. 

3.9 SEC-MALS 

Size Exclusion Chromatography and Multi-Angle Light Scattering (SEC-MALS) is a process 

whereby samples are separated (by SEC), then analysed to determine molecular weight (by 

MALS). Size exclusion chromatography uses a column packed with a matrix of porous beads 

through which samples can be pumped at a constant rate. This separates molecules based on 

their size: smaller molecules can enter the pores and are thus retained on the column for a 

longer time, while larger molecules are excluded from the pores, and so are not retained in 

the column and pass through quickly [239]. Samples will therefore elute from the column in 
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order of descending molecular weight, which allows molecular weight measurement by 

recording elution time and comparing it to a series of standards. However, these standards 

must have the same conformation as the molecule under analysis, as the shape of the 

molecule will impact the elution time. This can be difficult when analysing polysaccharides as 

they tend to have a more variable conformation. To circumvent this problem, as well as to 

improve its utility in general, the technique can be made more powerful by incorporating a 

MALS detection system, an absolute method for determining molecular weight that does not 

rely on standards. 

Particles of sufficient size will scatter light in solution, which will be of equal intensity in all 

directions for spherical molecules. For non-spheres, the intensity varies with scattering angle, 

and so measurements must be taken at multiple angles. Molar mass can then be calculated 

using an extrapolation of the Zimm Equation [240]: 

𝐾𝑐

𝛥𝑅(𝛩, 𝑐)
=

1

𝑀
ቆ1 +

𝑞ଶ𝑅௚
ଶ

3
ቇ + 2𝐵ଶ𝑐 (15) 

where K is defined in Equation (16), c is the concentration, ΔR(Θ,c) is the Rayleigh ratio at a 

specific wavelength as defined in Equation (17), M is the molecular weight, q is the wave 

vector as defined in Equation (19), Rg is the radius of gyration and B2 is the second virial 

coefficient (a term relating to non-ideality). 

K is a collection of constants: 

𝐾 =
4𝜋ଶ𝑛଴

ଶ ቀ
𝑑𝑛
𝑑𝑐ቁ

ଶ

𝑁஺𝜆ସ
 (16) 

where n0 is the solvent refractive index, dn/dc is the refractive increment, NA is the Avogadro 

constant and λ is the wavelength. 

𝛥𝑅(𝛩, 𝑐) = 𝑅௦(𝛩)−𝑅଴(𝛩) (17) 
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The Rayleigh ratio is dependent on solution properties: 

where the subscript s refers to solute properties and the subscript 0 refers to solvent 

properties. Rs(Θ) is defined by the equation: 

𝑅௦(𝛩) =
𝐼௦(𝛩)𝑛଴

ଶ𝑅௖

𝐼௖(𝛩)𝑛௖
ଶ𝑁(𝛩)

 (18) 

where I is the intensity, n is the refractive index, subscript c refers to a calibration constant 

on the instrument, N(Θ) is a normalisation constant on the instrument. 

The wave vector q, is a constant in a specific solvent at a defined wavelength and scattering 

angle: 

𝑞 =
4𝜋𝑛଴

𝜆
sin ൬

𝛩

2
൰ (19) 

Extrapolation of equation to where both angle and concentration are zero in a Zimm plot can 

be used to find both M and Rg. As these equations also rely on concentration measurements, 

this information is provided through refractive index measurements. Further information is 

also provided by viscosity measurements, which can be linked to specific molecular weights 

through elution time. 

For this project, the SEC portion consisted of a Postnova Analysis PN7505 degassing unit, a 

Shimadzu LC-10 AD HPLC Pump, a Spark-Holland Marathon Basic autosampler, a ShodexTM 

LB-G 6B guard column and a ShodexTM LB-805 column connected in series. MALS intensities 

were simultaneously measured at 18 angles as a function of elution volume using a DAWN® 

HELEOS™ II light-scattering photometer, connected in series to a ViscoStar® II on-line 

differential viscometer and an Optilab® rEX refractive index detector. A 4 mW He-Ne laser 

was used at a wavelength of 632.8 nm, and the refractive increment for all samples was 

taken as 0.147 mL.g-1 from the information supplied in Table 3-1. Samples were filtered using 

Whatman® Puradisc 25 syringe filters, 0.2 μm, PVDF and a 50 μL aliquot of each solution was 

injected onto the columns at room temperature. The eluent employed was 0.1M NaCl with 
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0.01% ProClin™ 150 (Sigma-Aldrich®) at a flow rate of 0.5 mL.minute-1. ASTRA™ (Version 6) 

software was used to calculate the weight-average molecular weight (Mw) polydispersity, 

(Mw/Mn) and weight-average intrinsic viscosity ([η]w). As samples are constantly diluted on 

the columns, concentrations are low enough that non-ideality effects are assumed to be 

negligible. 

SEC-MALS provides a valuable orthogonal technique to the analytical ultracentrifuges and to 

the classical or capillary viscometry. 
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4 Baseline measurements 

To compare the stability of a molecule to anything, the initial parameters must be measured. 

These are summarised in Table 4-1 on page 96, and these results will be used to make 

comparisons in all subsequent work. 

4.1 Native GBS polysaccharide, serotype IA 

4.1.1 Concentration series 

After dialysis, the concentration of the stock solution was too high to measure on the 

refractometer. A one-in-two dilution was therefore performed and the concentration 

measured, and this value was doubled to give the initial stock concentration. The initial 

reading was (0.437 ± 0.020) Brix(%), corresponding to (4.33 ± 0.20) mg.mL-1, and thus (8.66 ± 

0.40)mg.mL-1 of stock solution. This was diluted as previously stated in Table 3-2. 

4.1.2 Density and v ̅determination 

Density was measured and the results plotted against concentration, as shown in Figure 4.1. 

Using the slope of this graph, v̅ was calculated as (0.642 ± 0.018) mL.g-1. The dialysate density 

was measured as (1.003861 ± 0.000003) g.mL-1. 



 
 

58 
 

 

Figure 4.1 – Plot of density against concentration for N-IA, with a linear fit to obtain gradient. 

4.1.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.2 gives the intrinsic viscosities as (220 ± 5) mL.g-1 (Huggins), (216 ± 2) mL.g-1 

(Kraemer) and (220 ± 3) mL.g-1 (Solomon-Ciuta). The mean average value of these is (218 ± 2) 

mL.g-1. 
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Figure 4.2 – Plot of viscosity against concentration for N-IA, with linear fits to extrapolate to zero concentration. 

4.1.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.3. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.4 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.02 ± 0.59) 

S. If instead the data set is treated as a set of repeated measurements (as discussed on page 

50), then the sedimentation coefficient can instead be calculated as (4.32 ± 0.44) S. However, 

in this case it may not be appropriate as the gradient is relatively high. 
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Figure 4.3 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IA. 

 

Figure 4.4 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IA, with a linear 
fit to extrapolate to zero concentration. 
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4.1.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 4.5. Extrapolation to zero concentration gave 

‘thermodynamically ideal’ values of Mw as (361 ± 37) kDa (from the M* method) and (329 ± 

21) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(345 ± 21) kDa. 

 

Figure 4.5 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of N-
IA, with a linear fit to extrapolate to zero concentration.  

4.1.6 SEC-MALS 

The Mw was determined to be (292 ± 1) kDa, with a polydispersity (Mw/Mn) of 1.077 ± 0.003. 

[η] was found to be 180 mL.g-1, although no error is described at this level of precision. 
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4.2 Native GBS polysaccharide, serotype IB 

4.2.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.871  Brix(%), corresponding to 8.63 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.2.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.6. Using the 

slope of this graph, v̅  was calculated as (0.622 ± 0.006) mL.g-1.The dialysate density was 

measured as (1.002544 ± 0.000002) g.mL-1. 

 

Figure 4.6 – Plot of density against concentration for N-IB, with a linear fit to obtain gradient. 

4.2.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.7 gives the intrinsic viscosities as (136 ± 1) mL.g-1 (Huggins), (136 ± 1) mL.g-1 
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(Kraemer) and (136 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is 136 

mL.g-1, although no error is described at this level of precision. 

 

Figure 4.7 – Plot of viscosity against concentration for N-IB, with a linear fit to extrapolate to zero concentration. 

4.2.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.8. The peak data was 

plotted against the loading concentration in Figure 4.9 and extrapolated back to zero 

concentration, giving the sedimentation coefficient as (4.05 ± 0.07 ) S. As the gradient is close 

to zero, the data can be treated as a set of repeated measurements (as discussed on page 

50). The sedimentation coefficient can instead be calculated as (3.72 ± 0.16) S. 
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Figure 4.8 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IB. 

 

Figure 4.9 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IB, with a linear 
fit to extrapolate to zero concentration. 

4.2.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.10. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (189 ± 15) kDa (from the M* method) and 

(164 ± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (176 ± 8) kDa. 

 

Figure 4.10 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of N-IB, with linear fits to extrapolate to zero concentration.. 

4.2.6 SEC-MALS 

The Mw of the main peak was determined to be 154 kDa, (although no error is described at 

this level of precision), with a polydispersity (Mw/Mn) of 1.061 ± 0.004. [η] was found to be 

(102 ± 1) mL.g-1. 
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4.3 Native GBS polysaccharide, serotype II 

4.3.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.997 Brix(%), corresponding to 9.88 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.3.2 Density and v ̅determination 

Density was measured and the results plotted against concentration, shown in Figure 4.11. 

Using the slope of this graph, v̅ was calculated as (0.627 ± 0.005) mL.g-1.The dialysate density 

was measured as 1.003083 g.mL-1, although no error is described at this level of precision. 

 

Figure 4.11 – Plot of density against concentration for N-II, with a linear fit to obtain gradient. 

4.3.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.12 gives the intrinsic viscosities as (126 ± 1) mL.g-1 (Huggins), (127 ± 1) mL.g-1 
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(Kraemer) and (127 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (127 ± 1) 

mL.g-1. 

 

Figure 4.12 – Plot of viscosity against concentration for N-II, with linear fits to extrapolate to zero concentration. 

4.3.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.13. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.14 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (6.05 ± 0.26) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (5.85 ± 

0.27) S. 
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Figure 4.13 – Distribution of sedimentation coefficients at a range of loading concentrations of N-II. 

 

Figure 4.14 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-II, with a linear 
fit to extrapolate to zero concentration. 

4.3.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.15. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (328 ± 9) kDa (from the M* method) and (310 

± 16) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(319 ± 9) kDa. 

 

Figure 4.15 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of N-II, with linear fits to extrapolate to zero concentration. 

4.3.6 SEC-MALS 

The Mw of the main peak was determined to be (430 ± 1) kDa, with a polydispersity (Mw/Mn) 
of 1.125 ± 0.004. [η] was found to be (121 ± 1) mL.g-1. 
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4.4 Native GBS polysaccharide, serotype III 

4.4.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.693 Brix(%), corresponding to 6.87 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.4.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.16. Using the 

slope of this graph, v̅ can be calculated as (0.661 ± 0.007) mL.g-1.The dialysate density was 

measured as (1.002921 ± 0.000009) g.mL-1. 

 

Figure 4.16 – Plot of density against concentration for N-III, with a linear fit to obtain gradient. 

4.4.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.17 gives the intrinsic viscosities as (45.4 ± 0.4) mL.g-1 (Huggins), (45.4 ± 0.4) 



 
 

71 
 

mL.g-1 (Kraemer) and (45.4 ± 0.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(45.4 ± 0.2) mL.g-1. 

 

Figure 4.17 – Plot of viscosity against concentration for N-III, with linear fits to extrapolate to zero concentration 

4.4.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.18. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.19 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.23 ± 0.16) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.21 ± 

0.25) S. 
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Figure 4.18 – Distribution of sedimentation coefficients at a range of loading concentrations of N-III. 

 

Figure 4.19 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-III, with a 
linear fit to extrapolate to zero concentration. 

4.4.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.20. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (111 ± 4) kDa (from the M* method) and (116 

± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw of (13 

± 4) kDa. 

 

Figure 4.20 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of N-III, with linear fits to extrapolate to zero concentration. 

4.4.6 SEC-MALS 

The Mw of the main peak was determined to be (91.4 ± 0.1) kDa, with a polydispersity 
(Mw/Mn) of 1.006 ± 0.002. [η] was found to be (47.3 ± 0.3) mL.g-1. 
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4.5 Native GBS polysaccharide, serotype IV 

4.5.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.543 Brix(%), corresponding to 5.38 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.5.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.21. Using the 

slope of this graph, v̅ can be calculated as (0.608 ± 0.005) mL.g-1.The dialysate density was 

measured as 1.003073 g.mL-1, although no error is described at this level of precision.. 

 

Figure 4.21 – Plot of density against concentration for N-IV, with a linear fit to obtain gradient. 

4.5.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.22 gives the intrinsic viscosities as (64.9 ± 1.1) mL.g-1 (Huggins), (65.0 ± 1.0) 
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mL.g-1 (Kraemer) and (65.0 ± 1.1) mL.g-1 (Solomon-Ciuta). The mean of these is (65.0 ± 0.6) 

mL.g-1. 

 

Figure 4.22 – Plot of viscosity against concentration for N-IV, with linear fits to extrapolate to zero concentration. 

4.5.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.23. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.24 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.56 ± 0.11) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.62 ± 

0.12) S. 
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Figure 4.23 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IV. 

 

Figure 4.24 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IV, with a 
linear fit to extrapolate to zero concentration. 

4.5.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.25. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (70.8 ± 1.3) kDa (from the M* method) and 

(56.6 ± 1.8) kDa (from the hinge method). Combining the two yields a consensus value for 

Mw of (63.7 ± 1.1) kDa. 

 

Figure 4.25 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of N-IV, with linear fits to extrapolate to zero concentration. 

4.5.6 SEC-MALS 

The Mw of the main peak was determined to be (53.4 ± 0.1) kDa, with a polydispersity 

(Mw/Mn) of 1.001 ± 0.003. [η] was found to be (45.9 ± 0.1) mL.g-1. 
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4.6 Native GBS polysaccharide, serotype V 

4.6.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.663 Brix(%), corresponding to 6.57 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.6.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.26. Using the 

slope of this graph, v̅ can be calculated as (0.695 ± 0.005) mL.g-1.The dialysate density was 

measured as 1.003045 g.mL-1, although no error is described at this level of precision. 

 

Figure 4.26 – Plot of density against concentration for N-V, with a linear fit to obtain gradient. 

4.6.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.27  gives the intrinsic viscosities as (81.1 ± 1.6) mL.g-1 (Huggins), (82.3 ± 1.6) 
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mL.g-1 (Kraemer) and (82.0 ± 1.6) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(81.8 ± 0.9) mL.g-1. 

 

Figure 4.27 – Plot of viscosity against concentration for N-V, with linear fits to extrapolate to zero concentration. 

4.6.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.28. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.29 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.95 ± 0.04) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.71 ± 

0.12) S. 
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Figure 4.28 – Distribution of sedimentation coefficients at a range of loading concentrations of N-V. 

 

Figure 4.29 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-V, with a 
linear fit to extrapolate to zero concentration. 

4.6.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.30. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (204 ± 3) kDa (from the M* method) and (201 

± 10) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(202 ± 5) kDa. 

 

Figure 4.30 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of N-V, with linear fits to extrapolate to zero concentration. 

4.6.6 SEC-MALS 

The Mw of the main peak was determined to be 116 kDa (although no error is described at 

this level of precision), with a polydispersity (Mw/Mn) of 1.002 ± 0.003. [η] was found to be 

(71.8 ± 0.2) mL.g-1. 
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4.7 Sized GBS polysaccharide, serotype IA 

4.7.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

(1.412 ± 0.001) Brix(%), corresponding to (14.00 ± 0.001) mg.mL-1. This was diluted as 

previously stated in Table 3-2. 

4.7.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.31. Using the 

slope of this graph, v̅ can be calculated as (0.796 ± 0.004) mL.g-1.The dialysate density was 

measured as 1.003201 g.mL-1, although no error is described at this level of precision. 

 

Figure 4.31 – Plot of density against concentration for S-IA, with a linear fit to obtain gradient. 

4.7.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.32 gives the intrinsic viscosities as (48.6 ± 0.2) mL.g-1 (Huggins), (48.7 ± 0.2) 

mL.g-1 (Kraemer) and (48.7 ± 0.2) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(48.7 ± 0.1) mL.g-1. 



 
 

83 
 

 

Figure 4.32 – Plot of viscosity against concentration for S-IA, with linear fits to extrapolate to zero concentration. 

4.7.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.33. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.34 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.31 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.08 ± 

0.11) S. 
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Figure 4.33 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IA. 

 

Figure 4.34 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IA, with a 
linear fit to extrapolate to zero concentration. 

4.7.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 4.35. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (185 ± 9) kDa (from the M* method) and (193 

± 12) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(189 ± 7) kDa. 

 

Figure 4.35 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of S-IA, with linear fits to extrapolate to zero concentration. 

4.7.6 SEC-MALS 

The Mw of the main peak was determined to be 102 kDa (although no error is described at 

this level of precision), with a polydispersity (Mw/Mn) of 1.006 ± 0.003. [η] was found to be 

(75.0 ± 0.3) mL.g-1. 
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4.8 Sized GBS polysaccharide, serotype IB 

4.8.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.942 Brix(%), corresponding to 9.33 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.8.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.36. Using the 

slope of this graph, v̅ can be calculated as (0.731 ± 0.003) mL.g-1.The dialysate density was 

measured as 1.002963 g.mL-1, although no error is described at this level of precision. 

 

Figure 4.36 – Plot of density against concentration for S-IB, with a linear fit to obtain gradient. 

4.8.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.37 gives the intrinsic viscosities as (62.0 ± 0.3) mL.g-1 (Huggins), (62.2 ± 0.2) 
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mL.g-1 (Kraemer) and (62.1 ± 0.2) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(62.1 ± 0.1) mL.g-1. 

 

Figure 4.37 – Plot of viscosity against concentration for S-IB, with linear fits to extrapolate to zero concentration. 

4.8.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.38. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.39 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.28 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.12 ± 

0.09) S. 



 
 

88 
 

 

Figure 4.38 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IB. 

 

Figure 4.39 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IB, with a 
linear fit to extrapolate to zero concentration. 

4.8.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.40. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (150 ± 6) kDa (from the M* method) and (161 

± 14) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(156 ± 8) kDa. 

 

Figure 4.40 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of S-IB, with linear fits to extrapolate to zero concentration. 

4.8.6 SEC-MALS 

The Mw of the main peak was determined to be 102 kDa (although no error is described at 

this level of precision), with a polydispersity (Mw/Mn) of 1.006 ± 0.002. [η] was found to be 

(76.9 ± 0.2) mL.g-1. 
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4.9 Sized GBS polysaccharide, serotype II 

4.9.1 Concentration series 

After dialysis, the concentration was measured on the refractometer. The initial reading was 

0.546 Brix(%), corresponding to 5.41 mg.mL-1. This was diluted as previously stated in Table 

3-2. Error is not reported for these values as it is too low to make an impact at three 

significant figures. 

4.9.2 Density and v ̅determination 

Density was measured and the results plotted against concentration in Figure 4.41. Using the 

slope of this graph, v̅ can be calculated as (0.652 ± 0.007) mL.g-1.The dialysate density was 

measured as 1.003032 g.mL-1, although no error is described at this level of precision. 

 

Figure 4.41 – Plot of density against concentration for S-II, with a linear fit to obtain gradient. 

4.9.3 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 4.42 gives the intrinsic viscosities as (54.8 ± 1.2) mL.g-1 (Huggins), (55.1 ± 1.1) 



 
 

91 
 

mL.g-1 (Kraemer) and (55.0 ± 1.2) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(55.0 ± 0.7) mL.g-1. 

 

Figure 4.42 – Plot of viscosity against concentration for S-II, with linear fits to extrapolate to zero concentration. 

4.9.4 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 4.43. The peak data for the 

main component was also plotted against the loading concentration in Figure 4.44 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.64 ± 0.03) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.3 ± 

0.42) S. 
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Figure 4.43 – Distribution of sedimentation coefficients at a range of loading concentrations of S-II. 

 

Figure 4.44 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-II, with a linear 
fit to extrapolate to zero concentration. 

4.9.5 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 4.45. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (181 ± 9) kDa (from the M* method) and (142 

± 6) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(161 ± 5) kDa. 

 

Figure 4.45 – Plot of the reciprocal of the apparent molecular weight (Mw,app) values against loading concentration 
of S-II, with linear fits to extrapolate to zero concentration. 

4.9.6 SEC-MALS 

The Mw of the main peak was determined to be 155 kDa although no error is described at 

this level of precision, with a polydispersity (Mw/Mn) of 1.024 ± 0.002. [η] was found to be 

(52.6 ± 0.1) mL.g-1. 
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4.10 CRM197 

4.10.1 Density and v ̅determination 

Density was measured and the results plotted against concentration, as shown in Figure 4.46. 

Using the slope of this graph, v̅ can be calculated as (0.733 ± 0.04) mL.g-1. The dialysate 

density was measured as (0.999579 ± 0.00006) g.mL-1. 

 

Figure 4.46 – Plot of density against concentration for CRM197, with a linear fit to obtain gradient. 

4.10.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 4.47. The peak data for the 

main component was also plotted against loading concentration in Figure 4.48 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.51 ± 0.14) 

S. If instead the data set is treated as a set of repeated measurements (as discussed on page 

50), then the sedimentation coefficient can instead be calculated as (3.41 ± 0.27) S. However, 

in this case it may not be appropriate as the gradient is relatively high. 
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Figure 4.47 – Distribution of sedimentation coefficients at a range of loading concentrations of CRM197. 

 

Figure 4.48 – Plot of the reciprocal of sedimentation coefficient against loading concentration for CRM197, with a 
linear fit to extrapolate to zero concentration. 
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4.10.3 SEC-MALS 

The Mw was determined to be 102 kDa, although no error is described at this level of 

precision. The polydispersity (Mw/Mn) was 1.029 ± 0.006. [η] was found to be (4.90 ± 0.27) 

mL.g-1. 

4.11 Summary 

The results for each serotype are summarised in Table 4-1. This table will allow a quick 

comparison between these baseline measurements and any changes after exposure to 

stress. 

Table 4-1 – Summary of baseline values for each sample. 

State Serotype 
v̅ 

(mL.g-1) 
[η] 

(mL.g-1) 

Analytical ultracentrifugation SEC-MALS 
s˚20,w, 

extrapolation 
(S) 

s˚20,w, 
average 

(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA 0.642±0.018 218±2 5.02±0.59 4.32±0.44 345±21 292±1 180±0 1.077±0.003 
IB 0.622±0.006 136±0 4.05±0.07 3.72±0.16 176±8 154±0 102±1 1.061±0.004 
II 0.627±0.005 127±1 6.05±0.26 5.85±0.27 319±9 430±1 121±1 1.125±0.004 
III 0.661±0.007 45.4±0.2 3.23±0.16 3.21±0.25 113±4 91.4±0.1 47.3±0.3 1.006±0.002 
IV 0.608±0.005 65±0.6 2.56±0.11 2.62±0.12 63.7±1.1 53.4±0.1 45.9±0.1 1.001±0.003 
V 0.695±0.005 81.8±0.9 3.95±0.04 3.71±0.12 202±5 116±0 71.8±0.2 1.002±0.003 

Sized 
IA 0.796±0.004 48.7±0.1 3.31±0.05 3.08±0.11 189±7 102±0 75±0.2 1.006±0.003 
IB 0.731±0.003 62.1±0.1 3.28±0.05 3.12±0.09 156±8 102±0 76.9±0.2 1.006±0.002 
II 0.652±0.007 55.0±0.7 4.64±0.03 4.30±0.42 161±5 155±0 52.6±0.1 1.024±0.002 

CRM197 0.733±0.04 - 3.51±0.14 3.41±0.27 - 102±0 4.90±0.27 1.029±0.006 
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4.12 Discussion 

It is possible that some of the apparent small particles observed in the sedimentation velocity 

experiments are artefacts and not present in solution at the levels shown. However, given 

that these small particles are seen in sedimentation velocity and SEC-MALS experiments, it is 

possible that they really are present and thus of possible significance. If this were the case, 

sedimentation equilibrium results may be skewed by the presence of these particles to give a 

lower average than would be expected. However, there does appear to be good agreement 

between the measured values for sedimentation equilibrium and SEC-MALS, so this may not 

be a significant issue. A potential solution to this problem would be to perform further stages 

of dialysis to remove the presence of these small particles, but this would mean the sample is 

no longer being analysed in the state it was sent. It may be more useful to convert the 

sedimentation coefficient into a molecular weight, as it would then be possible to analyse the 

main peak on its own to establish the molecular weight. Alternatively, samples could be 

analysed by sedimentation velocity after one stage of dialysis, but further stages of dialysis 

could be performed before analysing samples by sedimentation equilibrium. 

It should also be noted that some of the calculated values for v̅ are much higher than the 

values to be expected for a polysaccharide. This remained the same even after 

measurements were repeated, which may indicate that these measurements were accurate, 

but it is unclear why this may have occurred. It is possible that some aspect of this process 

caused the increased density, as the molecules with high values of v̅ were both sized 

polysaccharides, although it is unclear what this may be. 

There were a number of issues with the study of CRM197. As mentioned in section 3.1, only a 

small volume (approximately 6 mL at 2.74 mg.mL-1) was provided for analysis. As all these 

techniques rely on producing a concentration series, these experiments used the majority of 

the sample very quickly, and it was not possible to repeat these steps if problems occurred. 
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Unfortunately, some of the initially chosen concentration ranges were not appropriate, often 

attempting measurements at too low concentration. For example, the sedimentation velocity 

data (Figure 4.48) has more variation in points, each with a higher error, the lower the 

concentration is. The SEC-MALS data overestimates the molecular weight of CRM197 as 102 

kDa, versus a literature value of 58.4 kDa. As this is close to double the molecular weight with 

the other technique, it is possible the CRM197 was forming a dimer due to the increased age 

of the sample (the EC-MALS analysis was performed almost one week after the AUC analysis). 

It is also possible that this is due to an interaction of the protein with the column matrix, as 

the ShodexTM LB-G 6B guard column and ShodexTM LB-805 column available for use are more 

appropriate for use with polysaccharides. 

While attempts were made to analyse CRM197 using U-tube viscometry and sedimentation 

equilibrium analysis, the data sets produced were extremely varied and analysis was not 

possible. For this reason, they have not been included in this study. Part of the reason for the 

extreme variation in sample may be an instability in the sample, meaning that the sample 

was degrading while measurements were being taken. When attempts were made to repeat 

these experiments, it was even found that, when stored at 4 ˚C in the fridge, the samples had 

degraded further such that the viscosity values obtained were much lower than those 

previously observed. This does at least give a firm on the structure of the final 

glycoconjugate, even though conjugated samples were never analysed in this work: it is 

imperative that a conjugate vaccine is stored in the freezer, as (even if the polysaccharide 

portion is relatively stable) the protein portion will rapidly degrade unless kept frozen. 

However, as the exact age and storage conditions of the CRM197 sample prior to its arrival 

are unknown, this could be due to the sample age rather than a feature of the molecule 

itself. 
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This also raises a further question: how much of an impact would degradation of the protein 

have on the functionality of the vaccine as a whole? While glycoconjugate vaccines have 

improved immunogenicity over unconjugated polysaccharides, the protein portion’s only 

function is to cause this improvement, not act as an antigen in its own right. Therefore, if 

only the protein portion of the vaccine were to denature, the glycoconjugate as a whole may 

still be able to bind to the MHCII and interact with the immune system in the same way as a 

correctly formed vaccine. Vaccine efficacy may be impacted if the protein instability affects 

the conjugation site, as this may make the bond between protein and polysaccharide less 

stable. In addition, if the instability in protein structure makes it likely that insoluble 

aggregates form, this would be a major issue for its safe use as a vaccine. 

The values obtained provide a baseline value of the molecular properties of each 

polysaccharide, which can now be used as a baseline to assess how much deviation occurs, if 

any, after exposure to stress.
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5 Stability after repeated freeze-thaw cycles 

Repeated freezing and thawing was used as a method to deliberately expose samples to 

stress in a controlled manner. This stress may occur as the solvent freezes around the solute, 

causing pockets of extremely high concentration which may then interact in unexpected 

ways [241]. This process is shown in Figure 5.1. The ability of a sample to withstand 

controlled stress can be used as a measurement of its stability. 

 

Figure 5.1 – Diagram showing how the formation of ice crystals may damage dissolved polysaccharides. Following 
the arrows, the first square shows the freely floating polysaccharides and ions. The second shows that as ice 
crystals form there will be pockets of highly concentrated material which may then react, causing deviation from 
its usual structure. The third square shows the solution totally frozen, while the fourth shows the sample again 
passing through a stage in the presence of ice crystals. The last square shows the permanent change to the 
polysaccharide structures even after returning to ambient conditions. 

For this project, samples were dialysed overnight as previously described, then separated 

into aliquots to undergo different numbers of freeze-thaw cycles. As the samples tested were 

stored on dry ice during delivery, it was thought that the samples would so far have only 

undergone one freeze-thaw cycle while it was being divided into these aliquots. 

Samples were thawed at room temperature (variable, average 23˚C) until no suspended 

frozen material could be seen on gentle agitation. The samples were then incubated at -20˚C 
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until no movement of fluid could be seen on gentle agitation. This process was performed on 

separate aliquots of each sample until they had undergone a total of 10 or 100 cycles.. Partial 

specific volume is unlikely to change even after the molecules are damaged. Therefore, the 

originally calculated values of partial specific volumes were used when analysing 

centrifugation data.  

5.1 Native GBS polysaccharide, serotype IA 

5.1.1 Ten freeze-thaw cycles 

5.1.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.2 gives the intrinsic viscosities as (234 ± 1) mL.g-1 (Huggins), (233 ± 1) mL.g-1 

(Kraemer) and (235 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (234 ± 1) 

mL.g-1. 

 

Figure 5.2 – Plot of viscosity against concentration for N-IA after exposure to ten freeze-thaw cycles, with linear fits 
to extrapolate to zero concentration. 
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5.1.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.3. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.4 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.24 ± 0.10) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.29 ± 

0.48) S. 

 

Figure 5.3 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IA after ten freeze-
thaw cycles. 
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Figure 5.4 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IA after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.1.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.5. Extrapolation to zero concentration gave 

‘thermodynamically ideal’ values of Mw as (364 ± 35) kDa (from the M* method) and (298 ± 

21) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(331 ± 20) kDa. 
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Figure 5.5 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of N-
IA after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.1.1.4 SEC-MALS 

The Mw of the main peak was determined to be (308 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.147 ± 0.006. [η] was found to be 177 mL.g-1, although no error is described at this level 

of precision. 

5.1.2 One hundred freeze-thaw cycles 

5.1.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.6 gives the intrinsic viscosities as (205 ± 3) mL.g-1 (Huggins), (207 ± 3) mL.g-1 

(Kraemer) and (207 ± 3) mL.g-1 (Solomon-Ciuta). The mean average value of these is (206 ± 2) 

mL.g-1. 
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Figure 5.6 – Plot of viscosity against concentration for N-IA after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.1.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.7. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.8 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.01 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.29 ± 

0.31) S. 
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Figure 5.7 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IA after 100 
freeze-thaw cycles. 

 

Figure 5.8 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IA after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.1.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.9. Extrapolation to zero concentration gave 

‘thermodynamically ideal’ values of Mw as (313 ± 9) kDa (from the M* method) and (285 ± 3) 

kDa (from the hinge method). Combining the two yields a consensus value for Mw of (299 ± 

5) kDa. 

 

Figure 5.9 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of N-
IA after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.1.2.4 SEC-MALS 

The Mw of the main peak was determined to be (409 ± 2) kDa, with a polydispersity (Mw/Mn) 

of 1.029 ± 0.005. [η] was found to be (250 ± 1) mL.g-1. 
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5.2 Native GBS polysaccharide, serotype IB 

5.2.1 Ten freeze-thaw cycles 

5.2.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.10 gives the intrinsic viscosities as (140 ± 1) mL.g-1 (Huggins), (140 ± 1) mL.g-1 

(Kraemer) and (141 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (140 ± 1) 

mL.g-1. 

 

Figure 5.10 – Plot of viscosity against concentration for N-IB after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.2.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.11. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.12 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.24 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.65 ± 

0.33) S. 
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Figure 5.11 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IB after ten 
freeze-thaw cycles. 

 

Figure 5.12 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IB after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.2.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.13. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (249 ± 11) kDa (from the M* method) and 

(230 ± 6) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (240 ± 6) kDa. 

 

Figure 5.13 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IB after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.2.1.4 SEC-MALS 

The Mw of the main peak was determined to be (209 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.082 ± 0.007. [η] was found to be 137 mL.g-1 although no error is described at this level of 

precision. 

5.2.2  One hundred freeze-thaw cycles 

5.2.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.14 gives the intrinsic viscosities as (117 ± 6) mL.g-1 (Huggins), (119 ± 5) mL.g-1 

(Kraemer) and (118 ± 6) mL.g-1 (Solomon-Ciuta). The mean average value of these is (118 ± 3) 

mL.g-1. 
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Figure 5.14 – Plot of viscosity against concentration for N-IB after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

 

5.2.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.15. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.16 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.04 ± 0.04) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.7 ± 

0.16) S. 
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Figure 5.15 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IB after 100 
freeze-thaw cycles. 

 

Figure 5.16 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IB after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.2.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.17. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (195 ± 7) kDa (from the M* method) and (185 

± 2) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(190 ± 4) kDa. 

 

Figure 5.17 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IB after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

 

5.2.2.4 SEC-MALS 

The Mw of the main peak was determined to be (231 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.029 ± 0.005. [η] was found to be 164 mL.g-1, although no error is described at this level 

of precision. 
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5.3 Native GBS polysaccharide, serotype II 

5.3.1 Ten freeze-thaw cycles 

5.3.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.18 gives the intrinsic viscosities as (129 ± 1) mL.g-1 (Huggins), (129 ± 1) mL.g-1 

(Kraemer) and (129 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (129 ± 1) 

mL.g-1. 

 

Figure 5.18 – Plot of viscosity against concentration for N-II after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.3.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.19. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.20 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (6.76 ± 0.06) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (6.04 ± 

0.35) S. 
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Figure 5.19 – Distribution of sedimentation coefficients at a range of loading concentrations of N-II after ten 
freeze-thaw cycles. 

 

Figure 5.20 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-II after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.3.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.21. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (330 ± 12) kDa (from the M* method) and 

(326 ± 4) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (328 ± 7) kDa. 

 

Figure 5.21 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-II after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.3.1.4 SEC-MALS 

The Mw of the main peak was determined to be (466 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.108 ± 0.003. [η] was found to be 126 mL.g-1 although no error is described at this level of 

precision. 

5.3.2 One hundred freeze-thaw cycles 

5.3.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.22 gives the intrinsic viscosities as (136 ± 2) mL.g-1 (Huggins), (133 ± 1) mL.g-1 

(Kraemer) and (134 ± 2) mL.g-1 (Solomon-Ciuta). The mean average value of these is (134 ± 1) 

mL.g-1. 
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Figure 5.22 – Plot of viscosity against concentration for N-II after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.3.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.23. The peak data for the 

main component was also plotted against the loading concentration in Figure 5.24 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.86 ± 0.03) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (5.14 ± 

0.31) S. 
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Figure 5.23– Distribution of sedimentation coefficients at a range of loading concentrations of N-II after 100 
freeze-thaw cycles. 

 

Figure 5.24 – Plot of the reciprocal of sedimentation coefficient against concentration for N-II after exposure to 
100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.3.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.25. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (446 ± 7) kDa (from the M* method) and (415 

± 3) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(431 ± 4) kDa. 

 

Figure 5.25 – Plot of the reciprocal of apparent molecular weight (Mw,app)values against concentration of N-II after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.3.2.4 SEC-MALS 

The Mw of the main peak was determined to be (466 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.256 ± 0.007. [η] was found to be 136 mL.g-1, although no error is described at this level 

of precision. 
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5.4 Native GBS polysaccharide, serotype III 

5.4.1 Ten freeze-thaw cycles 

5.4.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.26 gives the intrinsic viscosities as (47.5 ± 0.4) mL.g-1 (Huggins), (47.6 ± 0.3) 

mL.g-1 (Kraemer) and (47.6 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(47.5 ± 0.2) mL.g-1. 

 

Figure 5.26 – Plot of viscosity against concentration for N-III after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.4.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.27. The peak data for the 

main component was also plotted against loading concentration in Figure 5.28 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.55 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.42 ± 

0.07) S. 
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Figure 5.27 – Distribution of sedimentation coefficients at a range of loading concentrations of N-III after ten 
freeze-thaw cycles. 

 

Figure 5.28 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-III after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.4.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.29. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (116 ± 7) kDa (from the M* method) and (111 

± 10 kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(114 ± 6) kDa. 

  

Figure 5.29 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-III after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.4.1.4 SEC-MALS 

The Mw of the main peak was determined to be 107 kDa, although no error is described at 

this level of precision, with a polydispersity (Mw/Mn) of 1.005 ± 0.004. [η] was found to be 

(52.9 ± 0.1) mL.g-1. 

5.4.2 One hundred freeze-thaw cycles 

5.4.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.30 gives the intrinsic viscosities as (47.0 ± 0.4) mL.g-1 (Huggins), (47.1 ± 0.4) 

mL.g-1 (Kraemer) and (47.1 ± 0.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(47.1 ± 0.2) mL.g-1. 
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Figure 5.30 – Plot of viscosity against concentration for N-III after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.4.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.31. The peak data for the 

main component was also plotted against loading concentration in Figure 5.32 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.95 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.86 ± 

0.04) S. 
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Figure 5.31 – Distribution of sedimentation coefficients at a range of loading concentrations of N-III after 100 
freeze-thaw cycles. 

 

Figure 5.32 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-III after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.4.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.33. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (147 ± 8) kDa (from the M* method) and (142 

± 8) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(145 ± 6) kDa. 

 

Figure 5.33 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-III after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.4.2.4 SEC-MALS 

The Mw of the main peak was determined to be 103 kDa, although no error is described at 

this level of precision, with a polydispersity (Mw/Mn) of 1.042 ± 0.004. [η] was found to be 

(54.4 ± 0.4) mL.g-1. 
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5.5 Native GBS polysaccharide, serotype IV 

5.5.1 Ten freeze-thaw cycles 

5.5.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.34 gives the intrinsic viscosities as (66.9 ± 1.2) mL.g-1 (Huggins), (67.0 ± 1.1) 

mL.g-1 (Kraemer) and (67.0 ± 1.2) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(67.0 ± 0.7) mL.g-1. 

 

Figure 5.34 – Plot of viscosity against concentration for N-IV after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.5.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.35. The peak data for the 

main component was also plotted against loading concentration in Figure 5.36 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.79 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.69 ± 

0.05) S. 
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Figure 5.35 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IV after ten 
freeze-thaw cycles. 

 

Figure 5.36 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IV after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.5.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.37. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (64.1 ± 3.2) kDa (from the M* method) and 

(64.4 ± 6.2) kDa (from the hinge method). Combining the two yields a consensus value for 

Mw of (64.2 ± 3.5) kDa. 

 

Figure 5.37 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IV after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.5.1.4 SEC-MALS 

The Mw of the main peak was determined to be (63.1 ± 0.2) kDa, with a polydispersity 

(Mw/Mn) of 1.003 ± 0.004. [η] was found to be (50.6 ± 0.1) mL.g-1. 

5.5.2 One hundred freeze-thaw cycles 

5.5.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.38 gives the intrinsic viscosities as (52.3 ± 0.6) mL.g-1 (Huggins), (52.8 ± 0.7) 

mL.g-1 (Kraemer) and (52.7 ± 0.7) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(52.6 ± 0.4) mL.g-1. 
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Figure 5.38 – Plot of viscosity against concentration for N-IV after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.5.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.39. The peak data for the 

main component was also plotted against loading concentration in Figure 5.40 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.37 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.28 ± 

0.04) S. 
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Figure 5.39 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IV after 100 
freeze-thaw cycles. 

 

Figure 5.40 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IV after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.5.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.41. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (89.0 ± 1.8) kDa (from the M* method) and 

(97.3 ± 2.8) kDa (from the hinge method). Combining the two yields a consensus value for 

Mw of (93.2 ± 1.7) kDa. 

 

Figure 5.41 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IV after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.5.2.4 SEC-MALS 

The Mw of the main peak was determined to be (89.1 ± 1.5) kDa, with a polydispersity 

(Mw/Mn) of 1.043 ± 0.028. [η] was found to be (77.7 ± 0.4) mL.g-1, although no error is 

described at this level of precision. 
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5.6 Native GBS polysaccharide, serotype V 

5.6.1 Ten freeze-thaw cycles 

5.6.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.42 gives the intrinsic viscosities as 106 mL.g-1 (Huggins), 105 mL.g-1 (Kraemer) 

and 105 mL.g-1 (Solomon-Ciuta), where in each case no error is described at this level of 

precision. The mean average value of these is 105 mL.g-1 although no error is described at 

this level of precision. 

 

Figure 5.42 – Plot of viscosity against concentration for N-V after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.6.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.43. The peak data for the 

main component was also plotted against loading concentration in Figure 5.44 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.92 ± 0.01) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 
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(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.71 ± 

0.1) S. 

 

Figure 5.43 – Distribution of sedimentation coefficients at a range of loading concentrations of N-V after ten 
freeze-thaw cycles. 

 

Figure 5.44 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-V after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 
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5.6.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.45. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (182 ± 10) kDa (from the M* method) and 

(193 ± 11) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (187 ± 7) kDa. 

 

Figure 5.45 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-V after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.6.1.4 SEC-MALS 

The Mw of the main peak was determined to be 126 kDa, although no error is described at 

this level of precision, with a polydispersity (Mw/Mn) of 1.009 ± 0.004. [η] was found to be 

(74.4 ± 0.1) mL.g-1. 
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5.6.2 One hundred freeze-thaw cycles 

5.6.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.46 gives the intrinsic viscosities as (91.2 ± 0.4) mL.g-1 (Huggins), (91.5 ± 0.4) 

mL.g-1 (Kraemer) and (91.4 ± 0.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(91.4 ± 0.2) mL.g-1. 

 

Figure 5.46 – Plot of viscosity against concentration for N-V after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.6.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.47. The peak data for the 

main component was also plotted against loading concentration in Figure 5.48 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.28 ± 0.06) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.71 ± 

0.1) S. 
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Figure 5.47 – Distribution of sedimentation coefficients at a range of loading concentrations of N-V after 100 
freeze-thaw cycles. 

9  

Figure 5.48 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-V after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.6.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.49. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (211 ± 3) kDa (from the M* method) and (193 

± 5) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(202 ± 3) kDa. 

 

Figure 5.49 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-V after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.6.2.4 SEC-MALS 

The Mw of the main peak was determined to be (172 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.100 ± 0.015. [η] was found to be 111 mL.g-1, although no error is described at this level 

of precision. 
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5.7 Sized GBS polysaccharide, serotype IA 

5.7.1 Ten freeze-thaw cycles 

5.7.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.50 gives the intrinsic viscosities as (52.2 ± 1.0) mL.g-1 (Huggins), (51.9 ± 0.9) 

mL.g-1 (Kraemer) and (52.0 ± 0.9) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(52.0 ± 0.6) mL.g-1. 

 

Figure 5.50 – Plot of viscosity against concentration for S-IA after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.7.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.51. The peak data for the 

main component was also plotted against loading concentration in Figure 5.52 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.32 ± 0.09) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.05 ± 

0.14) S. 



 
 

139 
 

 

Figure 5.51 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IA after ten 
freeze-thaw cycles. 

 

Figure 5.52 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IA after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.7.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.53. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (199 ± 8 kDa (from the M* method) and (201 

± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(200 ± 5) kDa. 

 

Figure 5.53 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IA after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.7.1.4 SEC-MALS 

The Mw of the main peak was determined to be 104 kDa, although no error is described at 

this level of precision, with a polydispersity (Mw/Mn) of 1.022 ± 0.004. [η] was found to be 

(71.4 ± 0.2) mL.g-1. 

5.7.2 One hundred freeze-thaw cycles 

5.7.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.54 gives the intrinsic viscosities as (44.3 ± 0.8) mL.g-1 (Huggins), (44.6 ± 0.8) 

mL.g-1 (Kraemer) and (44.6 ± 0.8) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(44.5 ± 0.4) mL.g-1. 
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Figure 5.54 – Plot of viscosity against concentration for S-IA after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.7.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.55. The peak data for the 

main component was also plotted against loading concentration in Figure 5.56 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.82 ± 0.03) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.64 ± 

0.09) S. 
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Figure 5.55 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IA after 100 
freeze-thaw cycles. 

 

Figure 5.56 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IA after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.7.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.57. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (246 ± 3) kDa (from the M* method) and (244 

± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(245 ± 4) kDa. 

 

Figure 5.57 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IA after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.7.2.4 SEC-MALS 

The Mw of the main peak was determined to be (207 ± 2) kDa, with a polydispersity (Mw/Mn) 

of 1.167 ± 0.218. [η] was found to be (98.7 ± 13.0) mL.g-1. 
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5.8 Sized GBS polysaccharide, serotype IB 

5.8.1 Ten freeze-thaw cycles 

5.8.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.58 gives the intrinsic viscosities as (63.9 ± 0.3) mL.g-1 (Huggins), (64.1 ± 0.3) 

mL.g-1 (Kraemer) and (64.1 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(64.0 ± 0.2) mL.g-1. 

 

Figure 5.58 – Plot of viscosity against concentration for S-IB after exposure to ten freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.8.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.59. The peak data for the 

main component was also plotted against loading concentration in Figure 5.60 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.10 ± 0.15) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.09 ± 

0.14) S. 
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Figure 5.59 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IB after ten 
freeze-thaw cycles. 

 

Figure 5.60 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IB after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.8.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 5.61. Extrapolation to zero concentration 
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gave ‘thermodynamically ideal’ values of Mw as (161 ± 6) kDa (from the M* method) and (177 

± 16) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(169 ± 9) kDa. 

 

Figure 5.61 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IB after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.8.1.4 SEC-MALS 

The Mw of the main peak was determined to be (131 ± 15) kDa, with a polydispersity (Mw/Mn) 

of 1.006 ± 0.005. [η] was found to be (65.7 ± 0.3) mL.g-1. 

5.8.2 One hundred freeze-thaw cycles 

5.8.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.62 gives the intrinsic viscosities as (65.3 ± 1.0) mL.g-1 (Huggins), (65.3 ± 0.9) 

mL.g-1 (Kraemer) and (65.4 ± 0.9) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(65.3 ± 0.5) mL.g-1. 
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Figure 5.62 – Plot of viscosity against concentration for S-IB after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.8.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.63. The peak data for the 

main component was also plotted against loading concentration in Figure 5.64 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.84 ± 0.01) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.68 ± 

0.08) S. 
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Figure 5.63 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IB after 100 
freeze-thaw cycles. 

 

Figure 5.64 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IB after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.8.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.65. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (187 ± 5) kDa (from the M* method) and (190 

± 8) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(189 ± 5) kDa. 

 

Figure 5.65 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IB after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.8.2.4 SEC-MALS 

The Mw of the main peak was determined to be (139 ± 2) kDa, with a polydispersity (Mw/Mn) 

of 1.111 ± 0.023. [η] was found to be (108 ± 1) mL.g-1. 
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5.9 Sized GBS polysaccharide, serotype II 

5.9.1 Ten freeze-thaw cycles 

5.9.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.66 gives the intrinsic viscosities as (66.2 ± 0.2) mL.g-1 (Huggins), (66.7 ± 0.5) 

mL.g-1 (Kraemer) and (66.9 ± 0.5) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(66.6 ± 0.3) mL.g-1. 

 

Figure 5.66 – Plot of viscosity against concentration for S-II after exposure to ten freeze-thaw cycles, with linear fits 
to extrapolate to zero concentration. 

5.9.1.2 Sedimentation velocity 

The distribution of sedimentation coefficients is shown in Figure 5.67. The peak data for the 

main component was also plotted against loading concentration in Figure 5.68 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.69 ± 0.11) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.44 ± 

0.14) S. 
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Figure 5.67 – Distribution of sedimentation coefficients at a range of loading concentrations of S-II after ten freeze-
thaw cycles. 

 

Figure 5.68 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-II after 
exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.9.1.3 Sedimentation equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.69. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (160 ± 16) kDa (from the M* method) and 

(135 ± 11) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (148 ± 14) kDa. 

 

Figure 5.69 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-II after exposure to ten freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.9.1.4 SEC-MALS 

The Mw of the main peak was determined to be (154 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.051 ± 0.006. [η] was found to be (52.2 ± 0.2) mL.g-1. 

5.9.2 One hundred freeze-thaw cycles 

5.9.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 5.70 gives the intrinsic viscosities as (55.3 ± 1.3) mL.g-1 (Huggins), (55.4 ± 1.3) 

mL.g-1 (Kraemer) and (55.3 ± 1.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(55.3 ± 0.7) mL.g-1. 
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Figure 5.70 – Plot of viscosity against concentration for S-II after exposure to 100 freeze-thaw cycles, with linear 
fits to extrapolate to zero concentration. 

5.9.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 5.71. The peak data for the 

main component was also plotted against loading concentration in Figure 5.72 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.93 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.79 ± 

0.08) S. 
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Figure 5.71 – Distribution of sedimentation coefficients at a range of loading concentrations of S-II after 100 
freeze-thaw cycles. 

 

Figure 5.72 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-II after 
exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.9.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 5.73. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (219 ± 13) kDa (from the M* method) and 

(198 ± 6) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (208 ± 14) kDa. 

 

Figure 5.73 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-II after exposure to 100 freeze-thaw cycles, with a linear fit to extrapolate to zero concentration. 

5.9.2.4 SEC-MALS 

The Mw of the main peak was determined to be (203 ± 2) kDa, with a polydispersity (Mw/Mn) 

of 1.222 ± 0.019. [η] was found to be (75.2 ± 0.6) mL.g-1. 
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5.10 Summary 

Table 5-1 below shows a summary of all data presented above after ten freeze-thaw cycles, 

while  

Table 5-2 summarises the data collected after 100 freeze-thaw cycles. The percentage 

differences in these values are also given in   
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Table 5-3 (for ten cycles) and 

Table 5-4 (for 100 cycles).  

Table 5-1 – Summary of data found after exposure of samples to ten freeze-thaw cycles. 

State Serotype 
[η] 

(mL.g-1) 

Analytical ultracentrifugation SEC-MALS 
s˚20,w 

extrapolation 
(S) 

s˚20,w 
average 

(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA 234±1 5.24±0.1 4.29±0.48 364±35 298±21 331±20 308±1 
IB 140±1 4.24±0.05 3.65±0.33 249±11 230±6 240±6 209±1 
II 129±1 6.76±0.06 6.04±0.35 330±12 326±4 328±7 466±1 
III 47.5±0.2 3.55±0.02 3.42±0.07 116±7 111±10 114±6 107±0 
IV 67±0.7 2.79±0.02 2.69±0.05 64.1±3.2 64.4±6.2 64.4±6.2 63.1±0.2 
V 105±0 3.92±0.01 3.71±0.10 182±10 193±11 187±7 126±0 

Sized 
IA 52±0.6 3.32±0.09 3.05±0.14 181±12 184±11 182±8 104±0 
IB 64±0.2 3.1±0.15 3.09±0.14 161±6 177±16 169±9 90.5±0.3 
II 66.6±0.3 4.69±0.11 4.44±0.14 160±16 135±11 148±14 154±1 

 

Table 5-2 – Summary of data found after exposure of samples to 100 freeze-thaw cycles. 

State Serotype 
[η] 

(mL.g-1) 

Analytical ultracentrifugation SEC-MALS 
s˚20,w 

extrapolation 
(S) 

s˚20,w 
average 

(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA 206±2 5.01±0.05 4.29±0.31 313±9 285±3 299±5 409±2 
IB 118±3 4.05±0.04 3.70±0.16 195±7 185±2 190±4 231±1 
II 134±1 5.86±0.03 5.14±0.31 446±7 415±3 431±4 466±1 
III 47.1±0.2 2.95±0.02 2.86±0.04 147±8 142±8 145±6 103±0 
IV 52.6±0.4 2.37±0.02 2.28±0.04 89±1.8 97.3±2.8 93.2±1.7 89.1±1.5 
V 91.4±0.2 3.28±0.06 3.71±0.10 211±3 193±5 202±3 172±1 

Sized 
IA 44.5±0.4 2.82±0.03 2.64±0.09 246±3 244±7 245±4 207±27 
IB 65.3±0.5 2.84±0.01 2.68±0.08 187±5 190±8 189±5 139±2 
II 55.3±0.7 3.93±0.05 3.79±0.08 220±6 190±4 205±3 203±2 
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Table 5-3 – Table showing the percentage difference in parameters from baseline values due to exposure of 
samples to ten freeze-thaw cycles. 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA +7% +4% -4% +5% -2% +6% 
IB +3% +5% +36% +36% +34% +2% 
II +2% +12% +3% +8% +4% -2% 
III +5% +10% 0% +17% +12% 0% 
IV +3% +9% +1% +18% +10% 0% 
V +29% -1% -8% +9% +4% +1% 

Sized 
IA +7% 0% -3% +2% -5% +2% 
IB +3% -5% +8% -11% -15% 0% 
II +21% +1% -8% -1% -1% +3% 

 

Table 5-4 – Table showing the percentage difference in parameters from baseline values due to exposure of 
samples to 100 freeze-thaw cycles. 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA -5% 0% -13% +40% +39% -4% 
IB -13% 0% +1% +50% +60% -3% 
II +6% -3% +35% +8% +12% +12% 
III +5% -9% +42% +12% +15% +4% 
IV -19% -7% +46% +67% +69% +4% 
V +12% -17% +26% +48% +55% +10% 

Sized 
IA -9% -15% +30% +103% +32% +16% 
IB +5% -14% +21% +37% +41% +10% 
II +1% -15% +27% +31% +43% +19% 

 

These data sets can also be described graphically to show how each parameter changes, 

shown in Figure 5.74, 5.75, 5.76, 5.77 and 5.78. 
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Figure 5.74 – Viscosoty of each polysaccharide as determined by U-tube viscometry, and how they altered after 
exposure to a series of freeze-thaw cycles. 

 

Figure 5.75 – Sedimentation coefficient of each polysaccharide as determined by sedimentation velocity, and how 
they altered after exposure to a series of freeze-thaw cycles. 
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Figure 5.76 – Molecular weight of each polysaccharide as determined by sedimentation equilibrium, and how they 
altered after exposure to a series of freeze-thaw cycles. 

 

Figure 5.77 – Molecular weight of each polysaccharide as determined by SEC-MALS, and how they altered after 
exposure to a series of freeze-thaw cycles. 
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Figure 5.78 – Viscosity of each polysaccharide as determined by SEC-MALS, and how they altered after exposure to 
a series of freeze-thaw cycles. 

For the sedimentation coefficient values, as the error ranges are large on each point and the 

gradient is near zero, it is possible the treat the data set as a set of repeated measurements. 

By doing this, it is possible to perform a statistical test to assess whether the differences 

between measured sedimentation coefficient are significant. These results are given in Table 

5-5, by listing the P value when performing a student’s T test. 

Table 5-5 – The resulting p values when performing a student’s T test on the sedimentation coefficient datasets 
after exposure to freeze-thaw stress. A p value < 0.05 is assumed to reflect a significant difference, and these are 
highlighted. 

State Serotype 
p values 

10 x FT 100 x FT 

Native 

IA 0.906 0.898 
IB 0.631 0.813 
II 0.303 0.001 
III 0.064 0.004 
IV 0.179 0.000 
V 0.977 0.977 

Sized 
IA 0.674 0.000 
IB 0.612 0.000 
II 0.421 0.009 

 



 
 

162 
 

5.11 Discussion 

Different methods suggest different outcomes from the exposure to freeze-thaw stress, and 

the specific changes in values also vary between one, ten and one hundred freeze-thaw 

cycles. 

The changes after ten freeze-thaw cycles are described in   
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Table 5-3. Unfortunately, as most parameters are calculated by extrapolation, it is not 

possible to perform a more in-depth statistical test as there are no true data ranges to 

compare. If only the larger differences in values (those greater than 10%) are considered, 

then only the native polysaccharide from serotype V and the sized polysaccharide from 

serotype II showed significant increases in viscosity. However, in both of these cases there 

was little change in molecular weight as measured by sedimentation equilibrium. It is 

possible that this indicates a change in shape but not molecular weight. The sedimentation 

coefficient does decrease for these samples, which could be due to the increased viscosity, 

but these changes are not statistically significant.  

SEC-MALS results show in all cases that there was an increase in the molecular weight, 

except for sized polysaccharide from serotype IB and sized polysaccharide from serotype II 

which saw a reduction. The changes in viscosity were more variable, with all sized 

polysaccharides and native polysaccharide from serotype IA seeing a decrease in viscosity 

while other samples increased. Sized polysaccharide from serotype IB also saw a decrease in 

molecular weight observed by sedimentation equilibrium.  

The changes after one hundred freeze-thaw cycles are described in  

Table 5-4. Far more differences are observed, but these are not always consistent with the 

results after ten freeze-thaw cycles. For example, while the viscosity of sized polysaccharide 

from serotype V increased 29% after ten cycles, it was only 12% higher than the starting 

viscosity after one hundred cycles. In addition, native polysaccharides from serotypes IA, IB, 

IV and sized polysaccharide from serotype IA all decreased in viscosity after 100 cycles, 

despite increasing after ten. 

All polysaccharides except native polysaccharides from serotype IA and IB saw a decrease in 

sedimentation coefficient after 100 freeze-thaw cycles. This would imply that either the 

molecular weight decreased, or the viscosity increased, or some combination of the two. 
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However, all these samples saw an increase in molecular weight as measured by 

sedimentation equilibrium, and only native polysaccharides from serotype III, V, and sized 

polysaccharide from serotype IB saw an increase in viscosity. The inconsistency is more likely 

to indicate that the techniques give more variable results than a true difference between 

these parameters. 

All polysaccharides saw an increase in molecular weight after 100 freeze-thaw cycles as 

measured by SEC-MALS, which is mirrored by the results of sedimentation equilibrium except 

with native polysaccharides from serotype IB (which barely changed) and IA (which 

decreased). Sized polysaccharide from serotype IB, which previously decreased in molecular 

weight using sedimentation equilibrium and SEC-MALS, saw an increase after 100 freeze-

thaw cycles by both techniques. Sized polysaccharide from serotype II previously saw a 

decrease by SEC-MALS and no change by sedimentation equilibrium, but now saw an 

increase using both techniques. However, most of the changes in molecular weight are too 

small to imply any form of self-association. Sized polysaccharide from serotype IA increases 

in molecular weight 103%, meaning that this sample may be forming a dimer, although the 

change observed by sedimentation equilibrium is much smaller (30%). 

All viscosity values analysed using SEC-MALS increased after 100 freeze-thaw cycles, 

mirroring the changes observed in molecular weight. In each case the percentage change was 

of a similar proportion to the percentage change in the molecular weight, suggesting a 

consistency throughout the measurement process of the SEC-MALS system even if 

consistency was low between different techniques, as the viscosities decreased for native 

polysaccharides from serotypes IA, IB, IV, and sized polysaccharides from serotype IA when 

measured in the U-tube viscometer. 

Perhaps the most useful technique used here was sedimentation velocity, as it (although 

unintentionally) allows a genuine statistical test to be performed. Here, there was no 
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statistically significant change in sedimentation coefficient after 10 freeze thaw cycles, but 

after 100 free-thaw cycles native polysaccharides from serotypes II, III, IV, and sized 

polysaccharides from all serotypes tested changed significantly. This result is more logical 

than the simple changes seen in Figures 6.74-6.78, as the changes are more pronounced 

after exposure to increased stress. This indicates there is some genuine alteration in the 

polysaccharide structure after exposure to pronounced stress. However, as sedimentation 

coefficient is affected by both molecular weight and the molecule’s shape, it is not possible 

to infer what the alteration was. However, in those samples with a statistical difference (in all 

cases a decrease in sedimentation coefficient) there is a pronounced increase in molecular 

weight, which should also increase sedimentation coefficient. While the ability to perform a 

statistical test does make the sedimentation velocity analysis more powerful under these 

circumstances, the high variability in the techniques used leads to complications when 

attempted to analyse these data sets.  
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6 Stability after incubation at 20˚C 

Exposure to room temperature for an extended period of time was used as a method to 

deliberately expose samples to stress in a controlled manner. While polysaccharides are 

generally stable in a dry environment, in solution there is a possibility that samples may 

degrade over time due to random interactions, and so it is important to test if this causes any 

observable change in the hydrodynamic properties. 

To ensure that the molecular stability is tested in isolation, the chemical Proclin™ 150 was 

added to each sample prior to incubation. This antimicrobial agent ensures that the sample is 

not degraded by microorganisms, and that their presence does not alter observed results. 

The samples were then incubated in a water bath set to 20˚C for 10 or 100 days, after which 

they were placed in the freezer until they could be analysed. As in section 5, the partial 

specific volume is unlikely to change even after the molecules are damaged, so the originally-

calculated values were used in analysing centrifugation data. 
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6.1 Native GBS polysaccharide, serotype IA 

6.1.1 Ten day incubation 

6.1.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.1 gives the intrinsic viscosities as (211 ± 6) mL.g-1 (Huggins), (205 ± 6) mL.g-1 

(Kraemer) and (208 ± 5) mL.g-1 (Solomon-Ciuta). The mean average value of these is (208 ± 3) 

mL.g-1. 

 

Figure 6.1 – Plot of viscosity against concentration for N-IA after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.1.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.2. The peak data for the 

main component was also plotted against loading concentration in Figure 6.3 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.35 ± 0.33) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.44 ± 

0.4) S. 
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Figure 6.2 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IA after incubation 
at 20˚C for ten days. 

 

Figure 6.3 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IA after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.1.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.4. Extrapolation to zero concentration gave 

‘thermodynamically ideal’ values of Mw as (405 ± 5) kDa (from the M* method) and (394 ± 9) 

kDa (from the hinge method). Combining the two yields a consensus value for Mw of (399 ± 

5) kDa. 

 

Figure 6.4 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of N-
IA after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.1.1.4 SEC-MALS 

The Mw of the main peak was determined to be (401 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.273 ± 0.005. [η] was found to be (312 ± 1) mL.g-1. 

6.1.2 One hundred day incubation 

6.1.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.5 gives the intrinsic viscosities as 187 mL.g-1 (Huggins), (186 ± 1) mL.g-1 

(Kraemer) and 187 mL.g-1 (Solomon-Ciuta). The mean average value of these is 187 mL.g-1, 

although no error is described at this level of precision, as is the case with the Huggins and 

Solomon-Ciuta values. 
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Figure 6.5 – Plot of viscosity against concentration for N-IA after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.1.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.6. The peak data for the 

main component was also plotted against loading concentration in Figure 6.7 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.48 ± 0.36) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.03 ± 

0.49) S. 
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Figure 6.6 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IA after incubation 
at 20˚C for one hundred days. 

 

Figure 6.7 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IA after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.1.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.8. Extrapolation to zero concentration gave 

‘thermodynamically ideal’ values of Mw as (306 ± 23) kDa (from the M* method) and (310 ± 

24) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(308 ± 16) kDa. 

 

Figure 6.8 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of N-
IA after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.1.2.4 SEC-MALS 

The Mw of the main peak was determined to be (291 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.266 ± 0.004. [η] was found to be 180 mL.g-1, although no error is described at this level 

of precision. 
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6.2 Native GBS polysaccharide, serotype IB 

6.2.1 Ten day incubation 

6.2.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.9 gives the intrinsic viscosities as (114 ± 5) mL.g-1 (Huggins), (115 ± 4) mL.g-1 

(Kraemer) and (115 ± 4) mL.g-1 (Solomon-Ciuta). The mean average value of these is (115 ± 2) 

mL.g-1. 

 

Figure 6.9 – Plot of viscosity against concentration for N-IB after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.2.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.10. The peak data for the 

main component was also plotted against loading concentration in Figure 6.11 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.22 ± 0.10) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.03 ± 

0.13) S. 
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Figure 6.10 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IB after 
incubation at 20˚C for ten days. 

 

Figure 6.11 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IB after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.2.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.12. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (310 ± 58) kDa (from the M* method) and 

(316 ± 20) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (313 ± 31) kDa. 

 

Figure 6.12 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IB after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.2.1.4 SEC-MALS 

The Mw of the main peak was determined to be (262 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.198 ± 0.007. [η] was found to be (191 ± 1) mL.g-1. 

6.2.2 One hundred day incubation 

6.2.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.13 gives the intrinsic viscosities as (123 ± 2) mL.g-1 (Huggins), (123 ± 1) mL.g-1 

(Kraemer) and (123 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (123 ± 1) 

mL.g-1. 
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Figure 6.13 – Plot of viscosity against concentration for N-IB after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.2.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.14. The peak data for the 

main component was also plotted against loading concentration in Figure 6.15 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.03 ± 0.23) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.56 ± 

0.26) S. 



 
 

177 
 

 

Figure 6.14 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IB after 
incubation at 20˚C for one hundred days. 

 

Figure 6.15 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IB after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.2.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.16. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (186 ± 6) kDa (from the M* method) and (176 

± 6) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(181 ± 4) kDa. 

 

Figure 6.16 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IB after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.2.2.4 SEC-MALS 

The Mw of the main peak was determined to be 159 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.142 ± 0.003. [η] was found to be 114 

mL.g-1, although no error is described at this level of precision. 
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6.3 Native GBS polysaccharide, serotype II 

6.3.1 Ten day incubation 

6.3.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.17 gives the intrinsic viscosities as (113 ± 1) mL.g-1 (Huggins), (111 ± 1) mL.g-1 

(Kraemer) and (112 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (112 ± 1) 

mL.g-1. 

 

Figure 6.17 – Plot of viscosity against concentration for N-II after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.3.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.18. The peak data for the 

main component was also plotted against loading concentration in Figure 6.19 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (5.45 ± 0.18) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.77 ± 

0.33) S. 
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Figure 6.18 – Distribution of sedimentation coefficients at a range of loading concentrations of N-II after 
incubation at 20˚C for ten days. 

 

Figure 6.19 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-II after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.3.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.20. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (469 ± 36) kDa (from the M* method) and 

(452 ± 19) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (461 ± 20) kDa. 

 

Figure 6.20 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-II after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.3.1.4 SEC-MALS 

The Mw of the main peak was determined to be (539 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.193 ± 0.004. [η] was found to be (159 ± 1) mL.g-1. 

6.3.2 One hundred day incubation 

6.3.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.21 gives the intrinsic viscosities as (118 ± 1) mL.g-1 (Huggins), (116 ± 1) mL.g-1 

(Kraemer) and (117 ± 1) mL.g-1 (Solomon-Ciuta). The mean average value of these is (117 ± 1) 

mL.g-1. 
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Figure 6.21 – Plot of viscosity against concentration for N-II after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.3.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.22. The peak data for the 

main component was also plotted against loading concentration in Figure 6.23 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (6.60 ± 0.06) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (5.63 ± 

0.41) S. 
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Figure 6.22 – Distribution of sedimentation coefficients at a range of loading concentrations of N-II after 
incubation at 20˚C for one hundred days. 

 

Figure 6.23 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-II after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.3.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.24. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (433 ± 48) kDa (from the M* method) and 

(377 ± 40) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (405 ± 31) kDa. 

 

Figure 6.24 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-II after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.3.2.4 SEC-MALS 

The Mw of the main peak was determined to be (344 ± 1) kDa, with a polydispersity (Mw/Mn) 

of 1.194 ± 0.003. [η] was found to be 100 mL.g-1, although no error is described at this level 

of precision. 
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6.4 Native GBS polysaccharide, serotype III 

6.4.1 Ten day incubation 

6.4.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.25 gives the intrinsic viscosities as (33.0 ± 0.3) mL.g-1 (Huggins), (33.2 ± 0.3) 

mL.g-1 (Kraemer) and (33.1 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(33.1 ± 0.2) mL.g-1. 

 

Figure 6.25 – Plot of viscosity against concentration for N-III after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.4.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.26. The peak data for the 

main component was also plotted against loading concentration in Figure 6.27 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.93 ± 0.15) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.74 ± 

0.15) S. 
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Figure 6.26 – Distribution of sedimentation coefficients at a range of loading concentrations of N-III after 
incubation at 20˚C for ten days. 

 

Figure 6.27 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-III after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.4.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.28. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (146 ± 1) kDa (from the M* method) and (130 

± 3) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(138 ± 1) kDa. 

 

Figure 6.28 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-III after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.4.1.4 SEC-MALS 

The Mw of the main peak was determined to be 118 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) is 1.063 ± 0.005. [η] was found to be (64.0 

± 0.7) mL.g-1. 

6.4.2 One hundred day incubation 

6.4.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.29 gives the intrinsic viscosities as (38.9 ± 0.3) mL.g-1 (Huggins), (38.7 ± 0.3) 

mL.g-1 (Kraemer) and (38.8 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(38.8 ± 0.2) mL.g-1. 
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Figure 6.29 – Plot of viscosity against concentration for N-III after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.4.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.30. The peak data for the 

main component was also plotted against loading concentration in Figure 6.31 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.38 ± 0.08) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.22 ± 

0.11) S. 
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Figure 6.30 – Distribution of sedimentation coefficients at a range of loading concentrations of N-III after 
incubation at 20˚C for one hundred days. 

 

Figure 6.31 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-III after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.4.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.32. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (114 ± 5) kDa (from the M* method) and (129 

± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(121 ± 4) kDa. 

 

Figure 6.32 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-III after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.4.2.4 SEC-MALS 

The Mw of the main peak was determined to be (80.8 ± 0.1) kDa, with a polydispersity 

(Mw/Mn) of 1.021 ± 0.003. [η] was found to be (42.9 ± 0.4) mL.g-1. 
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6.5 Native GBS polysaccharide, serotype IV 

6.5.1 Ten day incubation 

6.5.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.33 gives the intrinsic viscosities as (37.6 ± 0.3) mL.g-1 (Huggins), (37.7 ± 0.3) 

mL.g-1 (Kraemer) and (37.6 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(37.6 ± 0.2) mL.g-1. 

 

Figure 6.33 – Plot of viscosity against concentration for N-IV after incubation at 20˚C for ten days, with linear fits 
to extrapolate to zero concentration. 

6.5.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.34. The peak data for the 

main component was also plotted against loading concentration in Figure 6.35 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.67 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.57 ± 

0.07) S. 
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Figure 6.34 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IV after 
incubation at 20˚C for ten days. 

 

Figure 6.35 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IV after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.5.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.36. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (63.3 ± 1.7) kDa (from the M* method) and 

(72.5 ± 2.0) kDa (from the hinge method). Combining the two yields a consensus value for 

Mw of (67.9 ± 1.3) kDa. 

 

Figure 6.36 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IV after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.5.1.4 SEC-MALS 

The Mw of the main peak was determined to be (83.3 ± 0.1) kDa, with a polydispersity 

(Mw/Mn) of 1.055 ± 0.002. [η] was found to be (73.9 ± 0.7) mL.g-1. 

6.5.2 One hundred day incubation 

6.5.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.37 gives the intrinsic viscosities as (39.7 ± 0.4) mL.g-1 (Huggins), (39.8 ± 0.3) 

mL.g-1 (Kraemer) and (39.8 ± 0.3) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(39.8 ± 0.2) mL.g-1. 
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Figure 6.37 – Plot of viscosity against concentration for N-IV after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.5.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.38. The peak data for the 

main component was also plotted against loading concentration in Figure 6.39 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (2.68 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.59 ± 

0.05) S. 
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Figure 6.38 – Distribution of sedimentation coefficients at a range of loading concentrations of N-IV after 
incubation at 20˚C for one hundred days. 

 

Figure 6.39 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-IV after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.5.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.40. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (80.1± 2.1) kDa (from the M* method) and 

(76.1 ± 6.5) kDa (from the hinge method). Combining the two yields a consensus value for 

Mw of (78.1 ± 3.4) kDa. 

 

Figure 6.40 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-IV after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.5.2.4 SEC-MALS 

The Mw of the main peak was determined to be (59.0 ± 0.2) kDa, with a polydispersity 

(Mw/Mn) of 1.007 ± 0.005. [η] was found to be (51.7 ± 0.2) mL.g-1. 
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6.6 Native GBS polysaccharide, serotype V 

6.6.1 Ten day incubation 

6.6.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.41 gives the intrinsic viscosities as (62.4 ± 0.5) mL.g-1 (Huggins), (62.5 ± 0.5) 

mL.g-1 (Kraemer) and (62.5 ± 0.5) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(62.5 ± 0.3) mL.g-1. 

 

Figure 6.41 – Plot of viscosity against concentration for N-V after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.6.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.42. The peak data for the 

main component was also plotted against loading concentration in Figure 6.43 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.78 ± 0.02) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.56 ± 

0.1) S. 
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Figure 6.42 – Distribution of sedimentation coefficients at a range of loading concentrations of N-V after 
incubation at 20˚C for ten days. 

 

Figure 6.43 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-V after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.6.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.44. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (181 ± 3) kDa (from the M* method) and (172 

± 7) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(176 ± 4) kDa. 

 

Figure 6.44 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-V after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.6.1.4 SEC-MALS 

The Mw of the main peak was determined to be 180 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.144 ± 0.002. [η] was found to be 

(131 ± 1) mL.g-1. 

6.6.2 One hundred day incubation 

6.6.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.45 gives the intrinsic viscosities as (65.6 ± 0.4) mL.g-1 (Huggins), (65.6 ± 0.4) 

mL.g-1 (Kraemer) and (65.6 ± 0.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(65.6 ± 0.2) mL.g-1. 
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Figure 6.45 – Plot of viscosity against concentration for N-V after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.6.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.46. The peak data for the 

main component was also plotted against loading concentration in Figure 6.47 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.73 ± 0.03) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.54 ± 

0.09) S. 
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Figure 6.46 – Distribution of sedimentation coefficients at a range of loading concentrations of N-V after 
incubation at 20˚C for one hundred days. 

 

Figure 6.47 – Plot of the reciprocal of sedimentation coefficient against loading concentration for N-V after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.6.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.48. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (191 ± 16) kDa (from the M* method) and 

(199 ± 14) kDa (from the hinge method). Combining the two yields a consensus value for Mw 

of (195 ± 10) kDa. 

 

Figure 6.48 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
N-V after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.6.2.4 SEC-MALS 

The Mw of the main peak was determined to be 113 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.036 ± 0.003. [η] was found to be 

(71.0 ± 0.3) mL.g-1. 
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6.7 Sized GBS polysaccharide, serotype IA 

6.7.1 Ten day incubation 

6.7.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.49 gives the intrinsic viscosities as (56.7 ± 0.9) mL.g-1 (Huggins), (57.0 ± 0.8) 

mL.g-1 (Kraemer) and (57.0 ± 0.8) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(56.9 ± 0.5) mL.g-1. 

 

Figure 6.49 – Plot of viscosity against concentration for S-IA after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.7.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.50. The peak data for the 

main component was also plotted against loading concentration in Figure 6.51 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.30 ± 0.14) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.96 ± 

0.18) S. 
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Figure 6.50 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IA after 
incubation at 20˚C for ten days. 

 

 

Figure 6.51 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IA after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 
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6.7.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 

plotted against loading concentration in Figure 6.52. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (198 ± 5) kDa (from the M* method) and (164 

± 9) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(181 ± 5) kDa. 

 

Figure 6.52 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IA after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.7.1.4 SEC-MALS 

The Mw of the main peak was determined to be 121 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.154 ± 0.003. [η] was found to be 

(92.8 ± 0.6)  mL.g-1. 
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6.7.2 One hundred day incubation 

6.7.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.53 gives the intrinsic viscosities as (64.6 ± 2.3) mL.g-1 (Huggins), (64.2 ± 2.0) 

mL.g-1 (Kraemer) and (64.4 ± 2.1) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(64.4± 1.2) mL.g-1. 

 

Figure 6.53 – Plot of viscosity against concentration for S-IA after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.7.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.54. The peak data for the 

main component was also plotted against loading concentration in Figure 6.55 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.28 ± 0.05) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.94 ± 

0.16) S. 
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Figure 6.54 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IA after 
incubation at 20˚C for one hundred days. 

 

Figure 6.55 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IA after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.7.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.56. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (189 ± 8) kDa (from the M* method) and (195 

± 10) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(192 ± 6) kDa. 

 

Figure 6.56 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IA after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.7.2.4 SEC-MALS 

The Mw of the main peak was determined to be (84.8 ± 0.2) kDa, with a polydispersity 

(Mw/Mn) of 1.063 ± 0.004. [η] was found to be (64.2 ± 0.2) mL.g-1. 
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6.8 Sized GBS polysaccharide, serotype IB 

6.8.1 Ten day incubation 

6.8.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.57 gives the intrinsic viscosities as (59.7 ± 0.8) mL.g-1 (Huggins), (59.9 ± 0.7) 

mL.g-1 (Kraemer) and (59.9 ± 0.7) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(59.8 ± 0.4) mL.g-1. 

 

Figure 6.57 – Plot of viscosity against concentration for S-IB after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.8.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.58. The peak data for the 

main component was also plotted against loading concentration in Figure 6.59 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.22 ± 0.01) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.05 ± 

0.09) S. 



 
 

210 
 

 

Figure 6.58 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IB after 
incubation at 20˚C for ten days. 

 

Figure 6.59 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IB after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.8.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.60. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (159 ± 6) kDa (from the M* method) and (153 

± 10) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(156 ± 6) kDa. 

 

Figure 6.60 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IB after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.8.1.4 SEC-MALS 

The Mw of the main peak was determined to be 122 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.149 ± 0.003. [η] was found to be 

(96.5 ± 0.9) mL.g-1. 

6.8.2 One hundred day incubation 

6.8.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.61 gives the intrinsic viscosities as (63.6 ± 0.5) mL.g-1 (Huggins), (63.4 ± 0.4) 

mL.g-1 (Kraemer) and (63.5 ± 0.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(63.5 ± 0.2) mL.g-1. 
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Figure 6.61 – Plot of viscosity against concentration for S-IB after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.8.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.62. The peak data for the 

main component was also plotted against loading concentration in Figure 6.63 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.22 ± 0.04) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (2.98 ± 

0.1) S. 
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Figure 6.62 – Distribution of sedimentation coefficients at a range of loading concentrations of S-IB after 
incubation at 20˚C for one hundred days. 

 

Figure 6.63 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-IB after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.8.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.64. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (153 ± 8) kDa (from the M* method) and (147 

± 6) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(150 ± 5) kDa. 

 

Figure 6.64 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-IB after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. Hinge 
point analysis at the lowest concentration was an outlier and discounted, although the M* analysis is still included. 

6.8.2.4 SEC-MALS 

The Mw of the main peak was determined to be (87.2 ± 0.2) kDa, with a polydispersity 

(Mw/Mn) of 1.045 ± 0.003. [η] was found to be (67.4 ± 0.2) mL.g-1. 
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6.9 Sized GBS polysaccharide, serotype II 

6.9.1 Ten day incubation 

6.9.1.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.65 gives the intrinsic viscosities as (28.1 ± 1.3) mL.g-1 (Huggins), (29.0 ± 1.4) 

mL.g-1 (Kraemer) and (28.7 ± 1.4) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(28.6 ± 0.8) mL.g-1. 

 

Figure 6.65 – Plot of viscosity against concentration for S-II after incubation at 20˚C for ten days, with linear fits to 
extrapolate to zero concentration. 

6.9.1.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.66. The peak data for the 

main component was also plotted against loading concentration in Figure 6.67 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (3.82 ± 0.07) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (3.68 ± 

0.1) S. 
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Figure 6.66 – Distribution of sedimentation coefficients at a range of loading concentrations of S-II after incubation 
at 20˚C for ten days. 

 

Figure 6.67 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-II after 
incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. 

6.9.1.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.68. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (187 ± 8) kDa (from the M* method) and (183 

± 5) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(185 ± 5) kDa. 

 

Figure 6.68 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-II after incubation at 20˚C for ten days, with a linear fit to extrapolate to zero concentration. Two of the lower 
concentration did not give outlying data in hinge point analysis and were excluded, although the M* data was still 
acceptable. 

6.9.1.4 SEC-MALS 

The Mw of the main peak was determined to be 185 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.320 ± 0.003. [η] was found to be 

(68.4 ± 0.8)  mL.g-1. 

6.9.2 One hundred day incubation 

6.9.2.1 Viscosity 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 6.69 gives the intrinsic viscosities as (51.8 ± 0.1) mL.g-1 (Huggins), (51.8 ± 0.1) 
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mL.g-1 (Kraemer) and (51.8 ± 0.1) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

51.8 mL.g-1, although no error is reported at this level of precision. 

 

Figure 6.69 – Plot of viscosity against concentration for S-II after incubation at 20˚C for one hundred days, with 
linear fits to extrapolate to zero concentration. 

6.9.2.2 Sedimentation Velocity 

The distribution of sedimentation coefficients is shown in Figure 6.70. The peak data for the 

main component was also plotted against loading concentration in Figure 6.71 and 

extrapolated back to zero concentration, giving the sedimentation coefficient as (4.43 ± 0.04) 

S. As the gradient is close to zero, the data can be treated as a set of repeated measurements 

(as discussed on page 50). The sedimentation coefficient can instead be calculated as (4.3 ± 

0.08) S. 



 
 

219 
 

 

Figure 6.70 – Distribution of sedimentation coefficients at a range of loading concentrations of S-II after incubation 
at 20˚C for one hundred days. 

 

Figure 6.71 – Plot of the reciprocal of sedimentation coefficient against loading concentration for S-II after 
incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.9.2.3 Sedimentation Equilibrium 

SEDFIT-MSTAR provides two methods of determining apparent molecular weight, Mw,app: 

from the M* function and from hinge point analysis. The values given by the program are 
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plotted against loading concentration in Figure 6.72. Extrapolation to zero concentration 

gave ‘thermodynamically ideal’ values of Mw as (188 ± 1) kDa (from the M* method) and (159 

± 4) kDa (from the hinge method). Combining the two yields a consensus value for Mw of 

(173 ± 2) kDa. 

 

Figure 6.72 – Plot of the reciprocal of apparent molecular weight (Mw,app) values against loading concentration of 
S-II after incubation at 20˚C for one hundred days, with a linear fit to extrapolate to zero concentration. 

6.9.2.4 SEC-MALS 

The Mw of the main peak was determined to be 133 kDa, although no error is described at 

this level of precision. The polydispersity (Mw/Mn) was 1.152 ± 0.003. [η] was found to be 

(48.3 ± 0.3) mL.g-1. 
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6.10 Summary 

Table 6-1 below shows a summary of all data presented above after incubation at 20˚C for 

ten days, while Table 6-2 summarises the data collected after 100 days. A comparison to 

Table 4-1 allows a rudimentary form of a student’s t-test by establishing whether the data 

ranges, as defined by the values and their errors, overlap in each sample. These comparisons 

are shown in Table 6-3 (for ten days) and Table 6-4 (for 100 days), where any samples which 

do not change after incubation are marked with “✓” while percentage changes are given for 

any samples with a statistically significant difference. 

Table 6-1 – Summary of data found after incubation of samples at 20˚C for ten days. 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA 208±3 4.35±0.33 405±5 394±9 399±5 401±1 
IB 115±2 3.22±0.1 310±58 316±20 313±31 262±1 
II 112±1 5.45±0.18 469±36 452±19 461±20 539±1 
III 33.1±0.2 2.93±0.15 146±1 130±3 138±1 118±0 
IV 37.6±0.2 2.67±0.05 63.3±1.7 72.5±2 67.9±1.3 83.3±0.1 
V 62.5±0.3 3.78±0.02 181±3 172±7 176±4 180±0 

Sized 
IA 56.9±0.5 3.3±0.14 198±5 164±9 181±5 121±0 
IB 59.8±0.4 3.22±0.01 159±6 153±10 156±6 122±0 
II 28.6±0.8 3.82±0.07 187±8 183±5 185±5 185±0 

 

Table 6-2 – Summary of data found after incubation of samples at 20˚C for 100 days. 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA 187±0 5.48±0.36 306±23 310±24 308±16 291±1 
IB 123±1 4.05±0.23 186±6 176±6 181±4 159±0 
II 117±1 6.6±0.06 433±48 377±40 405±31 344±1 
III 38.8±0.2 3.38±0.08 114±5 129±7 121±4 80.8±0.1 
IV 39.8±0.2 2.68±0.02 80.1±2.1 76.1±6.5 78.1±3.4 59±0.2 
V 65.6±0.2 3.73±0.03 191±16 199±14 195±10 113±0 

Sized 
IA 64.4±1.2 3.28±0.05 189±8 195±10 192±6 84.8±0.2 
IB 63.5±0.2 3.22±0.04 153±8 165±15 159±9 87.2±0.2 
II 51.8±0 4.43±0.04 188±1 159±4 173±2 133±0 
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Table 6-3 – Table showing the percentage difference in parameters from baseline values due to incubation of 
samples at 20˚C for ten days 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA -5% -13% 12% 20% 16% 37% 
IB -15% -20% 64% 93% 78% 70% 
II -11% -10% 43% 46% 45% 25% 
III -27% -9% 32% 12% 22% 29% 
IV -42% 4% -11% 28% 7% 56% 
V -24% -4% -11% -14% -13% 55% 

Sized 
IA 17% -1% 8% -15% -4% 18% 
IB -4% -2% 6% -5% 0% 20% 
II -48% -18% 4% 29% 15% 19% 

 

Table 6-4 – Table showing the percentage difference in parameters from baseline values due to incubation of 
samples at 20˚C for 100 days. 

State Serotype 
[η] 

(mL.g-1) 

Analytical 
ultracentrifugation 

SEC-MALS 

s˚20,w 
(S) 

Mw 
(combined, 

kDa) 

Mw 
(kDa) 

[η] 
(mL.g-1) 

Polydispersity 
(Mw.Mn-1) 

Native 

IA -14% 9% -15% -6% -11% 0% 
IB -9% 0% -1% 8% 3% 3% 
II -8% 9% 32% 22% 27% -20% 
III -15% 5% 3% 11% 7% -12% 
IV -39% 5% 13% 35% 23% 11% 
V -20% -6% -6% -1% -4% -3% 

Sized 
IA 32% -1% 2% 1% 2% -17% 
IB 2% -2% 2% 2% 2% -14% 
II -6% -4% 4% 12% 8% -15% 

 

This data can also be described graphically to show how each parameter changes, shown in 

Figure 6.73, 6.74, 6.75, 6.76 and 6.77. 
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Figure 6.73 – Viscosity of each polysaccharide as determined by U-tube viscometry, and how they altered after 
incubation at 20˚C. 

 

Figure 6.74 – Sedimentation coefficient of each polysaccharide as determined by sedimentation velocity, and how 
they altered after incubation at 20˚C. 



 
 

224 
 

 

Figure 6.75 – Molecular weight of each polysaccharide as determined by sedimentation equilibrium, and how they 
altered after incubation at 20˚C. 

 

Figure 6.76  – Molecular weight of each polysaccharide as determined by SEC-MALS, and how they altered after 
incubation at 20˚C. 
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Figure 6.77 – Viscosity of each polysaccharide as determined by SEC-MALS, and how they altered after incubation 
at 20˚C. 

For the sedimentation coefficient values, as the error ranges are large on each point and the 

gradient is near zero, it is possible the treat the data set as a set of repeated measurements. 

By doing this, it is possible to perform a statistical test to assess whether the differences 

between measured sedimentation coefficient are significant. These results are given in Table 

6-5, by listing the P value when performing a student’s T test. 

Table 6-5 – The resulting p values when performing a student’s T test on the sedimentation coefficient datasets 
after exposure to stress caused by continued incubation at 20˚C. A p value < 0.05 is assumed to reflect a significant 
difference, and these are highlighted. 

State Serotype 
p values 

10 days 100 days 

Native 

IA 0.008 0.364 
IB 0.000 0.194 
II 0.000 0.252 
III 0.001 0.871 
IV 0.311 0.497 
V 0.025 0.010 

Sized 
IA 0.192 0.087 
IB 0.160 0.021 
II 0.003 0.992 
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6.11 Discussion 

As in section 5, different methods here suggest different outcomes. After incubation for ten 

days, most viscosity values fell except sized polysaccharide from serotypes IA, which 

increased. The possibility that some of the samples may have degraded is supported by the 

sedimentation velocity data, which showed a decrease in sedimentation coefficient for all 

samples except native polysaccharide from serotype II. As both the viscosity and 

sedimentation coefficient fell in most cases, it is more likely that the molecular weight has 

fallen rather than the samples undergoing a conformational change. However, this was only 

corroborated by sedimentation equilibrium data in polysaccharides from serotypes IV and V. 

Much of the viscometry data measured using SEC-MALS was inconsistent with that measured 

by U-tube viscometry, as most samples increase rather than decrease, and five of the 

molecular weights as measured by sedimentation equilibrium, which saw either no change or 

decreases. This may suggest that some feature of incubation made the samples less 

appropriate for analysis by SEC-MALS, although it is unclear what this may be. As native 

polysaccharide from serotype IB molecular weight almost doubles (increasing by 93%) this 

sample could be dimerising, althlugh this may be occurring only suring the SEC-MALS analysis 

as it was not corroborated by sedimentation equilibrium. 

After incubation for one hundred days, many of the results seen by viscometry became 

inconsistent. Only polysaccharides from serotype IA (both native and sized) and native 

polysaccharide from serotype IV gave consistent results (with either a plateau or a consistent 

change) while all others saw an increase from the data seen after incubation for ten days. 

However, overall, there was still a decrease in viscosity in the majority of cases compared to 

the baseline values. 

After combining molecular weight readings taken by sedimentation equilibrium, five samples 

saw changes after incubation for one hundred days. Polysaccharides from native serotypes 
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Ib, II, III and V all increased, while native polysaccharide from serotype IV decreased. While 

serotypes IV and V had not previously changed very much, serotypes II and III had increased 

previously, and had now decreased from the values after incubation for ten days. Further 

inconsistencies were seen in native polysaccharide from serotype IA, sized polysaccharide 

from serotype IB, and sized polysaccharide from serotype II all returned to values unchanged 

from the baseline, despite having changed after a ten-day incubation. 

While many changes were still seen in the SEC-MALS data, they were not as great as 

previously found after incubation for ten days, with many of the molecular weights now 

decreasing. This suggests that the previous suggestion – that the incubation altered the 

samples in such a way that it was no longer appropriate to analyse them by SEC-MALS – was 

not correct, and that these results are anomalous for another reason. Most serotypes saw a 

decrease in molecular weight, except native polysaccharide from serotype IA which remained 

unchanged, and native polysaccharides from serotypes IB and IV which increased. These 

changes (or lack of change) in molecular weight all matched the changes seen in viscosity, 

suggesting an internal consistency seen in SEC-MALS results at this time point. However, 

there was no consensus between SEC-MALS and the previously discussed sedimentation and 

viscosity data, providing further evidence of the highly variable nature of the results. 

Unlike with section 5, there was no obvious increase in differences seen between the two 

levels of stress, which may suggest that the samples are more susceptible to freeze-thaw 

stress than they are to degradation at room temperature. However, it is also possible that 

the changes seen are due to the natura variation between measurements rather than 

genuine changes. It is for this reason that the statistical tetst possible using sedimentation 

velocity analysis are so important. 

In this analysis, there was statistically significant change in sedimentation coefficient for all 

samples except native polysaccharide from serotype IV, and sized polysaccharide from 
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serotype IA. However, after 100 days many of these values return to no longer being 

significantly different from the baseline. This means one of two things must be occurring 

here. Either the changes that occur after 10 days are genuine, but a further change after 100 

day incubation causes a further alteration that masks the structural changes that have 

occurred. Alternatively, the measurements must be affected by some factor other than the 

stress to which the samples have been exposed, suggesting that some further factor must be 

controlled to allow meaningful analysis.  

As in section 5, it is not possible to determine how effective the molecules would be as a 

vaccine even if they are damaged. It is possible that even if the changes do reflect genuine 

degradation, it will not impact on the ability of the polysaccharide to act as a vaccine. It also 

remains unclear if the differences observed are genuine, particularly as many of the observed 

changes are inconsistent between techniques.
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7 Stability after incubation at 37˚C 

While section 6 studied the effects of incubation for long periods at room temperature on 

the structure of the vaccine components, the effect of incubation at 37˚C should also be 

studied. As samples are unlikely to be stored at such a high temperature, it did not seem 

necessary to analyse samples that had been incubated at this temperature for 10 or 100 days 

as was done in section 6. Instead, measurements were taken of the samples at this 

temperature. However, it is not possible to take measurements at such high temperatures 

with all techniques outlined in this project. For this reason, measurements are presented 

only from results of analysis in a U-tube viscometer. 

When temperature is increased, the flow time of the solution through a U-tube will decrease 

due to lower solution viscosity, so it may be tempting to point to this as an explanation for 

any decrease seen in viscosity. However, as part of the process of calculating the intrinsic 

viscosity, the relative viscosity is first calculated using the flow time of the solution and the 

solvent, as in Equation (3). As the flow time of the solvent will also be reduced, this should 

eliminate the effect of increased temperature on the solution viscosity unless it also causes a 

change in molecular structure altering the intrinsic viscosity. 

An increase in observed viscosity may indicate that the polysaccharides adopt a less compact 

conformation or even self-associate at higher temperature, while a decrease in observed 

viscosity may indicate the polysaccharides have broken down, or that they have formed an 

insoluble aggregate which significantly decreases the concentration. 

7.1 Method 

A dilution series was made and incubated overnight in a water bath at 37˚C. The flow time of 

each dilution was then measured in a U-tube viscometer submerged in a water bath at 37˚C. 

The density of each dilution was measured in a density meter, also set to 37˚C. These values 
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were then used to calculate the intrinsic viscosity as outlined in section 3.5, and comparisons 

drawn between these values and previous results when assessing baseline values in section 

4. 

7.2 Native GBS polysaccharide, serotype IA 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.1 gives the intrinsic viscosities as (210 ± 12) mL.g-1 (Huggins), (203 ± 8) mL.g-1 

(Kraemer) and (207 ± 9) mL.g-1 (Solomon-Ciuta). The mean average value of these is (206 ± 6) 

mL.g-1. 

 

Figure 7.1 – Plot of viscosity against concentration for N-IA after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.3 Native GBS polysaccharide, serotype IB 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.2 gives the intrinsic viscosities as (111 ± 3) mL.g-1 (Huggins), (111 ± 3) mL.g-1 

(Kraemer) and (112 ± 3) mL.g-1 (Solomon-Ciuta). The mean average value of these is (111 ± 2) 

mL.g-1. 

 

Figure 7.2 – Plot of viscosity against concentration for N-IB after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 

  



 
 

232 
 

7.4 Native GBS polysaccharide, serotype II 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.3 gives the intrinsic viscosities as (109 ± 2) mL.g-1 (Huggins), (108 ± 2) mL.g-1 

(Kraemer) and (109 ± 2) mL.g-1 (Solomon-Ciuta). The mean average value of these is (109 ± 1) 

mL.g-1. 

 

Figure 7.3 – Plot of viscosity against concentration for N-II after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.5 Native GBS polysaccharide, serotype III 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.4 gives the intrinsic viscosities as (43.5 ± 1.0) mL.g-1 (Huggins), (43.6 ± 1.0) 

mL.g-1 (Kraemer) and (43.5 ± 1.0) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(43.5 ± 0.6) mL.g-1. 

 

Figure 7.4 – Plot of viscosity against concentration for N-III after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.6 Native GBS polysaccharide, serotype IV 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.5 gives the intrinsic viscosities as (55.6 ± 1.3) mL.g-1 (Huggins), (55.6 ± 1.2) 

mL.g-1 (Kraemer) and (55.7 ± 1.2) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(55.6 ± 0.7) mL.g-1. 

 

Figure 7.5 – Plot of viscosity against concentration for N-IV after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.7 Native GBS polysaccharide, serotype V 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.6 gives the intrinsic viscosities as (79.5 ± 0.1) mL.g-1 (Huggins), (79.3 ± 0.1) 

mL.g-1 (Kraemer) and (79.4 ± 0.1) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(79.4 ± 0.1) mL.g-1. 

 

Figure 7.6 – Plot of viscosity against concentration for N-V after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.8 Sized GBS polysaccharide, serotype IA 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.7 gives the intrinsic viscosities as (70.4 ± 1.8) mL.g-1 (Huggins), (70.6 ± 1.5) 

mL.g-1 (Kraemer) and (70.6 ± 1.6) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(70.5 ± 0.9) mL.g-1. 

 

Figure 7.7 – Plot of viscosity against concentration for S-IA after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.9 Sized GBS polysaccharide, serotype IB 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.8 gives the intrinsic viscosities as (48.3 ± 0.7) mL.g-1 (Huggins), (48.2 ± 0.6) 

mL.g-1 (Kraemer) and (48.3 ± 0.6) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(48.3 ± 0.4) mL.g-1. 

 

Figure 7.8 – Plot of viscosity against concentration for S-IB after incubation at 37˚C, with linear fits to extrapolate 
to zero concentration. 
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7.10 Sized GBS polysaccharide, serotype II 

Plotting the relevant viscosity functions and extrapolating back to where the concentration is 

zero in Figure 7.9 gives the intrinsic viscosities as (53.5 ± 0.9) mL.g-1 (Huggins), (53.6 ± 0.8) 

mL.g-1 (Kraemer) and (53.6 ± 0.9) mL.g-1 (Solomon-Ciuta). The mean average value of these is 

(53.6 ± 0.5) mL.g-1. 

 

Figure 7.9 – Plot of viscosity against concentration for S-II after incubation at 37˚C, with linear fits to extrapolate to 
zero concentration. 
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7.11 Summary 

Table 7-1 below shows a summary of viscosity data presented above when measured at 37˚C. 

A comparison to Table 4-1 allows a rudimentary form of a student’s t-test by establishing 

whether the data ranges, as defined by the values and their errors, overlap in each sample. 

These comparisons are also shown in Table 7-1, where any samples which do not change 

after incubation are marked with “✓” while percentage changes are given for any samples 

with a statistically significant difference. 

Table 7-1 – Table showing which parameters changed from baseline values when samples are assessed at 37˚C. 
For samples which saw a statistically significant change the percentage change is given, while those which were 
not significantly different are marked with ✓. 

State Serotype [η] at 20˚C 
(mL.g-1) 

[η] at 37˚C 
(mL.g-1) 

Percentage 
difference 

Native 

IA 218 ± 2 206 ± 6 -5% 
IB 136 ± 0 111 ± 2 -18% 
II 127 ± 1 109 ± 9 -13% 
III 44.7 ± 0.5 43.5 ± 0.6 -1% 
IV 65.0 ± 0.6 65.4 ± 2.7 -13% 
V 81.8 ± 0.9 77.6 ± 0.6 -2% 

Sized 
IA 48.7 ± 0.1 70.5 ± 0.9 45% 
IB 62.1 ± 0.1 48.3 ± 0.4 -22% 
II 55.0 ± 0.7 49.5 ± 1.6 -1% 

 

7.12 Discussion 

In the majority of cases, there was a decrease in the intrinsic viscosity measured at 37˚C. This 

could be due to the degradation of each molecule at higher temperatures, or a decrease in 

concentration if an insoluble aggregate forms. No obvious aggregates were visible when 

analysed, which suggests that the change in viscosity is more likely to result from a 

breakdown in the molecular structure of each polysaccharide. 

The exception to this decrease in viscosity was the sized polysaccharide from serotype IA. 

This molecule saw a sharp increase in measured viscosity. This could be explained by the 

polysaccharide adopting a less compact conformation. 
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Regardless of the changes that may occur due to the increase in temperature, the question 

remains whether this should be a concern. Does a minor change in structural integrity 

indicate a problem in the efficacy of the molecule as a vaccine? Where changes in viscosity 

have been observed they tend to be small, indicating only minor degradation, which suggests 

that a major portion of the molecule remains intact. Therefore, the molecule is likely to still 

be recognised as an antigen by the immune system. There may be an issue if the 

polysaccharide undergoes a degradation that causes the connection to the carrier protein to 

become severed, as this would remove the benefits of a glycoconjugate vaccine. The 

strongest conclusion that can be drawn from these results is that there is reason to be 

concerned that the connection to a protein may be more labile at 37˚C if the polysaccharide 

undergoes minor degradation, but this is something that must be tested on the final 

polyvalent conjugated vaccine. Testing the strength of this link should be relatively simple as 

if the link breaks it will cause a much more significant structural change that could be easily 

measured. 

However, it should also be stressed that, as seen in previous sections, there is a significant 

variation seen between experiments even when there is no logical explanation for that 

change. This may indicate that unless there is a substantial change in the observed values, 

the change is simply due to uncontrolled variation. This is perhaps more likely as almost all 

samples saw a decrease in viscosity as a result of the stresses applied, suggesting that there 

is an additional variable at play which is not controlled by measuring the flow time of both 

solution and solvent at the higher temperature.  In this case, the only notable result is the 

increased viscosity of the sized polysaccharide from serotype IA as this saw an in increase in 

viscosity of 45%.
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8 A study of potential interactions with common blood proteins 

Human blood is a complex mixture of proteins, hormones, cells, and salts. These may all be 

capable of interacting with a potential vaccine and can thus be considered to have an impact 

on its stability in the body. However, it should be noted that vaccines are usually delivered 

into a muscle [242] and are usually taken up by immune system cells without reaching the 

blood [80]. This means that interactions with the blood only become possible if the vaccine is 

accidentally administered directly into a blood vessel. Three proteins present at highest 

concentrations in the blood were selected to test for possible interactions with the vaccine 

candidates. The selected proteins were human serum albumin (HSA), fibrinogen and 

immunoglobulin, present at 80.0 mg.mL-1, 5.33 mg.mL-1 and 13.5 mg.mL-1 respectively [243, 

244]. 

Albumin is synthesized primarily by the liver [245] and has a number of functions. It 

contributes to maintaining the osmotic pressure of blood [245] and can bind to a variety of 

ions such as copper, zinc and calcium [245]. The binding properties of albumin are not limited 

to these extremely small particles. Albumin can bind to many endogenous molecules, such as 

long-chain fatty acids, L-tryptophan and steroids [245-247] as well as exogenous molecules 

such as chlorpromazine, ibuprofen, naproxen and warfarin [245-247]. As well as carrying 

these important compounds into tissues, albumin can also transport waste products, notably 

bilirubin, to the liver where it can be excreted [245]. By binding to these molecules, albumin 

prevents them from receiving oxidative damage, as the oxidation products can be harmful 

[245]. Oxidative damage is also prevented by the binding of metal ions to limit redox activity 

[247]. In addition to HSA, bovine serum albumin (BSA) was also used here due to its common 

use as a model protein, and to corroborate the HSA data. 

Fibrinogen is a key protein in the formation of blood clots [248]. It is usually formed of two 

sets of disulphide-bridged Aα-, Bβ-, and γ-chains [249]. However, after an injury, thrombin is 
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released which cleaves fibrinopeptide A from the Aα-chains, forming fibrin [250]. The fibrin 

rapidly polymerises into double-stranded fibrils [251], which associate into a highly branched 

clot network after plasma protransglutaminase covalently cross links γ-chain pairs [252]. This 

scaffold provides a framework which can anchor to the extracellular matrix of surrounding 

cells through fibronectin [253] and associate with platelet α2bβ3 receptor to form a blood clot 

[254].  

Immunoglobulins are also present in the blood, and their function is described briefly in 

section 1.2.1, page 11. When analysing interactions, immunoglobulins pose an additional 

challenge as they possess high polydispersity due to their variable binding site, introducing 

complexity and unpredictability. This issue has been circumvented by using two monoclonal 

antibodies in this study, IgG1 Cri and IgG1 Wid. As the chosen antibodies have not been 

generated in response to Group B Streptococcus, it can be assumed that any interaction must 

occur outside the binding site. As well as potentially forming aggregates, this could prevent 

the interaction of antibodies with the immune system and thus may weaken the immune 

response. For this reason, any interaction is assumed to be negative. 

8.1 Protein baseline values 

While baseline measurements have been taken for polysaccharides in section 4, these 

measurements also must be taken for the proteins to understand the nature of any potential 

interaction. 

Proteins were dissolved in solutions of phosphate buffer at pH 7 and ionic strength 0.1 M, 

produced using 4.595 g Na2HPO4.12H2O, 1.561 g KH2PO4 and 2.923 g NaCl, in 1L of MilliQ 

water. Concentration was then measured using a Unicam Thermo Helios Alpha UV/Vis 

Spectrophotometer. The absorbance at 280 nm was used to give the concentration using the 

Beer-Lambert Law: 
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𝐴ଶ଼଴ = 𝜀. 𝑐. 𝑙 (20) 

where ε is the extinction coefficient in mL.mg-1.cm-1, c is the concentration in mg.mL-1 and l is 

the path length in cm. The proteins were dissolved at sufficient quantities to give a 

concentration of 10 mg.mL-1, and were filtered using Whatman® Puradisc 25 syringe filters, 0.2 

μm, PVDF to remove insoluble material before having their absorbance measured. The 

extinction coefficients used are summarised in Table 8-1. The immunoglobulins supplied 

were provided in solution at 7.3 mg.mL-1 and 9.0 mg.mL-1 for IgG1 Cri and IgG1 Wid 

respectively. 

Table 8-1 – Summary of extinction coefficients used to calculate the intrinsic viscosity and partial specific volume 
of each protein studied.. 

Parameter BSA HSA Fibrinogen 
ε280 (mL.mg-1.cm-1) 0.655 0.538 1.510 

l (cm) 0.1 0.1 0.1 
Mw (g.mol-1) 66400 66400 340000 

 

The values of ε280 for BSA and HSA were taken from literature values [255, 256] while the 

value for fibrinogen had to be calculated using a value for E1% [257], related by the formula: 

𝜀ଶ଼଴ =  
𝐸ଵ%. 𝑀𝑤

10
 (21) 

Once the concentrations were known, the samples were then diluted to give a concentration 

series, used to establish a baseline value for viscosity and to determine v̅. 

The viscosity and density of each protein were measured to obtain the intrinsic viscosity and 

partial specific volume. This was not repeated for the polysaccharides as these values were 

already known, provided in section 4. The values for intrinsic viscosity were then used to 

assess whether the mixtures of protein and polysaccharide behaved in a different manner to 

a mixture of each component part. The values for partial specific volume were used to 

calculate an average value between the protein and polysaccharide that could be used when 
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analysing sedimentation data. The results of these experiments on each protein are provided 

in the graphs and tables below. 

8.1.1 BSA 

Density was measured and the results plotted against concentration, shown in Figure 8.1. 

Using the slope of this graph, v̅ can be calculated as 0.719 mL.g-1, although no error is 

described at this level of precision. The buffer density was measured as (1.003472 ± 

0.000001) mL.g-1. 

 

Figure 8.1 - Plot of density against concentration for BSA, with a linear fit to obtain gradient. 

As the stock concentration was low, plotting the relevant viscosity functions and 

extrapolating back to where the concentration is zero will not give appropriate values for the 

intrinsic viscosity as the U-tube viscometer is not an accurate method below 5 mg.mL-1. 

Therefore, only the value at the highest concentration (9.71 mg.mL-1) is used in the Solomon-

Ciuta Equation to give an intrinsic viscosity of (3.86 ± 0.01) mL.g-1. 
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8.1.2 HSA 

Density was measured and the results plotted against concentration, shown in Figure 8.2. 

Using the slope of this graph, v̅ can be calculated as (0.722 ± 0.007) mL.g-1. The buffer density 

was measured as 1.003228 mL.g-1, although no error is described at this level of precision. 

 

Figure 8.2 – Plot of density against concentration for HSA, with a linear fit to obtain gradient. 

As with BSA, plotting the relevant viscosity functions and extrapolating back to where the 

concentration is zero will not give appropriate values for the intrinsic viscosity as the U-tube 

viscometer is not an accurate method below 5 mg.mL-1. Therefore, only the value at the 

highest concentration (7.72 mg.mL-1) is used in the Solomon-Ciuta Equation to give an 

intrinsic viscosity of (4.17 ± 0.02) mL.g-1. 

8.1.3 Fibrinogen 

It was not possible to accurately measure density due to the difficulty of keeping fibrinogen 

in solution. This may have led to the measured concentration not being accurate as over time 

further molecules would have come out of solution. While attempts were made to take these 
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measurements, the resulting value of v̅ was much lower than would typically be expected for 

a protein. Therefore, a literature value of 0.721 mL.g-1 for v̅ will be used instead [258]. The 

buffer density was measured as 1.003228 mL.g-1, although no error is described at this level 

of precision. 

Due to the extended conformation of fibrinogen, it is possible to plot the relevant viscosity 

functions and extrapolate back to where the concentration is zero. This is done in Figure 8.3, 

which gives the intrinsic viscosities as (18.2 ± 0.03) mL.g-1 (Huggins), (18.6 ± 0.03) mL.g-1 

(Kraemer) and (18.5 ± 0.03) mL.g-1 (Solomon-Ciuta). The mean average value of these is (18.4 

± 0.02) mL.g-1. 

 

Figure 8.3 – Plot of viscosity against concentration for fibrinogen, with linear fits to extrapolate to zero 
concentration. As fibrinogen is slightly more viscous than the other proteins studied it is possible to perform an 
extrapolation, although it was still not possible at very low concentrations (i.e. less than 0.002 g.mL-1) and so these 
have not been included in the extrapolation. 

8.1.4 Immunoglobulins 

As the samples of immunoglobulin were provided in solution in relatively low volume, it 

would have been necessary to dialyse a sample of the IgG with all nine samples of 
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polysaccharide simultaneously to give a suitable reference dialysate. This would have been 

impractical and may have led to mild cross-contamination by any small molecules unique to 

specific polysaccharide samples, and so was not performed. This meant it was not possible to 

assess the viscosity or v̅ as there was no reference solvent to use as a comparison. The value 

for v̅ had to be calculated using literature values instead. 

This was done by first finding the v̅ of an average IgG1 molecule [259]. Then, the average 

percentage glycosylation was also calculated [259, 260]. The v̅ of a glycosylated molecule will 

be a weighted average of the v̅ values for the individual polysaccharide and protein 

components, depending on their relative proportions. Reversing this can thus be used to find 

the v̅ of the individual components. These values, along with the percentage glycosylation of 

IgG1 Cri and IgG1 Wid [228] can then be used to calculate the v̅ of these molecules. This gives 

the value of v̅ for IgG1 Cri as 0.729 mL.g-1 and IgG1 Wid as 0.728 mL.g-1. 

8.1.5 Summary 

The values for [η] and v̅ to be used in this interaction study are summarised in Table 8-2 

below. 

Table 8-2 – Summary of the viscosities and partial specific volume values used in this study. 

Protein [η] (mL.g-1) v̅ (mL.g-1) 
BSA 3.86 ± 0.01 0.719 ± 0.004 
HSA 4.17 ± 0.02 0.732 ± 0.017 

Fibrinogen 18.4 ± 0.2 0.721 
IgG1 Cri n/a 0.729 

IgG1 Wid n/a 0.728 
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8.2 Method 

Protein samples were prepared by making an approximately 5 mg.mL-1 solution of each 

protein. Three proteins (BSA, HSA and fibrinogen) and a single polysaccharide sample were 

then dialysed in the same dialysate, with the four dialysis tubes differentiated by their length. 

After this, the protein samples were filtered and an accurate reading of protein 

concentration found by spectrophotometry. Concentration was measured using a 

refractometer for the polysaccharide as before. After this, all solutions were diluted to give 

specific concentrations which could then be mixed at a 1:1 mass ratio when assessing their 

potential interactions. As previously mentioned, it was sometimes difficult to keep fibrinogen 

in solution and so sometimes the solutions prepared had low concentration. In these cases, 

the concentration of the polysaccharide was decreased to match and still give a 1:1 ratio. 

Assessments were performed using a viscometer and by sedimentation velocity. 

The exact method was slightly different for assessing IgG interactions. As previously stated, 

no dialysis could be performed on the IgG samples, so it was not necessary to re-measure 

concentration. The samples of IgG and polysaccharide were instead diluted directly to give a 

1:1 mass ratio to assess their interactions. In addition, due to time constraints when 

performing these experiments, sedimentation velocity experiments were not performed 

directly on the polysaccharide samples. Instead, averaged data from the other protein 

interaction experiments were used as a comparison. 

Sedimentation equilibrium was not used initially as the multi-component system is more 

complicated to analyse, but could be incorporated later to clarify results. SEC-MALS was not 

used as the resolution of the columns would not allow the different components to be 

distinguished. The only way that SEC-MALS could provide useful information would be if it 

indicated that a significantly larger complex such as an aggregate formed, but as passing an 
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aggregate through the system would likely damage the column it was decided not to use this 

method. 

Mixtures of protein and polysaccharide were assessed using viscosity and sedimentation 

velocity in an analytical ultracentrifuge. There are four possible outcomes which could be 

seen as a result of these two techniques. Firstly, if there were no interaction, the viscosity 

would act as an average of the viscosities of each component and peaks would be visible for 

each component of the mixture in the graph of sedimentation coefficients. Secondly, if there 

were an interaction which caused the components to form a complex, the viscosity would 

increase due to the increased size of the molecule, while the sedimentation coefficient would 

produce an additional peak indicating the presence of a large molecule. Third, if the 

interaction caused the formation of a large insoluble aggregate, the loss of this complex from 

the solution would cause viscosity to decrease, and would sediment almost immediately in 

the centrifuge, which could give either an additional peak with an extremely high 

sedimentation coefficient, or may even sediment too rapidly to be detected. Finally, if the 

interaction led to the degradation of either molecule, the overall viscosity would decrease 

due to the reduction in size, and additional peaks for smaller molecules would be seen in the 

sedimentation data. 

To assess whether the viscosity was impacted by an interaction, previously calculated values 

of the intrinsic viscosity were used to determine a theoretical relative viscosity by 

rearranging the Huggins and Kraemer equations on page 44, Equations (4) and (5), in the 

manner shown below: 

𝜂௥ = ([𝜂]ு௨௚௚௜௡௦. 𝑐) + 1 (22) 

𝜂௥ = 𝑒[ఎ]಼ೝೌ೐೘೐ೝ .௖ (23) 
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Reversing the Solomon-Ciuta Equation is more complex as the relative viscosity is present 

twice as a term as shown in Equation (6), page 44. Therefore, only the Huggins and Kraemer 

equations are used here. 

Due to the extremely low viscosities of the globular proteins studied in these experiments, 

their relative viscosity was found to be approximately equal to one at the concentrations 

studied and so only the viscosity of the polysaccharide needed to be considered in the 

analysis. 
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8.3  Native GBS polysaccharide, serotype IA 

 

8.3.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-3. For N-IA 

combined with each protein, there is a slight reduction in ηr, which in all cases is statistically 

significant except when combined with fibrinogen. 

 

Table 8-3 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-IA in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-IA + BSA 218 ± 2 0.500 1.112 ± 0.008 1.093 ± 0.000 
N-IA + BSA 218 ± 2 1.000 1.232 ± 0.009 1.215 ± 0.000 
N-IA + HSA 218 ± 2 0.500 1.112 ± 0.008 1.091 ± 0.000 
N-IA + HSA 218 ± 2 1.000 1.232 ± 0.009 1.212 ± 0.000 

N-IA + fibrinogen 218 ± 2 0.305 1.068 ± 0.007 1.063 ± 0.001 
N-IA + fibrinogen 218 ± 2 0.610 1.138 ± 0.008 1.138 ± 0.001 

 

 

8.3.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-4 gives sedimentation coefficient values for N-IA and BSA, while the distributions are 

shown in Figure 8.4. As the sedimentation coefficients for N-IA and BSA are similar it is not 

possible to distinguish the distributions. 

Table 8-4 – Summary of peak sedimentation coefficient values for N-IA and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IA 0.5 4.56 ± 1.62 
N-IA 1 4.06 ± 1.17 
N-IA 2 2.89 ± 0.55 
BSA 0.5 4.23 ± 1.53 
BSA 1 4.41 ± 1.70 

N-IA + BSA 0.5 + 0.5 3.13 ± 1.36 
N-IA + BSA 1 + 1 3.88 ± 1.32 

 

 

Figure 8.4 – Distribution of sedimentation coefficients of N-IA and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-5 gives sedimentation coefficient values for N-IA and HSA, while the distributions are 

shown in Figure 8.5. As the sedimentation coefficients for N-IA and BSA are similar it is not 

possible to distinguish the distributions. 

Table 8-5 – Summary of peak sedimentation coefficient values for N-IA and HSA. 

Sample(s) Concentration (mg/mL) s20,w (S) 
N-IA 0.5 4.56 ± 1.64 
N-IA 1 4.06 ± 1.16 
N-IA 2 3.13 ± 0.59 
HSA 0.5 4.58 ± 1.92 
HSA 1 4.69 ± 2.02 

N-IA + HSA 0.5 + 0.5 4.37 ± 1.64 
N-IA + HSA 1 + 1 4.16 ± 1.49 

 

 

Figure 8.5 – Distribution of sedimentation coefficients of N-IA and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-6 gives sedimentation coefficient values for N-IA and fibrinogen, while the 

distributions are shown in Figure 8.6. The sedimentation coefficients for N-IA and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-6 – Summary of peak sedimentation coefficient values for N-IA and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IA 0.305 4.88 ± 1.91 
N-IA 0.61 4.47 ± 1.55 
N-IA 1.22 3.89 ± 6.99 

Fibrinogen 0.305 7.76 ± 1.20 
Fibrinogen 0.61 7.77 ± 1.25 

N-IA + fibrinogen peak 1 0.305 + 0.305 4.60 ± 1.31 
N-IA + fibrinogen peak 2 0.305 + 0.305 7.40 ± 1.18 
N-IA + fibrinogen peak 1 0.610 + 0.610 4.30 ± 1.18 
N-IA + fibrinogen peak 2 0.610 + 0.610 7.20 ± 1.20 

 

 

Figure 8.6 – Distribution of sedimentation coefficients of N-IA and fibrinogen, both alone and in combination, at 
0.305 mg.mL-1 (upper) and 0.610 mg.mL-1 (lower). 
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Table 8-7 gives sedimentation coefficient values for N-IA and IgG1 Cri, while the distributions 

are shown in Figure 8.7. The sedimentation coefficients for N-IA and IgG1 Cri are different 

enough that it is possible to distinguish the distributions. 

Table 8-7 – Summary of peak sedimentation coefficient values for N-IA and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IA 0.5 4.56 ± 1.34 
N-IA 1 4.06 ± 0.95 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-IA + IgG Cri peak 1 0.5 + 0.5 4.20 ± 0.60 
N-IA + IgG Cri peak 2 0.5 + 0.5 6.38 ± 0.81 
N-IA + IgG Cri peak 1 1 + 1 3.91 ± 0.46 
N-IA + IgG Cri peak 2 1 + 1 6.12 ± 0.75 

 

 

Figure 8.7 – Distribution of sedimentation coefficients of N-IA and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-8 gives sedimentation coefficient values for N-IA and IgG1 Wid, while the 

distributions are shown in Figure 8.8. The sedimentation coefficients for N-IA and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-8 – Summary of peak sedimentation coefficient values for N-IA and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IA 0.5 4.56 ± 1.34 
N-IA 1 4.06 ± 0.95 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-IA + IgG Wid peak 1 0.5 + 0.5 4.13 ± 0.56 
N-IA + IgG Wid peak 2 0.5 + 0.5 6.23 ± 0.82 
N-IA + IgG Wid peak 1 1 + 1 3.90 ± 0.43 
N-IA + IgG Wid peak 2 1 + 1 6.07 ± 0.78 

 

 

Figure 8.8 – Distribution of sedimentation coefficients of N-IA and IgG1 Wid, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.4 Native GBS polysaccharide, serotype IB 

 

8.4.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-9. For N-IB 

combined with each protein, there is a slight reduction in ηr, which in all cases is statistically 

significant. 

 

Table 8-9 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-IB in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-IB + BSA 136 ± 0 0.500 1.069 ± 0.000 1.062 ± 0.000 
N-IB + BSA 136 ± 0 1.000 1.141 ± 0.000 1.135 ± 0.000 
N-IB + HSA 136 ± 0 0.500 1.069 ± 0.000 1.061 ± 0.002 
N-IB + HSA 136 ± 0 1.000 1.141 ± 0.000 1.134 ± 0.001 

N-IB + fibrinogen 136 ± 0 0.382 1.053 ± 0.000 1.050 ± 0.002 
N-IB + fibrinogen 136 ± 0 0.764 1.107 ± 0.000 1.114 ± 0.003 

 

 

8.4.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 

  



 
 

258 
 

Table 8-10 gives sedimentation coefficient values for N-IB and BSA, while the distributions 

are shown in Figure 8.9. As the sedimentation coefficients for N-IB and BSA are similar it is 

not possible to distinguish the distributions. 

Table 8-10 – Summary of peak sedimentation coefficient values for N-IB and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IB 0.5 3.83 ± 1.49 
N-IB 1 3.56 ± 1.09 
N-IB 2 3.12 ± 0.72 
BSA 0.5 4.60 ± 1.83 
BSA 1 4.58 ± 1.70 

N-IB + BSA 0.5 + 0.5 4.17 ± 1.96 
N-IB + BSA 1 + 1 3.94 ± 1.57 

 

 

Figure 8.9 – Distribution of sedimentation coefficients of N-IB and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-11 gives sedimentation coefficient values for N-IB and HSA, while the distributions 

are shown in Figure 8.10. As the sedimentation coefficients for N-IB and BSA are similar it is 

not possible to distinguish the distributions. 

Table 8-11 – Summary of peak sedimentation coefficient values for N-IB and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IB 0.5 3.85 ± 1.30 
N-IB 1 3.60 ± 1.14 
N-IB 2 3.11 ± 0.71 
HSA 0.5 4.50 ± 1.81 
HSA 1 4.79 ± 2.07 

N-IB + HSA 0.5 + 0.5 4.31 ± 1.98 
N-IB + HSA 1 + 1 4.06 ± 1.82 

 

 

Figure 8.10 – Distribution of sedimentation coefficients of N-IB and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-12 gives sedimentation coefficient values for N-IB and fibrinogen, while the 

distributions are shown in Figure 8.11. The sedimentation coefficients for N-IB and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-12 – Summary of peak sedimentation coefficient values for N-IB and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IB 0.382 3.98 ± 1.58 
N-IB 0.764 3.77 ± 1.30 
N-IB 1.528 3.33 ± 0.84 

Fibrinogen 0.382 7.83 ± 1.22 
Fibrinogen 0.764 7.79 ± 1.19 

N-IB + fibrinogen peak 1 0.382 + 0.382 3.99 ± 1.36 
N-IB + fibrinogen peak 2 0.382 + 0.382 7.63 ± 1.14 
N-IB + fibrinogen peak 1 0.764 + 0.764 3.71 ± 1.12 
N-IB + fibrinogen peak 2 0.764 + 0.764 7.29 ± 1.15 

 

 

Figure 8.11 – Distribution of sedimentation coefficients of N-IB and fibrinogen, both alone and in combination, at 
0.382 mg.mL-1 (upper) and 0.764 mg.mL-1 (lower). 
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Table 8-13 gives sedimentation coefficient values for N-IB and IgG1 Cri, while the 

distributions are show in Figure 8.12. The sedimentation coefficients for N-IB and IgG1 Cri are 

different enough that it is possible to distinguish the distributions. 

Table 8-13 – Summary of peak sedimentation coefficient values for N-IB and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IB 0.5 3.84 ± 1.14 
N-IB 1 3.58 ± 0.92 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-IB+ IgG Cri peak 1 0.5 + 0.5 3.68 ± 0.64 
N-IB+ IgG Cri peak 2 0.5 + 0.5 6.42 ± 0.87 
N-IB+ IgG Cri peak 1 1 + 1 3.51 ± 0.52 
N-IB+ IgG Cri peak 2 1 + 1 6.24 ± 0.84 

 

 

Figure 8.12 – Distribution of sedimentation coefficients of N-IB and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-14 gives sedimentation coefficient values for N-IB and IgG1 Wid, while the 

distributions are shown in Figure 8.13. The sedimentation coefficients for N-IB and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-14 – Summary of peak sedimentation coefficient values for N-IB and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IB 0.5 3.84 ± 1.14 
N-IB 1 3.58 ± 0.92 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-IB + IgG Wid peak 1 0.5 + 0.5 3.72 ± 0.62 
N-IB + IgG Wid peak 2 0.5 + 0.5 6.25 ± 0.78 
N-IB + IgG Wid peak 1 1 + 1 3.38 ± 0.45 
N-IB + IgG Wid peak 2 1 + 1 6.00 ± 0.78 

 

 

Figure 8.13 – Distribution of sedimentation coefficients of N-IB and IgG1 Wid, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.5 Native GBS polysaccharide, serotype II 

Here, while the concentration of fibrinogen stock produced was still low, it was possible to 

analyse some samples at higher concentration, although not the mixtures with 

polysaccharides. 

8.5.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-15Table 8-3. For N-

II combined with each protein, there is a slight increase in ηr, which in all cases is statistically 

significant. 

 

Table 8-15 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-II in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-II + BSA 127 ± 1 0.500 1.064 ± 0.005 1.093 ± 0.000 
N-II + BSA 127 ± 1 1.000 1.131 ± 0.005 1.215 ± 0.000 
N-II + HSA 127 ± 1 0.500 1.064 ± 0.005 1.091 ± 0.000 
N-II + HSA 127 ± 1 1.000 1.131 ± 0.005 1.212 ± 0.000 

N-II + fibrinogen 127 ± 1 0.392 1.050 ± 0.005 1.063 ± 0.001 
N-II + fibrinogen 127 ± 1 0.785 1.102 ± 0.005 1.138 ± 0.001 

 

8.5.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-16 gives sedimentation coefficient values for N-II and BSA, while the distributions are 

shown in Figure 8.14. As the sedimentation coefficients for N-II and BSA are similar it is 

difficult to distinguish the distributions. 

Table 8-16 – Summary of peak sedimentation coefficient values for N-II and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-II 0.5 6.25 ± 1.26 
N-II 1 5.82 ± 1.07 
N-II 2 5.04 ± 0.71 
BSA 0.5 4.42 ± 0.94 
BSA 1 4.76 ± 0.98 

N-II + BSA peak 1 0.5 + 0.5 3.60 ± 0.57 
N-II + BSA peak 2 0.5 + 0.5 5.66 ± 0.59 
N-II + BSA peak 1 1 + 1 4.40 ± 0.75 
N-II + BSA peak 2 1 + 1 6.37 ± 0.42 

 

 

Figure 8.14 – Distribution of sedimentation coefficients of N-II and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-17 gives sedimentation coefficient values for N-II and HSA, while the distributions are 

shown in Figure 8.15. They do not show multiple peaks when the two molecules are 

combined at high concentrations, but two statistically different peaks are formed when the 

two molecules are combined at low concentration. 

Table 8-17 – Summary of peak sedimentation coefficient values for N-II and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-II 0.5 6.27 ± 1.27 
N-II 1 5.75 ± 0.98 
N-II 2 4.97 ± 0.71 
HSA 0.5 4.30 ± 0.72 
HSA 1 4.28 ± 0.72 

N-II + HSA peak 1 0.5 + 0.5 4.29 ± 0.70 
N-II + HSA peak 2 0.5 + 0.5 6.69 ± 0.84 

N-II + HSA 1 + 1 4.94 ± 1.14 
 

 

Figure 8.15 – Distribution of sedimentation coefficients of N-II and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-18 gives sedimentation coefficient values for N-II and fibrinogen, while the 

distributions are shown in Figure 8.16. The sedimentation coefficients for N-II and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-18 – Summary of peak sedimentation coefficient values for N-II and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-II 0.5 5.54 ± 2.20 
N-II 1 5.07 ± 1.67 
N-II 2 4.66 ± 1.37 

Fibrinogen 0.5 6.58 ± 1.16 
Fibrinogen 1 6.61 ± 1.06 

N-II + fibrinogen peak 1 0.392 + 0.392 4.44 ± 1.13 
N-II + fibrinogen peak 2 0.392 + 0.392 4.38 ± 0.98 
N-II + fibrinogen peak 1 0.784 + 0.784 6.34 ± 1.05 
N-II + fibrinogen peak 2 0.784 + 0.784 6.02 ± 0.94 

 

 

Figure 8.16 – Distribution of sedimentation coefficients of N-II and fibrinogen, both alone and in combination, at 
0.392 mg.mL-1 (upper) and 0.784 mg.mL-1 (lower). 
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Table 8-19 gives sedimentation coefficient values for N-II and IgG1 Cri, while the distributions 

are shown in Figure 8.17. As the sedimentation coefficients for N-II and IgG1 Cri are similar it 

is difficult to distinguish the distributions. 

Table 8-19 – Summary of peak sedimentation coefficient values for N-II and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-II 0.5 6.26 ± 1.79 
N-II 1 5.79 ± 1.45 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-II+ IgG Cri peak 0.5 + 0.5 6.36 ± 1.07 
N-II+ IgG Cri peak 1 + 1 6.05 ± 0.93 

 

 

Figure 8.17 – Distribution of sedimentation coefficients of N-II and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-20 gives sedimentation coefficient values for N-II and IgG1 Wid, while the 

distributions are shown in Figure 8.18. As the sedimentation coefficients for N-II and IgG1 

Wid are similar it is difficult to distinguish the distributions. 

Table 8-20 – Summary of peak sedimentation coefficient values for N-II and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-II 0.5 6.26 ± 1.79 
N-II 1 5.79 ± 1.45 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-II + IgG Wid 0.5 + 0.5 6.23 ± 0.94 
N-II + IgG Wid 1 + 1 5.95 ± 0.85 

 

 

Figure 8.18 – Distribution of sedimentation coefficients of N-II and IgG1 Wid, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.6 Native GBS polysaccharide, serotype III 

With this sample there was an error in the dilution calculations, and so the desired 

concentrations and 1:1 ratio could not be used. 

8.6.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-21. For N-III 

combined with each protein, there is a slight increase in ηr, which is statistically significant in 

all cases except the lower concentrations of serum albumins. 

 

Table 8-21 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-III in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-III + BSA 45.4 ± 0.2 0.290 1.015 ± 0.003 1.021 ± 0.000 
N-III + BSA 45.4 ± 0.2 0.579 1.027 ± 0.003 1.048 ± 0.000 
N-III + HSA 45.4 ± 0.2 0.290 1.015 ± 0.003 1.023 ± 0.000 
N-III + HSA 45.4 ± 0.2 0.579 1.027 ± 0.003 1.047 ± 0.000 

N-III + fibrinogen 45.4 ± 0.2 0.237 1.014 ± 0.003 1.025 ± 0.002 
N-III + fibrinogen 45.4 ± 0.2 0.474 1.023 ± 0.003 1.035 ± 0.001 

 

8.6.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-22 gives sedimentation coefficient values for N-III and BSA, while the distributions 

are shown in Figure 8.19. As the sedimentation coefficients for N-III and BSA are similar it is 

not possible to distinguish the distributions. 

Table 8-22 – Summary of peak sedimentation coefficient values for N-III and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-III 0.290 2.89 ± 0.55 
N-III 0.579 2.79 ± 0.53 
N-III 1.158 2.51 ± 0.42 
BSA 0.468 3.55 ± 0.68 
BSA 0.937 3.85 ± 0.82 

N-III + BSA 0.290 + 0.468 3.36 ± 0.83 
N-III + BSA 0.579 + 0.937 3.25 ± 0.79 

 

 

Figure 8.19 – Distribution of sedimentation coefficients of N-III at 0.290 mg.mL-1 (upper) and 0.579 mg.mL-1 
(lower), alone and in combination with BSA at 0.468 mg.mL-1 (upper) and 0.937 mg.mL-1 (lower). 
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Table 8-23 gives sedimentation coefficient values for N-III and HSA, while the distributions 

are shown in Figure 8.20. As the sedimentation coefficients for N-III and HSA are similar it is 

not possible to distinguish the distributions. 

Table 8-23 – Summary of peak sedimentation coefficient values for N-III and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-III 0.290 2.88 ± 0.51 
N-III 0.579 2.77 ± 0.54 
N-III 1.158 2.51 ± 0.43 
HSA 0.472 3.46 ± 0.55 
HSA 0.994 3.68 ± 0.58 

N-III + HSA 0.290 + 0.472 3.22 ± 0.63 
N-III + HSA 0.579 + 0.994 3.13 ± 0.65 

 

 

Figure 8.20 – Distribution of sedimentation coefficients of N-III at 0.290 mg.mL-1 (upper) and 0.579 mg.mL-1 
(lower), alone and in combination with HSA at 0.472 mg.mL-1 (upper) and 0.994 mg.mL-1 (lower). 
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Table 8-24 gives sedimentation coefficient values for N-III and fibrinogen, while the 

distributions are shown in Figure 8.21. The sedimentation coefficients for N-III and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-24 – Summary of peak sedimentation coefficient values for N-III and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-III 0.237 2.98 ± 1.04 
N-III 0.474 2.93 ± 1.04 
N-III 0.949 2.80 ± 0.91 

Fibrinogen 0.386 6.07 ± 0.90 
Fibrinogen 0.772 6.65 ± 1.05 

N-III + fibrinogen peak 1 0.237 + 0.386 2.96 ± 1.00 
N-III + fibrinogen peak 2 0.237 + 0.386 6.56 ± 1.20 
N-III + fibrinogen peak 1 0.474 + 0.772 2.95 ± 1.09 
N-III + fibrinogen peak 2 0.474 + 0.772 6.57 ± 1.27 

 

 

Figure 8.21 – Distribution of sedimentation coefficients of N-III at 0.237 mg.mL-1 (upper) and 0.474 mg.mL-1 
(lower), alone and in combination with fibrinogen at 0.386 mg.mL-1 (upper) and 0.772 mg.mL-1 (lower). 

  



 
 

273 
 

Table 8-25 gives sedimentation coefficient values for N-III and IgG1 Cri, while the 

distributions are shown in Figure 8.22. The sedimentation coefficients for N-III and IgG1 Cri 

are different enough that it is possible to distinguish the distributions. 

Table 8-25 – Summary of peak sedimentation coefficient values for N-III and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-III 0.5 6.07 ± 0.52 
N-III 1 6.65 ± 0.60 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-III+ IgG Cri peak 1 0.5 + 0.5 3.33 ± 0.66 
N-III+ IgG Cri peak 2 0.5 + 0.5 6.36 ± 0.78 
N-III+ IgG Cri peak 1 1 + 1 3.23 ± 0.57 
N-III+ IgG Cri peak 2 1 + 1 6.23 ± 0.74 

 

 

Figure 8.22 – Distribution of sedimentation coefficients of N-III and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-26 gives sedimentation coefficient values for N-III and IgG1 Wid, while the 

distributions are shown in Figure 8.23. The sedimentation coefficients for N-III and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-26 – Summary of peak sedimentation coefficient values for N-III and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-III 0.5 6.07 ± 0.52 
N-III 1 6.65 ± 0.60 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-III+ IgG Wid peak 1 0.5 + 0.5 3.35 ± 0.61 
N-III+ IgG Wid peak 2 0.5 + 0.5 6.31 ± 0.80 
N-III+ IgG Wid peak 1 1 + 1 3.18 ± 0.59 
N-III+ IgG Wid peak 2 1 + 1 6.21 ± 0.79 

 

 

Figure 8.23 – Distribution of sedimentation coefficients of N-III and IgG1 Wid, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.7 Native GBS polysaccharide, serotype IV 

 

8.7.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-27. For N-IV 

combined with the serum albumins there is a slight reduction in ηr, but this is not statistically 

significant. When combined with fibrinogen there is an increase in ηr, which is statistically 

significant at the higher concentration but not the lower concentration. 

 

Table 8-27 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-IV in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-IV + BSA 65.0 ± 0.6 0.500 1.033 ± 0.008 1.028 ± 0.000 
N-IV + BSA 65.0 ± 0.6 1.000 1.066 ± 0.008 1.060 ± 0.000 
N-IV + HSA 65.0 ± 0.6 0.500 1.033 ± 0.008 1.026 ± 0.000 
N-IV + HSA 65.0 ± 0.6 1.000 1.066 ± 0.008 1.061 ± 0.000 

N-IV + fibrinogen 65.0 ± 0.6 0.500 1.033 ± 0.008 1.037 ± 0.002 
N-IV + fibrinogen 65.0 ± 0.6 1.000 1.066 ± 0.008 1.087 ± 0.009 

 

 

8.7.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-28 gives sedimentation coefficient values for N-IV and BSA, while the distributions 

are shown in Figure 8.24. The sedimentation coefficients for N-IV and BSA are different 

enough that it is possible to distinguish the distributions. 

Table 8-28 – Summary of peak sedimentation coefficient values for N-IV and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IV 0.5 2.69 ± 0.55 
N-IV 1 2.59 ± 0.51 
N-IV 2 2.39 ± 0.43 
BSA 0.5 4.34 ± 0.73 
BSA 1 4.40 ± 0.74 

N-IV + BSA peak 1 0.5 + 0.5 2.75 ± 0.49 
N-IV + BSA peak 2 0.5 + 0.5 4.46 ± 0.51 
N-IV + BSA peak 1 1 + 1 2.61 ± 0.47 
N-IV + BSA peak 2 1 + 1 4.39 ± 0.58 

 

 

Figure 8.24 – Distribution of sedimentation coefficients of N-IV and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-29 gives sedimentation coefficient values for N-IV and HSA, while the distributions 

are shown in Figure 8.25. The sedimentation coefficients for N-IV and HSA are different 

enough that it is possible to distinguish the distributions. 

Table 8-29 – Summary of peak sedimentation coefficient values for N-IV and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IV 0.5 2.69 ± 0.51 
N-IV 1 2.56 ± 0.41 
N-IV 2 2.36 ± 0.35 
HSA 0.5 4.33 ± 0.74 
HSA 1 4.29 ± 0.71 

N-IV + HSA peak 1 0.5 + 0.5 2.73 ± 0.46 
N-IV + HSA peak 2 0.5 + 0.5 4.41 ± 0.49 
N-IV + HSA peak 1 1 + 1 2.60 ± 0.42 
N-IV + HSA peak 2 1 + 1 4.27 ± 0.53 

 

 

Figure 8.25 – Distribution of sedimentation coefficients of N-IV and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-30 gives sedimentation coefficient values for N-IV and fibrinogen while the 

distributions are shown in Figure 8.26. The sedimentation coefficients for N-IV and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-30 – Summary of peak sedimentation coefficient values for N-IV and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IV 0.5 2.69 ± 0.90 
N-IV 1 2.58 ± 0.84 
N-IV 2 2.38 ± 0.71 

Fibrinogen 0.5 7.76 ± 0.58 
Fibrinogen 1 7.76 ± 0.60 

N-IV + fibrinogen peak 1 0.5 + 0.5 2.69 ± 0.98 
N-IV + fibrinogen peak 2 0.5 + 0.5 7.48 ± 1.16 
N-IV + fibrinogen peak 1 1 + 1 2.56 ± 0.74 
N-IV + fibrinogen peak 2 1 + 1 7.29 ± 0.91 

 

 

Figure 8.26 – Distribution of sedimentation coefficients of N-IV and fibrinogen, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-31 gives sedimentation coefficient values for N-IV and IgG1 Cri, while the 

distributions are shown in Figure 8.27. The sedimentation coefficients for N-IV and IgG1 Cri 

are different enough that it is possible to distinguish the distributions. 

Table 8-31 – Summary of peak sedimentation coefficient values for N-IV and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IV 0.5 2.69 ± 0.92 
N-IV 1 2.58 ± 0.81 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-IV+ IgG Cri peak 1 0.5 + 0.5 2.65 ± 0.55 
N-IV+ IgG Cri peak 2 0.5 + 0.5 6.38 ± 0.78 
N-IV+ IgG Cri peak 1 1 + 1 2.54 ± 0.48 
N-IV+ IgG Cri peak 2 1 + 1 6.21 ± 0.78 

 

 

Figure 8.27 – Distribution of sedimentation coefficients of N-IV and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-32 gives sedimentation coefficient values for N-IV and IgG1 Wid while the 

distributions are shown in Figure 8.28. The sedimentation coefficients for N-IV and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-32 – Summary of peak sedimentation coefficient values for N-IV and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-IV 0.5 2.69 ± 0.92 
N-IV 1 2.58 ± 0.81 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-IV+ IgG Wid peak 1 0.5 + 0.5 2.65 ± 0.57 
N-IV+ IgG Wid peak 2 0.5 + 0.5 6.32 ± 0.90 
N-IV+ IgG Wid peak 1 1 + 1 2.56 ± 0.46 
N-IV+ IgG Wid peak 2 1 + 1 6.21 ± 0.82 

 

 

Figure 8.28 – Distribution of sedimentation coefficients of N-IV and IgG1 Wid, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.8 Native GBS polysaccharide, serotype V 

 

8.8.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-33. For N-V 

combined with each protein there is a statistically significant increase in ηr, except for at the 

lower concentration of serum albumin where there is no statistically significant change. 

 

Table 8-33 – A summary of theoretical values for ηr and the actual values calculated using flow times for N-V in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
N-V + BSA 81.8 ± 0.9 0.500 1.042 ± 0.009 1.043 ± 0.001 
N-V + BSA 81.8 ± 0.9 1.000 1.084 ± 0.009 1.106 ± 0.004 
N-V + HSA 81.8 ± 0.9 0.500 1.042 ± 0.009 1.035 ± 0.001 
N-V + HSA 81.8 ± 0.9 1.000 1.084 ± 0.009 1.111 ± 0.007 

N-V + fibrinogen 81.8 ± 0.9 0.500 1.042 ± 0.009 1.056 ± 0.004 
N-V + fibrinogen 81.8 ± 0.9 1.000 1.084 ± 0.009 1.103 ± 0.002 

 

 

8.8.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-34 gives sedimentation coefficient values for N-V and BSA, while the distributions are 

shown in Figure 8.29. As the sedimentation coefficients for N-V and BSA are similar it is not 

possible to distinguish the distributions. 

Table 8-34 – Summary of peak sedimentation coefficient values for N-V and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-V 0.5 3.69 ± 0.64 
N-V 1 3.49 ± 0.50 
N-V 2 3.19 ± 0.44 
BSA 0.5 4.34 ± 0.86 
BSA 1 4.52 ± 0.96 

N-V + BSA 0.5 + 0.5 3.97 ± 0.80 
N-V + BSA 1 + 1 3.82 ± 0.78 

 

 

Figure 8.29 – Distribution of sedimentation coefficients of N-V and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-35 gives sedimentation coefficient values for N-V and HSA, while the distributions are 

shown in Figure 8.30. As the sedimentation coefficients for N-V and HSA are similar it is not 

possible to distinguish the distributions. 

Table 8-35 – Summary of peak sedimentation coefficient values for N-V and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-V 0.5 3.66 ± 0.67 
N-V 1 3.47 ± 0.55 
N-V 2 3.15 ± 0.44 
HSA 0.5 4.30 ± 0.68 
HSA 1 4.48 ± 0.83 

N-V + HSA 0.5 + 0.5 3.49 ± 0.68 
N-V + HSA 1 + 1 3.62 ± 0.56 

 

 

Figure 8.30 – Distribution of sedimentation coefficients of N-V and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-36 gives sedimentation coefficient values for N-V and fibrinogen, while the 

distributions are shown in Figure 8.31. The sedimentation coefficients for N-V and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-36 – Summary of peak sedimentation coefficient values for N-V and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-V 0.5 3.61 ± 0.65 
N-V 1 3.49 ± 0.57 
N-V 2 3.06 ± 0.40 

Fibrinogen 0.5 7.75 ± 0.56 
Fibrinogen 1 7.76 ± 0.59 

N-V + fibrinogen peak 1 0.5 + 0.5 3.67 ± 0.69 
N-V + fibrinogen peak 2 0.5 + 0.5 7.47 ± 0.49 
N-V + fibrinogen peak 1 1 + 1 3.46 ± 0.51 
N-V + fibrinogen peak 2 1 + 1 7.30 ± 0.38 

 

 

Figure 8.31 – Distribution of sedimentation coefficients of N-V and fibrinogen, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-37 gives sedimentation coefficient values for N-V and IgG1 Cri, while the distributions 

are shown in Figure 8.32. The sedimentation coefficients for N-V and IgG1 Cri are different 

enough that it is possible to distinguish the distributions. 

Table 8-37 – Summary of peak sedimentation coefficient values for N-V and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-V 0.5 3.65 ± 1.13 
N-V 1 3.49 ± 0.94 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

N-V+ IgG Cri peak 1 0.5 + 0.5 3.59 ± 0.67 
N-V+ IgG Cri peak 2 0.5 + 0.5 6.40 ± 0.74 
N-V+ IgG Cri peak 1 1 + 1 3.46 ± 0.52 
N-V+ IgG Cri peak 2 1 + 1 6.23 ± 0.76 

 

 

Figure 8.32 – Distribution of sedimentation coefficients of N-V and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 

  



 
 

286 
 

Table 8-38 gives sedimentation coefficient values for N-V and IgG1 Wid, while the 

distributions are shown in Figure 8.33. The sedimentation coefficients for N-V and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-38 – Summary of peak sedimentation coefficient values for N-V and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
N-V 0.5 3.65 ± 1.13 
N-V 1 3.49 ± 0.94 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

N-V+ IgG Wid peak 1 0.5 + 0.5 3.59 ± 0.65 
N-V+ IgG Wid peak 2 0.5 + 0.5 6.27 ± 0.74 
N-V+ IgG Wid peak 1 1 + 1 3.47 ± 0.53 
N-V+ IgG Wid peak 2 1 + 1 6.18 ± 0.74 

 

 

Figure 8.33 – Distribution of sedimentation coefficients of N-V and IgG1 Wid, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.9 Sized GBS polysaccharide, serotype IA 

 

8.9.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-39. For S-IA 

combined with each protein, there is a slight increase in ηr, which in all case is statistically 

significant at the higher concentration but not at the lower concentration. 

 

Table 8-39 – A summary of theoretical values for ηr and the actual values calculated using flow times for S-IA in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
S-IA + BSA 48.7 ± 0.1 0.500 1.025 ± 0.001 1.029 ± 0.003 
S-IA + BSA 48.7 ± 0.1 1.000 1.049 ± 0.002 1.064 ± 0.004 
S-IA + HSA 48.7 ± 0.1 0.500 1.025 ± 0.001 1.027 ± 0.003 
S-IA + HSA 48.7 ± 0.1 1.000 1.049 ± 0.002 1.072 ± 0.005 

S-IA + fibrinogen 48.7 ± 0.1 0.500 1.025 ± 0.001 1.028 ± 0.005 
S-IA + fibrinogen 48.7 ± 0.1 1.000 1.049 ± 0.002 1.075 ± 0.004 

 

 

8.9.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-40 gives sedimentation coefficient values for S-IA and BSA, while the distributions are 

shown in Figure 8.34. As the sedimentation coefficients for S-IA and BSA are similar it is not 

possible to distinguish the distributions. 

Table 8-40 – Summary of peak sedimentation coefficient values for S-IA and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IA 0.5 2.68 ± 0.52 
S-IA 1 2.56 ± 0.54 
S-IA 2 1.57 ± 0.24 
BSA 0.5 3.71 ± 0.77 
BSA 1 3.75 ± 0.73 

S-IA + BSA 0.5 + 0.5 3.06 ± 0.71 
S-IA + BSA 1 + 1 2.97 ± 0.70 

 

 

Figure 8.34 – Distribution of sedimentation coefficients of S-IA and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-41 gives sedimentation coefficient values for S-IA and HSA, while the distributions 

are shown in Figure 8.35. As the sedimentation coefficients for S-IA and HSA are similar it is 

not possible to distinguish the distributions. 

Table 8-41 – Summary of peak sedimentation coefficient values for S-IA and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IA 0.5 2.70 ± 0.53 
S-IA 1 2.58 ± 0.43 
S-IA 2 2.32 ± 0.39 
HSA 0.5 3.71 ± 0.62 
HSA 1 3.75 ± 0.65 

S-IA + HSA 0.5 + 0.5 3.05 ± 0.68 
S-IA + HSA 1 + 1 2.96 ± 0.67 

 

 

Figure 8.35 – Distribution of sedimentation coefficients of S-IA and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-42 gives sedimentation coefficient values for S-IA and fibrinogen, while the 

distributions are shown in Figure 8.36. The sedimentation coefficients for S-IA and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-42 – Summary of peak sedimentation coefficient values for S-IA and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IA 0.5 2.66 ± 0.52 
S-IA 1 2.55 ± 0.43 
S-IA 2 2.35 ± 0.34 

Fibrinogen 0.5 6.58 ± 0.58 
Fibrinogen 1 6.55 ± 0.56 

S-IA + fibrinogen peak 1 0.5 + 0.5 2.68 ± 0.53 
S-IA + fibrinogen peak 2 0.5 + 0.5 6.39 ± 0.49 
S-IA + fibrinogen peak 1 1 + 1 2.55 ± 0.47 
S-IA + fibrinogen peak 2 1 + 1 6.20 ± 0.43 

 

 

Figure 8.36 – Distribution of sedimentation coefficients of S-IA and fibrinogen, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-43 gives sedimentation coefficient values for S-IA and IgG1 Cri, while the distributions 

are shown in Figure 8.37. The sedimentation coefficients for S-IA and IgG1 Cri are different 

enough that it is possible to distinguish the distributions. 

Table 8-43 – Summary of peak sedimentation coefficient values for S-IA and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IA 0.5 2.68 ± 0.90 
S-IA 1 2.57 ± 0.81 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

S-IA+ IgG Cri peak 1 0.5 + 0.5 3.09 ± 0.62 
S-IA+ IgG Cri peak 2 0.5 + 0.5 6.33 ± 0.71 
S-IA+ IgG Cri peak 1 1 + 1 2.92 ± 0.60 
S-IA+ IgG Cri peak 2 1 + 1 6.17 ± 0.77 

 

 

Figure 8.37 – Distribution of sedimentation coefficients of S-IA and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-44 gives sedimentation coefficient values for S-IA and IgG1 Wid, while the 

distributions are shown in Figure 8.38. The sedimentation coefficients for S-IA and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-44 – Summary of peak sedimentation coefficient values for S-IA and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IA 0.5 2.68 ± 0.90 
S-IA 1 2.57 ± 0.81 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

S-IA+ IgG Wid peak 1 0.5 + 0.5 3.16 ± 0.61 
S-IA+ IgG Wid peak 2 0.5 + 0.5 6.27 ± 0.75 
S-IA+ IgG Wid peak 1 1 + 1 2.99 ± 0.50 
S-IA+ IgG Wid peak 2 1 + 1 6.21 ± 0.82 

 

 

Figure 8.38 – Distribution of sedimentation coefficients of S-IA and IgG1 Wid, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.10 Sized GBS polysaccharide, serotype IB 

 

8.10.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-45. For S-IB 

combined with each protein, there is a statistically significant increase in ηr at the higher 

concentration. A significant increase is also seen when combined with fibrinogen, but when 

combined with the serum albumins at low concentration there is a small decrease, although 

this is not statistically significant. 

 

Table 8-45 – A summary of theoretical values for ηr and the actual values calculated using flow times for S-IB in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
S-IB + BSA 62.1 ± 0.1 0.500 1.032 ± 0.002 1.031 ± 0.003 
S-IB + BSA 62.1 ± 0.1 1.000 1.063 ± 0.002 1.084 ± 0.003 
S-IB + HSA 62.1 ± 0.1 0.500 1.032 ± 0.002 1.031 ± 0.002 
S-IB + HSA 62.1 ± 0.1 1.000 1.063 ± 0.002 1.078 ± 0.002 

S-IB + fibrinogen 62.1 ± 0.1 0.500 1.032 ± 0.002 1.047 ± 0.006 
S-IB + fibrinogen 62.1 ± 0.1 1.000 1.063 ± 0.002 1.085 ± 0.005 

 

 

8.10.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-46 gives sedimentation coefficient values for S-IB and BSA, while the distributions are 

shown in Figure 8.39. As the sedimentation coefficients for S-IB and BSA are similar it is not 

possible to distinguish the distributions. 

Table 8-46 – Summary of peak sedimentation coefficient values for S-IB and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IB 0.5 2.72 ± 0.46 
S-IB 1 2.58 ± 0.42 
S-IB 2 2.34 ± 0.31 
BSA 0.5 3.72 ± 0.65 
BSA 1 3.72 ± 0.67 

S-IB + BSA 0.5 + 0.5 3.09 ± 0.72 
S-IB + BSA 1 + 1 2.94 ± 0.66 

 

 

Figure 8.39 – Distribution of sedimentation coefficients of S-IB and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-47 gives sedimentation coefficient values for S-IB and HSA, while the distributions are 

shown in Figure 8.40. As the sedimentation coefficients for S-IB and HSA are similar it is not 

possible to distinguish the distributions. 

Table 8-47 – Summary of peak sedimentation coefficient values for S-IB and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IB 0.5 2.69 ± 0.49 
S-IB 1 2.57 ± 0.41 
S-IB 2 2.33 ± 0.31 
HSA 0.5 3.77 ± 0.70 
HSA 1 3.73 ± 0.65 

S-IB + HSA 0.5 + 0.5 3.07 ± 0.68 
S-IB + HSA 1 + 1 2.91 ± 0.64 

 

 

Figure 8.40 – Distribution of sedimentation coefficients of S-IB and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-48 gives sedimentation coefficient values for S-IB and fibrinogen, while the 

distributions are shown in Figure 8.41. The sedimentation coefficients for S-IB and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-48 – Summary of peak sedimentation coefficient values for S-IB and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IB 0.5 2.67 ± 0.52 
S-IB 1 2.57 ± 0.43 
S-IB 2 2.32 ± 0.38 

Fibrinogen 0.5 6.59 ± 0.63 
Fibrinogen 1 6.64 ± 0.62 

S-IB + fibrinogen peak 1 0.5 + 0.5 2.70 ± 0.50 
S-IB + fibrinogen peak 2 0.5 + 0.5 6.46 ± 0.43 
S-IB + fibrinogen peak 1 1 + 1 2.59 ± 0.45 
S-IB + fibrinogen peak 2 1 + 1 6.33 ± 0.39 

 

 

Figure 8.41 – Distribution of sedimentation coefficients of S-IB and fibrinogen, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-49 gives sedimentation coefficient values for S-IB and IgG1 Cri, while the distributions 

are shown in Figure 8.42. The sedimentation coefficients for S-IB and IgG1 Cri are different 

enough that it is possible to distinguish the distributions. 

Table 8-49 – Summary of peak sedimentation coefficient values for S-IB and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IB 0.5 2.69 ± 0.85 
S-IB 1 2.58 ± 0.73 

Fibrinogen 0.5 6.47 ± 0.79 
Fibrinogen 1 6.54 ± 0.89 

S-IB+ IgG Cri peak 1 0.5 + 0.5 3.10 ± 0.57 
S-IB+ IgG Cri peak 2 0.5 + 0.5 6.28 ± 0.77 
S-IB+ IgG Cri peak 1 1 + 1 2.99 ± 0.54 
S-IB+ IgG Cri peak 2 1 + 1 6.21 ± 0.74 

 

 

Figure 8.42 – Distribution of sedimentation coefficients of S-IB and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-50 gives sedimentation coefficient values for S-IB and IgG1 Wid, while the 

distributions are shown in Figure 8.43. The sedimentation coefficients for S-IB and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-50 – Summary of peak sedimentation coefficient values for S-IB and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-IB 0.5 2.69 ± 0.85 
S-IB 1 2.58 ± 0.73 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

S-IB+ IgG Wid peak 1 0.5 + 0.5 3.16 ± 0.61 
S-IB+ IgG Wid peak 2 0.5 + 0.5 6.27 ± 0.75 
S-IB+ IgG Wid peak 1 1 + 1 2.98 ± 0.49 
S-IB+ IgG Wid peak 2 1 + 1 6.12 ± 0.73 

 

 

Figure 8.43 – Distribution of sedimentation coefficients of S-IB and IgG1 Wid, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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8.11 Sized GBS polysaccharide, serotype II 

 

8.11.1 Viscosity 

As with the comparisons in previous sections, the error ranges allow a basic statistical 

comparison to be made between ηr values. This is summarised in Table 8-51. For S-II 

combined with each protein, there is a slight reduction in ηr, except when combined with 

fibrinogen at the higher concentration, and which in all cases is statistically significant except 

when combined with fibrinogen. 

 

Table 8-51 – A summary of theoretical values for ηr and the actual values calculated using flow times for S-II in 
combination with one of the proteins. 

Components [η] (mL.g-1) c (mg.mL-1) Theoretical ηr Actual ηr 
S-II + BSA 55.0 ± 0.7 0.500 1.028 ± 0.009 1.015 ± 0.002 
S-II + BSA 55.0 ± 0.7 1.000 1.056 ± 0.009 1.042 ± 0.001 
S-II + HSA 55.0 ± 0.7 0.500 1.028 ± 0.009 1.017 ± 0.001 
S-II + HSA 55.0 ± 0.7 1.000 1.056 ± 0.009 1.045 ± 0.002 

S-II + fibrinogen 55.0 ± 0.7 0.500 1.028 ± 0.009 1.019 ± 0.003 
S-II + fibrinogen 55.0 ± 0.7 1.000 1.056 ± 0.009 1.064 ± 0.005 

 

 

8.11.2 Sedimentation velocity 

The values for each of the peaks in the sedimentation data are summarised in the tables 

below, while the distributions are given in the graphs. 
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Table 8-52 gives sedimentation coefficient values for S-II and BSA, while the distributions are 

shown in Figure 8.44. The sedimentation coefficients for S-II and BSA are different enough 

that it is possible to distinguish the distributions. 

Table 8-52 – Summary of peak sedimentation coefficient values for S-II and BSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-II 0.5 4.41 ± 1.02 
S-II 1 4.23 ± 0.84 
S-II 2 3.88 ± 0.69 
BSA 0.5 4.30 ± 0.71 
BSA 1 4.36 ± 0.78 

S-II + BSA 0.5 + 0.5 4.30 ± 0.83 
S-II + BSA 1 + 1 4.14 ± 0.78 

 

 

Figure 8.44 – Distribution of sedimentation coefficients of S-II and BSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-53 gives sedimentation coefficient values for S-II and HSA, while the distributions are 

shown in Figure 8.45. As the sedimentation coefficients for S-II and HSA are similar it is not 

possible to distinguish the distributions. 

Table 8-53 – Summary of peak sedimentation coefficient values for S-II and HSA. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-II 0.5 4.41 ± 0.99 
S-II 1 4.21 ± 0.88 
S-II 2 3.87 ± 0.69 
HSA 0.5 4.33 ± 0.67 
HSA 1 4.29 ± 0.70 

S-II + HSA 0.5 + 0.5 4.36 ± 0.89 
S-II + HSA 1 + 1 4.29 ± 0.79 

 

 

Figure 8.45 – Distribution of sedimentation coefficients of S-II and HSA, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-54 gives sedimentation coefficient values for S-II and fibrinogen, while the 

distributions are shown in Figure 8.46. The sedimentation coefficients for S-II and fibrinogen 

are different enough that it is possible to distinguish the distributions. 

Table 8-54 – Summary of peak sedimentation coefficient values for S-II and fibrinogen. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-II 0.5 4.40 ± 0.97 
S-II 1 4.18 ± 0.87 
S-II 2 3.87 ± 0.69 

Fibrinogen 0.5 7.75 ± 0.63 
Fibrinogen 1 7.43 ± 0.64 

S-II + fibrinogen peak 1 0.5 + 0.5 4.37 ± 0.85 
S-II + fibrinogen peak 2 0.5 + 0.5 7.41 ± 0.60 
S-II + fibrinogen peak 1 1 + 1 4.25 ± 0.78 
S-II + fibrinogen peak 2 1 + 1 7.21 ± 0.60 

 

 

Figure 8.46 – Distribution of sedimentation coefficients of S-II and fibrinogen, both alone and in combination, at 
0.5 mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-55 gives sedimentation coefficient values for S-II and IgG1 Cri, while the distributions 

are shown in Figure 8.47. The sedimentation coefficients for S-II and IgG1 Cri are different 

enough that it is possible to distinguish the distributions. 

Table 8-55 – Summary of peak sedimentation coefficient values for S-II and IgG1 Cri. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-II 0.5 4.41 ± 1.72 
S-II 1 4.21 ± 1.50 

IgG Cri 0.5 6.47 ± 0.79 
IgG Cri 1 6.54 ± 0.89 

S-II + IgG Cri peak 1 0.5 + 0.5 3.98 ± 0.78 
S-II + IgG Cri peak 2 0.5 + 0.5 6.30 ± 0.70 
S-II + IgG Cri peak 1 1 + 1 4.01 ± 0.66 
S-II + IgG Cri peak 2 1 + 1 6.17 ± 0.70 

 

 

Figure 8.47 – Distribution of sedimentation coefficients of S-II and IgG1 Cri, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 
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Table 8-56 gives sedimentation coefficient values for S-II and IgG1 Wid, while the 

distributions are shown in Figure 8.48. The sedimentation coefficients for S-II and IgG1 Wid 

are different enough that it is possible to distinguish the distributions. 

Table 8-56 – Summary of peak sedimentation coefficient values for S-II and IgG1 Wid. 

Sample(s) Concentration (mg.mL-1) s20,w (S) 
S-II 0.5 4.41 ± 1.72 
S-II 1 4.21 ± 1.50 

IgG Wid 0.5 6.26 ± 0.75 
IgG Wid 1 6.53 ± 0.86 

S-II + IgG Wid peak 1 0.5 + 0.5 4.08 ± 0.68 
S-II + IgG Wid peak 2 0.5 + 0.5 6.14 ± 0.72 
S-II + IgG Wid peak 1 1 + 1 3.98 ± 0.62 
S-II + IgG Wid peak 2 1 + 1 6.24 ± 0.82 

 

 

Figure 8.48 – Distribution of sedimentation coefficients of S-II and IgG1 Wid, both alone and in combination, at 0.5 
mg.mL-1 (upper) and 1 mg.mL-1 (lower). 

8.12 Summary 

Table 8-57 summarises the data obtained from analysing viscosity, while also adding the 

percentage differences. No such table is presented for sedimentation velocity analysis, as in 
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each case the curve produced by the combination of protein and polysaccharide clearly 

mirrors the combination of the curves from the two constituent parts. 

Table 8-57 - Summary of data found when testing the change in viscosity after combining each polysaccharide 
with a blood protein. Percentage change is also given. 

State Serotype Protein 
Lower concentration Higher concentration 

Theoretical 
ηr 

Actual ηr 
Percentage 
difference 

Theoretical 
ηr 

Actual ηr 
Percentage 
difference 

 
Native 

IA 
BSA 1.112 ± 0.008 1.093 ± 0.000 -1.79 1.232 ± 0.009 1.215 ± 0.000 -1.38 
HSA 1.112 ± 0.008 1.091 ± 0.000 -1.91 1.232 ± 0.009 1.212 ± 0.000 -1.59 

Fibrinogen 1.068 ± 0.007 1.063 ± 0.001 -0.40 1.138 ± 0.008 1.138 ± 0.001 +0.02 

IB 
BSA 1.069 ± 0.000 1.062 ± 0.000 -0.71 1.141 ± 0.000 1.135 ± 0.000 -0.59 
HSA 1.069 ± 0.000 1.061 ± 0.002 -0.79 1.141 ± 0.000 1.134 ± 0.001 -0.62 

Fibrinogen 1.053 ± 0.000 1.05 ± 0.002 -0.24 1.107 ± 0.000 1.114 ± 0.003 +0.65 

II 
BSA 1.064 ± 0.005 1.093 ± 0.000 +2.64 1.131 ± 0.005 1.215 ± 0.000 +7.41 
HSA 1.064 ± 0.005 1.091 ± 0.000 +2.50 1.131 ± 0.005 1.212 ± 0.000 +7.17 

Fibrinogen 1.050 ± 0.005 1.063 ± 0.001 +1.24 1.102 ± 0.005 1.138 ± 0.001 +3.28 

III 
BSA 1.015 ± 0.003 1.021 ± 0.000 +0.56 1.027 ± 0.003 1.048 ± 0.000 +2.05 
HSA 1.015 ± 0.003 1.023 ± 0.000 +0.74 1.027 ± 0.003 1.047 ± 0.000 +1.93 

Fibrinogen 1.014 ± 0.003 1.025 ± 0.002 +1.12 1.023 ± 0.003 1.035 ± 0.001 +1.19 

IV 
BSA 1.033 ± 0.008 1.028 ± 0.000 -0.53 1.066 ± 0.008 1.06 ± 0.000 -0.59 
HSA 1.033 ± 0.008 1.026 ± 0.000 -0.74 1.066 ± 0.008 1.061 ± 0.000 -0.52 

Fibrinogen 1.033 ± 0.008 1.037 ± 0.002 +0.36 1.066 ± 0.008 1.087 ± 0.009 +1.94 

V 
BSA 1.042 ± 0.009 1.043 ± 0.001 +0.18 1.084 ± 0.009 1.106 ± 0.004 +2.09 
HSA 1.042 ± 0.009 1.035 ± 0.001 -0.61 1.084 ± 0.009 1.111 ± 0.007 +2.56 

Fibrinogen 1.042 ± 0.009 1.056 ± 0.004 +1.38 1.084 ± 0.009 1.103 ± 0.002 +1.83 

Sized 

IA 
BSA 1.025 ± 0.001 1.029 ± 0.003 +0.32 1.049 ± 0.002 1.064 ± 0.004 +1.35 
HSA 1.025 ± 0.001 1.027 ± 0.003 +0.15 1.049 ± 0.002 1.072 ± 0.005 +2.14 

Fibrinogen 1.025 ± 0.001 1.028 ± 0.005 +0.20 1.049 ± 0.002 1.075 ± 0.004 +2.46 

IB 
BSA 1.032 ± 0.002 1.031 ± 0.003 -0.12 1.063 ± 0.002 1.084 ± 0.003 +1.94 
HSA 1.032 ± 0.002 1.031 ± 0.002 -0.04 1.063 ± 0.002 1.078 ± 0.002 +1.42 

Fibrinogen 1.032 ± 0.002 1.047 ± 0.006 +1.52 1.063 ± 0.002 1.085 ± 0.005 +2.07 

II 
BSA 1.028 ± 0.009 1.015 ± 0.002 -1.33 1.056 ± 0.009 1.042 ± 0.001 -1.27 
HSA 1.028 ± 0.009 1.017 ± 0.001 -1.06 1.056 ± 0.009 1.045 ± 0.002 -1.00 

Fibrinogen 1.028 ± 0.009 1.019 ± 0.003 -0.90 1.056 ± 0.009 1.064 ± 0.005 +0.78 

 

8.13 Discussion 

For most of the polysaccharides tested, a very slight decrease in relative viscosity is seen 

after mixing with the proteins. This suggests that the value seen is an average viscosity of the 

polysaccharide and protein molecules that has been weighted heavily towards the value for 

the polysaccharide rather than the protein. This is likely due to the proteins being relatively 

compact, globular structures, while the polysaccharides have a more extended conformation. 
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Similarly, there does not appear to be a major change in the sedimentation coefficient of the 

polysaccharides or proteins when they are mixed. There is an unfortunate difficulty that for 

both BSA and HSA, it was not possible to distinguish between the peaks for most molecules 

due to their similar behaviours when sedimenting. However, despite not seeing distinct 

peaks when they are mixed there is still no change in the peak position, indicating no change 

in sedimentation coefficient and thus no interaction. 

The clearest indication that there has been no interaction comes from the sedimentation 

coefficient distribution graphs. When assessing the sedimentation coefficients, there are two 

possible outcomes. If the two molecules associate, then an additional peak would be seen 

when the two components are combined at a higher sedimentation coefficient. If the 

interaction between the two molecules causes the molecules to break down, then additional 

smaller peaks would be seen. If however there is no interaction then the results would 

appear as if the distribution for the individual components have simply been added together. 

In all cases, the distribution of sedimentation coefficients align almost perfectly with the 

addition of the distribution formed by the individual components. They give either two peaks 

if the sedimentation coefficients are very different, or only one if they are similar, but with a 

much greater intensity. 

In some cases there is a slight alteration in the exact position of some peaks, notably in 

Figure 8.6, 8.11, 8.26, 8.31, 8.36 and 8.41. In all these cases, there is a peak for fibrinogen at 

a notably larger sedimentation coefficient than its respective polysaccharide, but when the 

two molecules are combined the sedimentation coefficient is decreased slightly. This is a 

good illustration of the Johnston-Ogston effect [261]. In essence, the molecule with a larger 

sedimentation coefficient sediments more rapidly, but does so though a more complex 

mixture of molecules. This mixture increases friction and so the observed sedimentation 

coefficient is lower than expected. The molecule with a lower sedimentation coefficient 
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sediments more slowly, and thus there is less material present to cause friction, and so its 

sedimentation coefficient is more comparable to its usual value. As the sedimentation 

coefficients for the polysaccharides were not measured directly and instead averages were 

used when assessing the interactions with immunoglobulin, these samples cannot be used to 

illustrate the Johnston-Ogston effect. 

It should be noted that these experiments were all performed under standard conditions 

rather than physiological conditions. It would be beneficial for further work to assess the 

ability of the vaccines to interact with real human blood under laboratory conditions. 

However, it is not possible to do this with the techniques studied as they rely on the 

transmission of light (to assess meniscus position in viscosity and the refractive index in the 

centrifuge). An alternative analysis of viscosity could be performed with a viscometer which 

does not measure optically. For example, a vibrational or rotational viscometer could be used 

to assess the alteration in shear rates due to the addition of the polysaccharide to a blood 

sample. A technique such as sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

could potentially be used to assess whether the profile of a sample of blood was altered due 

to the presence of the polysaccharide. However, it is likely that the sodium dodecyl sulphate 

used would interfere with the ability of the proteins to associate with the polysaccharide as it 

unfolds and negatively charges the protein. If the binding of polysaccharide and protein were 

irreversible then the alteration of the bands visible on the gel could be assessed, and possibly 

identified precisely by western blotting. While with the available equipment it was not 

possible to safely use human serum, there could also be a possibility of using animal serum 

as an alternative model, or even physiological saline rather than the phosphate buffer used 

here. 
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9 Conclusions 

In general, there was good agreement between techniques for baseline measurements, 

suggesting the hydrodynamic properties have been accurately measured. Exposure to the 

stresses used here (freeze thaw cycles, incubation at 20˚C, incubation at 37˚C) appeared to 

cause some alterations to physical properties, although as this did not occur consistently this 

may be due to inherent variability in techniques. This suggests that any such changes are 

extremely small, indicating overall that all samples are broadly stable.  

Without knowledge of the production methods, it has not been possible in this work to 

suggest useful conclusions regarding the future production of vaccines. It does suggest that 

the sizing process has little impact on stability and can be used to process antigens to bring 

them into a similar size range prior to conjugation. 

Had time allowed, additional tests could have been performed on samples. A look at the 

effects of incubation at 4°C in a fridge could have been undertaken as an additional assay of 

shelf life. It may also be useful to perform purity analysis on the samples provided. While the 

dialysis of samples should have removed many trace impurities, it is possible that larger 

molecules may still be present, and this could be assessed using a technique such as SDS-

PAGE. 

A major limitation given in all this work is the variation between experiments which occurred 

due to factors it was not possible to control. This could be accounted for by pinpointing these 

sources of error and including them in the calculated error values, which would allow more 

accurate determination of significant differences. It is possible that this would show that, in 

fact, there were very few true statistically significant differences in this work. Alternatively, 

analysis could have been performed differently to avoid the practice of testing multiple 

concentrations and extrapolating data. While it is useful to find the true value of a given 

parameter by extrapolating to zero concentration to correct for non-ideality, to understand 



 
 

309 
 

the stability of a sample it is only necessary to test if a given parameter at an arbitrary 

concentration has changed. Therefore, if only one specific concentration of each sample 

were analysed, it would be possible to take repeated measurements and average them to 

find the error, which may give a more accurate understanding of the variability of the 

techniques and allow true statistical analysis based on data ranges. Perhaps the most useful 

technique used in this work was sedimentation velocity, as it (inadvertently) allowed a 

genuine statistical test to be performed. However, going forward SEC-MALS would allow 

much more powerful analysis as it would be possible generate much larger datasets that can 

be analysed statistically. 

As mentioned in section 3.1, a relatively small amount of CRM197 was available, meaning it 

was not possible to perform a complete set of baseline measurements, or any further testing 

after exposure to stress. If additional samples could be obtained, further characterisation and 

experimentation in the same manner as the tested polysaccharides would be an excellent 

continuation of this work. 

As mentioned in section 4.10, there is a degradation of the protein carrier, but it is unclear if 

this will have an impact on the immunogenicity of a glycoconjugate. The same is also true of 

the samples exposed to stress: it is unknown the extent to which a partially damaged 

polysaccharide antigen remains immunogenic. To determine this, it could be interesting to 

assess the immunogenicity of a completed glycoconjugate after exposure to some mild stress 

that degrades any component. It is possible that a mildly degraded vaccine still remains 

immunogenic, indicating it has a much longer useful shelf-life, which would reduce waste and 

increase profits of pharmaceutical companies. 
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11 Appendix 

Included here are the publications in which the author was involved during the rest of this 
project, but which do not form a part of previously presented research. 
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11.1 Submaxillary Mucin: its Effect on Aroma Release from Acidic Drinks and 
New Insight into the Effect of Aroma Compounds on its Macromolecular 
Integrity 

Vlad Dinu, Richard B. Gillis, Thomas MacCalman, Mui Lim, Gary G. Adams, Stephen E. Harding 
& Ian D. Fisk  

Food Biophysics volume 14, pages278–286 (2019) 

Abstract 

Submaxillary mucin is a major component that defines the makeup and functionality of 
saliva. Understanding its structure and function during food intake is key to designing 
appropriate strategies for enhancing the delivery of flavour. In the present study, the 
hydrodynamic integrity of bovine submaxillary mucin was characterised under physiological 
and acidic conditions and it was shown to have a broad molecular weight distribution with 
species ranging from 100 kDa to over 2000 kDa, and a random coil type of conformation. A 
decrease in the pH of mucin appeared to result in aggregation and a broader molecular 
weight distribution, which was shown to correlate with a release of flavour compounds. Our 
study also provides indications that p-cresol may have an effect on the macromolecular 
integrity of mucin. 

Introduction 

Past research has generally focused on the behaviour of volatile aroma compounds in the 
presence of small solutes i.e. monosaccharides, salts and proteins [1, 2]. However, there is 
limited research on the effect of saliva and its macromolecular constituents on aroma 
release. During consumption of food, saliva is the first medium encountered by aroma 
compounds as they travel to the respiratory tract and to the olfactory receptors in the nose 
[3]. Saliva consists of a number of macromolecular components which protect and lubricate 
the lining of the oral cavity: mucins, amylases, proteins and antibodies, which play a role in 
regulating pH and normal functioning of the salivary film [[4, 5]. Mucin glycoproteins are the 
second most abundant salivary components, after salivary α-amylase, and define the 
structure and functionality of saliva [6]. Although the pH of the saliva is maintained between 
~5.5 to 7.5, this can temporarily decrease during consumption of foods, interfering with the 
normal functioning of mucins and other salivary proteins [7]. These salivary changes trigger 
salivary glands to produce more saliva in order to compensate for the loss in functionality 
and to keep the oral cavity lubricated [8]. But the process is faster at replacing low molecular 
weight enzymes and peptides, and rather slow at replenishing viscous, higher molecular 
weight mucins, therefore stimulated saliva has lower mucin levels than resting saliva [5]. This 
effect is predicted to influence the partitioning of aroma compounds from the saliva to the 
olfactory receptors. 

Aroma release is affected by a number of physio-chemical interactions. These effects can 
lower the concentrations of aroma compounds released from the bolus, resulting in a 
significant loss through ingestion [9, 10]. Therefore, to enhance flavour release in vivo, it is 
required to understand the behaviour of salivary components under different conditions i.e. 
pH, salt, temperature. Ultimately, these conditions are influenced by the physiochemical 
properties of the ingested product, such as the pH of soft drinks and other foods, which can 
be as low as 2.4. Recent studies on mucins have suggested that acidic environments can 
induce conformational changes [11]. This because mucins have a pH dependant negative 
charge, progressively falling as the pH decreases [12]. These pH-mucin changes are proposed 
to promote the release of volatile aroma compounds. In addition, some studies showed that 
sugars promote the degree of acid production via citrates/citric acid present in drinks 
interacting with the calcium present in the tooth, thus maintaining a lower pH over longer 
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periods of time [13, 14]. Other studies have shown that the partitioning of aroma compounds 
is lower in the absence of sucrose [2], and this suggests that the lack of sucrose is also 
responsible for the lack of flavour release in ‘low calorie’ drinks, despite their reformulation. 

Mucins from the alimentary, reproductive and bronchial tracts are characterised as having 
large molecular weights of up to 20 million Daltons (Da, or in molar mass terms, g/mol), 
although values up to 50 million Da have also been reported [15, 16]. They adopt a branched, 
random coil type of conformation as described by various techniques such as AUC (analytical 
ultracentrifugation), SEC-MALS (size-exclusion chromatography coupled to multi-angle laser 
light scattering), AFM (atomic force microscopy) or electron microscopy [16, 17]. They 
resemble block copolymer structures, which contain a polypeptide backbone, abundant in 
serine, proline and threonine, which forms a bridge between the hydroxyl groups of the 
carbohydrate fraction. The carbohydrates can account for up to 90% of the entire molecular 
weight of mucin and is generally made up of galactose, sialic acid, fucose, N-acetyl 
galactosamine and N-acetyl glucosamine. These highly hydrophilic coated regions alternate 
with hydrophobic and non-glycosylated protein domains [18]. Protein domains, which are 
responsible for mucin polymerisation, are susceptible to proteolytic cleavage [19]. Recent 
studies looked at the formation of the muco-salivary film and suggested that it is formed by a 
monomer/dimer type of interaction in a lateral or ‘layer-by-layer’ approach, such that 
subunits are bridged together via their cysteine-rich protein domains [20]. 

Salivary/submaxillary mucins are different from alimentary, reproductive and 
tracheobronchial mucins. They have lower molecular weights, lower carbohydrate content 
and up to 30% more charged sialic acid residues [21]. Because human salivary/submaxillary 
mucin is difficult to obtain in any useful quantities, bovine submaxillary mucin (BSM) was 
used as a surrogate in the current study. Experiments on submaxillary mucin were amongst 
the first to be carried to investigate mucin’s complex structural assembly [22, 23]. It appears 
that the glycosylated region makes up to 60% of the total mass, with abundance in acidic 
disaccharides such as sialic acids and N-acetyl galactosamines [24]. A detailed analysis of its 
oligosaccharide region has been reviewed by Chai, et al. [25]. 

The current study aims to investigate the molecular interactions between volatile aroma 
compounds and submaxillary mucin under neutral and acidic conditions. Mucin solutions 
were designed to mimic the physiological conditions of the saliva (buffered salts and 
electrolytes) and within the range of salivary concentration of mucin (0–2 mg/ml) [26, 27]. 
Analytical Ultracentrifugation (AUC), SEC-MALS (size-exclusion chromatography coupled to 
multi-angle laser light scattering), viscometry, Dynamic Light Scattering (DLS) and Raman 
spectroscopy were used to explore changes in mucin integrity. The hydrodynamic analysis 
has been linked with Atmospheric Pressure-Chemical Ionization Mass Spectrometry (APCI-
MS) to explain changes in the aroma release. This strategy was further complemented by 
Raman spectroscopy to gain a better understanding of the interactions of an aroma active 
compounds- p-cresol with mucin. 

Materials and Methods 

Materials 

Bovine submaxillary mucin (Type IS) and volatile aroma compounds were purchased from 
Sigma Aldrich (Dorset, UK). Highly purified RO (reverse osmosis) water was used for the 
preparation of buffer solutions. The 0.1 M phosphate buffered saline (PBS) was made 
according to Green (1933) [28] (Fisher Scientific, UK). The Na-citrate buffer solutions (pH 2.6–
5) were made by varying the proportion of citric acid and sodium phosphate. Solutions of 
mucin have been dialysed with a 14,000 Da membrane (Fisher Scientific) and filtered through 
0.45 μm Whatman nylon membrane filters (Millipore). 
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Methods 

Sedimentation Velocity in the Analytical Ultracentrifugation (AUC) 

Experiments were performed at 20.0 °C using the Optima XL-I analytical ultracentrifuge 
(Beckman, Palo Alto, USA) equipped with Rayleigh interference optics. Samples of 395 μl 
(and 405 μl solvent) were injected into 12 mm double sector epoxy cells with sapphire 
windows and centrifuged at 30000 rpm. The interference system produced data derived by 
recording changes in concentration (in fringe units) versus radial displacement. Data were 
analysed in SEDFIT using the “least squares g(s)’ method of Dam & Schuck [29] by generating 
sedimentation coefficient distributions, g(s) vs s, where s is the sedimentation coefficient (in 
Svedberg units, S = 10 −13 s). Weight average sedimentation coefficient values from the g(s) 
vs s distributions were normalised to standard conditions (viscosity and density of water at 
20.0 °C) to give s20,w [30]. A partial specific volume of 0.66 ml/g was employed. To eliminate 
non-ideality, sedimentation coefficients are extrapolated to zero concentration, c using 
standard 1/s20,w vs c plots. 

SEC-MALS-Viscostar (Size-Exclusion Chromatography Coupled to Multi-Angle Laser Light 
Scattering and Viscometer) 

SEC-MALS has been a powerful method for the evaluation of molecular weight distribution of 
mucins since the 1st application by Jumel, Fiebrig & Harding in 1996) [31], and was used for 
evaluation of mucin integrity at pH 7.0. The SEC set-up consisted of a Postnova Analysis 
PN7505 degassing unit (Landsberg am Lech Germany), Shimadzu LC-10 AD HPLC Pump 
(Shimadzu UK, Milton Keynes, UK.), fitted with a Spark-Holland Marathon Basic autosampler 
(Spark Holland, Emmen, The Netherlands) combined with a TSK Gel guard column 
(7.5 × 75 mm) and TSK Gel G5000, G6000 columns (7.5 × 300 mm) connected in series (Tosoh 
Biosciences, Tokyo, Japan), fully flushed of column debris. Light scattering intensities were 
simultaneously detected at 18 angles as a function of elution volume using a DAWN® 
HELEOS™ II, light scattering photometer connected in series to a ViscoStar® II on-line 
differential viscometer, an Optilab® rEX refractive index detector (Wyatt Technology 
Corporation, California, U.S.A.). A stock solution of 1.0 mg/ml was filtered through a 0.45 μm 
syringe filter (Whatman, Maidstone, England) - to remove any insoluble material or dust prior 
to injection - and then injected into the autosampler. A 100 μL aliquot of each solution was 
injected onto the columns at ambient temperature. The eluent employed was the PBS 
dialysate at a flow rate of 0.8 ml/min. ASTRA™ (Version 6) software (Wyatt Technology 
Corporation, Santa Barbara, U.S.A.) was used to estimate the weight average molecular 
weight, Mw, weight average intrinsic viscosity [η] and radius of gyration Rg, and also 
molecular weight, M(Ve), intrinsic viscosity [η](Ve) and the radius of gyration Rg(Ve) as a 
function of elution volume Ve. A 4 mW He-Ne laser was used at a wavelength of 632.8 nm, 
and the refractive increment for the mucin was taken as 0.181 ml/g. Because of the low 
solute concentrations after dilution on the columns non-ideality effects were assumed as 
negligible. Due to column limitations evaluations were not possible at pH 3, instead standard 
capillary viscometry was employed at a temperature of 20.0 °C [32]. 

Extended Fujita Method for Molecular Weight Distribution 

Comparative molecular weight distributions f(M) vs M for BSM in solvents at pH 7.0 and 
pH 3.0 were obtained using the Extended Fujita method of Harding, Schuck and colleagues 
[33], which converts g(s) vs s plots to f(M) vs M and uses the scaling relationship 

s=κsMbs=κsMb (1) 

where b depends on the conformation. To transform g(s) vs. s to f(M): 
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f(M)=g(s)(ds/dM)f(M)=g(s)(ds/dM) (2) 

where 

ds/dM=b.κs1/b.s(b−1)/bds/dM=b.κs1/b.s(b−1)/b (3) 

Therefore, to perform the transformation the conformation type or b needs to be known 
under the particular solvent conditions and at least one pair of s-M values is needed to 
define the κs from Eq. (3). The method has been built into the SEDFIT algorithm along with 
the g(s) vs s procedure. To minimize non-ideality a very low loading concentration 
(c = 0.25 mg/ml) was chosen for the transformation. 

Dynamic Light Scattering (DLS) 

The experiments were performed using the Zetasizer Nano-ZS detector and low volume 
(ZEN0112) disposable sizing cuvettes (Malvern Instruments Ltd., Malvern, UK). The samples 
were measured at (20.0 ± 0.1) °C using the 173° scattering angle collected for 3 runs of 10 s 
at each mucin concentration (c = 0.2–1.0 mg/ml). Apparent z-average hydrodynamic 
radii, rh,app were evaluated from the apparent translational diffusion coefficient, Dz,app via the 
Stokes-Einstein equation: 

rh,app=(kbT)/6πηDz,apprh,app=(kbT)/6πηDz,app (4) 

where kB is the Boltzmann constant, η is the solution viscosity, T is the absolute temperature 
(K). We would like to stress that Dz,app (and rh,app) values are only apparent values as they 
were recorded at a scattering angle of 173o and no angular extrapolation to zero angle was 
possible with the instrumentation to correct for rotational/ anisotropic diffusion effects [34]. 

Raman Spectroscopy 

Raman was performed using a RamanRXN2 optical system (Kaiser, Boston, USA) and the 
following conditions: laser wavelength of 785 nm, laser power at sample of ~40 mW with a 
spectral resolution of 7.5 cm−1, fitted with a NCO-3.0-NIR system. The exposure was 30 s for 
the 10 mg/ml mucin sample. Raman spectra was not corrected for noise and the distribution 
is a result of an average of 10 scans, without smoothing. Due to the dilute state of the mucin 
preparation and the high proportion of carbohydrate fractions in mucin, it was difficult to 
obtain a higher resolution configuration [35]. 

Atmospheric Pressure Chemical Ionization-Mass Spectrometry (APCI-MS) 

The APCI-MS (Platform II, Micromass, Manchester) was used to analyse the concentrations of 
volatile compounds above the headspace of the solutions under static conditions. A final 
concentration of ~10–50 ppm (parts per million) was sampled with an air flow adjusted to 
10 ml/min. The instrument was set in Selective Ion Recording (SIR) mode to monitor the 
selected mass to charge ions (m/z) of the aroma compounds: 108.1, 128.13, 128.21, 156.2, 
142.23 and 154.25. The ion intensity was measured at cone voltage of 50 V, source 
temperature of 75 °C and dwell time of 0.02 s. Sampling took place for 10 s, enough for the 
signal to plateau. Each peak was integrated in Mass Lynx (Waters, UK) and used to compare 
the maximum ion count for all samples using a similar approach used previously [36, 37]. 

Statistical Analysis 

The AUC and all GC-MS samples were performed in triplicate and the analysis was prepared 
using Tukey’s post hoc test to identify significance (P < 0.05). All figures were prepared in 
Origin 7.5 (OriginLab, Massachusetts, USA). 

Results and Discussion 
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Characterisation of Bovine Submaxillary Mucin (BSM) 

The sedimentation coefficient distribution of mucin was analysed by the g(s) method 
incorporated in SEDFIT [29, 38]. The analysis shown in Fig. 1 was used to estimate the weight 
average sedimentation coefficients which were corrected to standard conditions (density and 
viscosity of water at 20.0 °C) and then the reciprocals extrapolated to zero concentration 
so

20,w (S) [38]. The experiment confirmed the presence of a polydisperse sample, similar to 
other mucins [39]. The so

20,w values were commensurate with those found earlier by Payza 
and coworkers [39]. 

Fig. 1 

 

Sedimentation velocity, g(s) analysis of BSM showing the sedimentation coefficient 
distribution and the extrapolation to zero concentration. Run at 20.0 °C at 30000 rpm in PBS 
buffer 0.1 M (pH 7) 

SEC-MALS was then applied to BSM (Fig. 2a) revealing the Rayleigh Interference (RI) and UV 
elution profiles of BSM in 0.1 M PBS (pH 7.0), ranging from elution times of 16 min to 25 min. 
The elution profiles are converted to a molecular weight distribution profile in ATRA™ 
software, as supplied by the manufacturer (Fig. 2b) which yielded a Mw value of ~700 kDa. 
The broad distribution was consistent with the multi-component nature of the sedimentation 
coefficient analysis. Data from SEC-MALS was also analysed for the comparison of molar 
mass and intrinsic viscosity, [η]. The double logarithmic plot between the two variables can 
be used to estimate the conformation of the macromolecule (Fig. 2d). The samples show 
good correlation between molar mass and intrinsic viscosity, consistent with those found for 
other mucins [40, 41]. A more quantitative representation comes from the measurement of 
the persistence length Lp, which has theoretical limits of 0 for a random coils and ∞ for a sƟff 
rod, and mass per unit length, ML [42]. In this study, Lp and ML have been estimated using the 
MultiHYDFIT package, incorporating the Yamakawa-Fujii [43] and the Bushin–Bohdanecky 
[44, 45] relations into a single ‘global’ algorithm that can be used to estimate Lp and ML based 
on a minimisation of a target function (Δ), which considers parameters including 
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sedimentation coefficients, radius of gyration Rg, and intrinsic viscosity [η], for the entire 
molecular weight distribution [40, 46]. Our results yielded a persistence length value, Lp of 
(5.6 ± 0.5) nm and mass per unit length, ML of ~800 g.mol−1.nm−1, corresponding to a random 
coil conformation for the BSM mucin molecules (Fig. 3d), as found for other mucins [39]. 

Fig. 2 

 

SEC-MALS analysis of bovine submaxillary mucin. a Concentration (refractive index) and 
ultra-violet (UV) elution profiles; b molecular weight distribution; c Mark Houwink-Kuhn 
Sakurada (MHKS) plot of intrinsic viscosity [η](Ve) vs molecular weight Mw(Ve) at different 
elution volumes, Ve. [η](Ve), versus molecular weight Mw(Ve) and radius of gyration Rg(Ve) 
vs Mw(Ve). d Multi-HYDFIT contour plot to obtain estimates for the flexibility parameter the 
persistence length Lp and the mass per unit length ML 

Fig. 3 
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Comparative hydrodynamic properties of bovine submaxillary mucin at pH 7.0 and at pH 3.0 
(a) sedimentation coefficient g(s) distribution at 0.25 mg/ml; b reciprocal plot of s versus 
concentration, fitted to (1/s) = (1/s°)(1 + ksc) where ks is the concentration dependence 
‘Gralén’ coefficient [47]; c molecular weight distribution from sedimentation velocity and 
Extended Fujita analysis, f(M) versus M for a loading concentration of 0.25 mg/ml. 
κs = 0.007606 and b = 0.483; d Distribution of the apparent hydrodynamic radius rh,app. 
Experiments performed in PBS buffer 0.1 M (pH 7.0) and Na-citrate buffer 0.1 M (pH 3.0) at a 
temperature of 20.0 °C 

Effect of pH on the Hydrodynamic Properties of BSM 

The AUC and DLS results of Fig. 3 demonstrate how lowering the pH can affect the 
hydrodynamic properties of mucin. Sedimentation velocity g(s) analysis (Fig. 4a) revealed 
that the macromolecular distribution of mucin has shifted towards higher s°20,w values, from 
5.2S at pH 7.0 to 7.9S at pH 3. The reciprocal sedimentation coefficients were extrapolated to 
zero concentration to determi.0e sedimentation concentration dependence coefficient ks, 
which were (238 ± 9) ml/g at pH 7.0 and (202 ± 18) ml/g at pH 3.0 (Fig. 4b and Table 1). The 
“Extended Fujita” f(M) vs M transformation from g(s) vs s was performed as according to 
Harding et al. [48, 49]. The procedure is employed by calculating the κs and b parameters, the 
latter being determined from the plot of molar mass and intrinsic viscosity, [η], first yielding 
the viscosity power law (scaling) coefficient a, which corresponds to a value of 
(0.565 + 0.010), equivalent to a random coiled conformation. We then use the Tsvetkov et al 
relation [50] linking the sedimentation and viscosity power law coefficients 

b=(2−a)/3b=(2−a)/3 (5) 

to obtain a value of b = (0.483 ± 0.010). In order to determine κs, we used the weight average 
sedimentation coefficient so

20,w, together with the weight average Mw from SEC-MALS, and 
the b value, as follows: 
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κs=s/Mbκs=s/Mb (6) 

and obtained a κs value of 0.007606. Encouragingly the molecular weight distribution from 
the Extended Fujita analysis in Fig. 3c is similar to that from SEC MALS (Fig. 2b) at pH 7.0. This 
gives us confidence that the shift to higher molecular weights at lower pH is genuine. 

Fig. 4 

 

APCI-MS results showing the impact of pH on the release of volatile aroma compounds from 
solutions with mucin (1 mg/ml) and from the neutral and acidic buffer solutions (dotted line). 
The data shown are given as mean + standard error, number of observations, n = 3 

Table 1 Hydrodynamic properties of bovine submaxillary mucin in 0.1 M phosphate 
chloride buffer (pH 7.0) and citrate buffer (pH 3.0) 

 pH 7.0 pH 3.0 

so20,w (S) 5.2 (±0.2) 7.9 (±0.7) 

Mw,app (kDa) 700 (±30) 1600 (±160) 

rh,app (nm) 10 (±3) 15 (±3) 

ks (ml/g) 238 (±9) 202 (±18) 

[η] (ml/g) 168 (±5) 127 (±2) 

R = ks/[η] 1.4 (±0.2) 1.6 (±0.3) 

Rg (nm) 35.1(±1.2) – 
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Lp (nm) 5.6 (+0.5) – 

 

Figure 3d shows the apparent hydrodynamic radius of BSM by volume, uncorrected for 
concentration and rotational diffusion effects [34]. The analysis produced uniform size 
distributions across all concentrations with an apparent hydrodynamic radius, rh,app of 
~10 nm at neutral pH, corresponding to an apparent diffusion coefficient Dapp of 
2.2 × 10−7 cm2/s. Conversely, the low pH fractions also reveal a shift to higher apparent 
hydrodynamic sizes, supporting the results from sedimentation velocity (Fig. 3d). We stress 
that the these values are apparent values as they are given only for comparison and are not 
genuine radii since there has been no angular dependence correction due to rotational 
diffusion effects [34]. 

Generally, the SEC-MALS and AUC analyses (i) confirm the low weight average molecular 
weight Mw, of BSM at pH 7.0 is ~700 kDa, as compared to other mucins from other sources 
[51, 52], but with the presence of a high molecular weight tail extending to several million 
Da. (ii) the shift to high molecular weights (and higher apparent hydrodynamic radii) at 
pH 3.0 is clear from Fig. 3c and Table 1, where the distribution weight average Mw, has 
increased to ~1600 kDa. This behaviour is not unexpected as the lowering of pH to near the 
pKa of sialic acid means reduced overall negative charge and hence greater tendency to 
aggregate. This is somewhat similar to the behaviour observed in gastric mucus gelation, 
used to protect the stomach from auto-digestion, although one major difference is that 
salivary/submaxillary mucins have a much higher proportion of protein [53]. 

We can also address the question as to whether this increase in molecular weight is 
accompanied by a change in conformation. The simplest indicator of conformation comes 
from the Wales and van Holde [54] ratio ‘R’, in which the ratio of the sedimentation 
concentration dependence coefficient ks, to the intrinsic viscosity [η], is a direct measure 
(independent of assumptions of hydration) of the macromolecular gross conformation in 
solution. The R values reported in this study 1.4 ± 0.2 and 1.6 ± 0.3 at pH 7.0 and pH 3.0 
respectively both corresponding to random coils, although within experimental error they 
are indistinguishable at the 2 pH’s, the results indicate a change to a more compact 
conformation [55, 56]. The value at pH 7 is also consistent with a MHKS a coefficient value of 
(0.565 + 0.010), and persistence length Lp = (5.6 + 0.5) nm, obtained from HYDFIT analysis. 
The SEC-MALS-viscostar and sedimentation velocity results are all consistent with a random 
coil. It is worth suggesting that these mild changes in the macrostructure of mucus at low pH 
may also correspond the mild feeling of astringency perceived during consumption of soft 
drinks. 

Interactions of Volatile Aroma Compounds with Mucin Solutions 

Figure 4 shows the effect of pH on the partitioning of six characteristic volatile compounds 
found in lemon flavoured soft drinks in the presence and absence of mucin. In the absence of 
mucin, results indicated no significant differences (P > 0.05) in the release of these 
compounds at different pH (Fig. 4-dotted line), thus excluding the possibility of significant 
solvent effect. However, there was a substantial interaction effect which lowered the 
partitioning of aroma volatiles in the presence of mucin. For most compounds, this effect was 
pH dependent, with no significant differences at pH 3.0, but with significant differences 
(P < 0.05) observed for pH 5 and pH 7, indicating that pH-mucin effects lower the damping 
effect of mucin on the release of aroma. Interestingly, p-cresol showed a ~2.5 fold decrease 
in the relative concentration on the addition of mucin, irrespective of pH. It is known that 
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some proteins can bind specific aroma compounds [13, 57, 58], hence the significant 
reduction in the release p-cresol indicates a possible interaction mechanism with mucin. 

Para-cresol (p-cresol) and its interactions with mucin has not been previously documented. 
This is of particular interest as it one of the main products resulting from the degradation of 
citral, and can be found in a wide range of citrus flavoured soft drinks and candy products 
[59]. We performed an SV-AUC analysis of the BSM/p-cresol mixture (Fig. 5a) and it was 
revealed that the sedimentation coefficient distribution of BSM showed a small degree of 
change to lower s values. Interestingly an additional Raman analysis revealed a decrease in 
intensity of the amide I region (~1640 cm−1) upon addition of p-cresol, along with an increase 
in the ~850 cm−1 region, corresponding to the free p-cresol present in the solution [60] 
(Fig. 5b). 

Fig. 5 

 

a Sedimentation coefficient distribution g(s) vs s profiles for bovine submaxillary albumin 
(loading concentration c = 0.25 mg/ml) and the result of its interaction with p-cresol 
(c = 0.1 mg/ml); b Raman spectra of (c = 10 mg/ml) with and without p-cresol. The mucin/p-
cresol sample was dialysed against a 14 kDa membrane prior to Raman analysis to remove 
unbound p-cresol. Performed in 0.1 M PBS pH 7 at 20.0 °C 
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Concluding Remarks 

Our study shows that bovine submaxillary mucin has a broad molecular weight distribution 
with weight average (700 + 30) kDa and adopts a randomly coiled conformation at neutral 
pH 7.0 – consistent with mucins from other sources [39] which is maintained under high acid 
conditions at pH 3.0. However there is a clear increase in aggregation at the lower pH causing 
a significant shift in the weight average molecular weight to (1600 + 160) kDa. There is also a 
small change in the sedimentation coefficient distribution on addition of p-creosol with a 
concomitant small change in the Raman spectrum: this observation may also have affect in 
flavour release. 

These effects have not been investigated previously, and it could lay grounds for new 
research into the health impact of commercially available flavour compounds. While the 
compounds used in our study are found in food or drink, they are present at very low 
concentrations (parts per million/billion) and are not high enough to elicit a significant effect. 
However, these mechanisms may have significant health implications in other products such 
as flavoured electronic cigarettes, where their aroma concentrations of be up to a million 
times higher. 
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Abstract: Hyaluronic acid (HA) has been commonly used in eyedrop formulations due to its 
viscous lubricating properties even at low concentration, acting as a supplement for ocular 
mucin (principally MUC5AC) which diminishes with aging in a condition known as 
Keratoconjunctivitis sicca or “dry eye”. A difficulty has been its short residence time on ocular 
surfaces due to ocular clearance mechanisms which remove the polysaccharide almost 
immediately. To prolong its retention time, tamarind seed gum polysaccharide (TSP) is mixed 
as a helper biopolymer with HA. Here we look at the hydrodynamic characteristics of HA and 
TSP (weight average molar mass Mw and viscosity [η]) and then explore the compatibility of 
these polymers, including the possibility of potentially harmful aggregation effects. The 
research is based on a novel combination of three methods: sedimentation velocity in the 
analytical ultracentrifuge (SV-AUC), size-exclusion chromatography coupled to multiangle 
light scattering (SEC-MALS) and capillary viscometry. HA and TSP were found to have Mw = 
(680 ± 30) kg/mol and (830 ± 30) kg/mol respectively, and [η] = (1475 ± 30) ml/g and (675 ± 
20) ml/g, respectively. The structure of HA ranges from a rodlike molecule at lower molar 
masses changing to a random coil for Mw > 800 kg/mol, based on the Mark–Houwink–Kuhn–
Sakurada (MHKS) coefficient. TSP, by contrast, is a random coil across the range of molar 
masses. For the mixed HA-TSP systems, SEC-MALS indicates a weak interaction. However, 
sedimentation coefficient (s) distributions obtained from SV-AUC measurements together 
with intrinsic viscosity demonstrated no evidence of any significant aggregation 
phenomenon, reassuring in terms of eye-drop formulation technology involving these 
substances. 

Keywords: molar mass; heterogeneity and conformation; analytical ultracentrifugation; light 
scattering; viscometry 

 

1. Introduction 

As people age, their production of ocular mucin containing lacrymal fluid—with its natural 
protective and lubricating properties for the surface of the eye—diminishes, a term known 
medically as Keratoconjunctivitis sicca or “dry eye”. Solutions of polysaccharide in artificial 
tear drop formulations are popularly used to consolidate the mucin (of primarily type 
MUC5AC, also MUC2) to remove these symptoms. A problem with such formulations is how 
to prolong their residence time on the eye surface. The main reason for this problem is that 
ocular protective mechanisms (involving blinking, 
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both basal and reflex lachrymation, and a drainage through nasolacrimal ducts) quickly 
eliminates these eye drops from the precorneal region, where such drugs are absorbed and 
work [1]. As a result, and depending on the severity, this can lead to the need for repeated 
administration [2]. Therefore, various studies have investigated novel preparations to 
overcome such disadvantages of currently available formulations. For example, based on the 
viscosity enhancing effects of gelatin, the grafting of thermoresponsive polymer segments 
onto proteinaceous networks has led to promising results [3] and, more recently, the lectin 
Helix pomatia agglutinin has been considered as an ocular mucoadhesive component [4]. The 
properties of a promising new glutathione-dependent polymeric hydrogel with good eye 
drop mucoadhesive properties has also been explored [5]. 

Another highly significant development has been the combination of hyaluronic acid (HA) 
and tamarind seed gum polysaccharide (TSP), whose medical benefits were first reported by 
Barabino et al. [6]. Of the two components, both natural polysaccharides, HA is a linear 
polyanionic molecule chemically grouped in a glycosaminoglycan and comprises the 
repeating dimer 

[→4)-β-D-glucopyranosyluronic acid-(1→3)-N-acetyl-2-amino-2-deoxy-β-d-glycopyranosyl-
(1→] [7,8]. When it comes to the current market situation, it has been reported [2] that 0.1–
0.5% (w/v) HA solutions are available commercially as either active or inactive ingredients to 
supplement ocular fluid (see also refs [9] and [10]). Hammer and Burch [11] have suggested 
that 0.17% HA showed superior protective effects as a coating on the eye compared to the 
highly viscous, more concentrated applications (1%, equivalent to 10 mg/mL) which transmit 
excessive shear force to endothelial cells. An alternative approach, which can also help with 
product stability issues is to use HA in a binary mixture with another polysaccharide. The 
second polysaccharide, TSP (Figure 1) is a nonionic, neutral and branched xyloglycan, which is 
comprised of a cellulose-like backbone, partially replaced at the O-6 position of its 
glucopyranosyl units with α-d-xylopyranose [6,12]. 

 

 

Figure 1. Chemical structure of tamarind seed xyloglucan; motif XXXG or β 

A comparative study by Rolando and Valente [13] has indicated that both 0.5% and 1% 
solutions of TSP are comparable to 0.2% HA in terms of removing the symptoms of dry eye 
syndrome. Later, Barabino et al. [6] published their results with mixtures of HA and TSP, 
showing that this combination is effective in fixing the tear film on the cornea and repairing 
the endothelial damage in dry eye patients. One principal reason for these outcomes is that 
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the structural similarity of TSP to transmembrane mucins (MUC1) on the eye surface could 
lead to its longer retention time [13]. -D-galactopyranose (motif XXLG). Adapted from [14]. 

In addition, recent evidence using nuclear magnetic resonance spectroscopy (NMR)—a 
powerful method for investigating macromolecular-ligand interactions [15]—has suggested 
that there is an interaction between these two polysaccharides [16]. We now seek to 
reinforce those observations by exploring the hydrodynamic compatibility and stability of 
these mixtures. Specifically we examine key hydrodynamic parameters such as the molar 
mass and intrinsic viscosity by size exclusion chromatography coupled to multiangle (laser) 
light scattering SEC-MALS and capillary viscometry, together with sedimentation velocity in 
the analytical ultracentrifuge, SV-AUC to assess the heterogeneity and interaction strength. 
The matrix-free method of analytical ultracentrifugation—with its huge dynamic range 
(molar masses from 102–108 g/mol) is a key or “gold standard” method used to assess the 
molecular integrity of other biotherapeutic systems such as monoclonal antibodies (in terms 
of disassembly, denaturation or aggregation effects) and this is the first time that this 
method has been used to assess a dry-eye formulation. It has both a high separation and 
analysis ability without the need of columns or membranes [17,18]. We assess the change in 
the intrinsic viscosity with molar mass in order to estimate conformations of HA and TSP by 
SEC-MALS and viscometry, assess the state of self-association/aggregation of the individual 
components and for interaction/aggregation phenomena of the mixtures using SEC-MALS 
and SV-AUC, and finally investigate the stability of HA, TSP, and their mixtures. 

Although polysaccharides such as cellulose acetate [19], proteins [20] and other natural 
polymers [21] are commonly used singly in biomedical applications, examples of the 
combined use of natural polymers for medicinal purposes are not so frequent but are 
increasing in importance. The HA-TSP system has provided a further good example 
[1,6,16,22], now reinforced by the present analytical ultracentrifuge-based study. 

2. Materials and Methods 

2.1. Materials 

Hyaluronic acid and tamarind seed polysaccharide were supplied by Farmigea S.p.A., Pisa, 
Italy. HA or TSP samples were dissolved in a phosphate-chloride buffered saline solution 
(PBS, or “Paley buffer”) at pH ~6.8 adjusted to an ionic strength of I = 0.1 mol/L by the 
addition of NaCl [23]. 

Stock solutions of HA and TSP were prepared by stirring gently for 30 min followed by 
overnight dialysis at room temperature against a two-litre volume of PBS. The concentration, 
c (g/mL) of the stock solution (either HA or TSP) was then measured using a differential 
refractometer (Atago DD7, Tokyo, Japan) set to zero with PBS, and using a refractive 
increment dn/dc of 0.167 mL/g for HA, and 0.152 mL/g for TSP [24]. HA/TSP was prepared by 
adding equal volumes with various concentrations, resulting in a range of ratios (HA:TSP = 
1:3, 1:1 and 3:1) and final concentrations (4.0 mg/mL, 2.0 mg/mL and 1.0 mg/mL 
commensurate with concentrations used in formulations, and with materials remaining in 
solution (on the premise there are no significant irreversible aggregation/ complex formation 
interactions). 

2.2. Sedimentation Velocity in the Analytical Ultracentrifuge 

Sedimentation coefficients and sedimentation coefficient distributions were determined 
using the optimal XL-I analytical ultracentrifuge (Beckman Instruments, Palo Alto, CA, USA) 
with Rayleigh interference optics. Reference solvent or dialysate (420 µL) and HA, TSP or 
HA/TSP samples (400 µL) 
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with different concentrations were injected into channels of 12 mm, double-sectored cells 
with sapphire windows. Then these cells were loaded into an eight-hole rotor and 
centrifuged at a rotor speed of 45,000 rpm at a temperature of 20.0 ◦C for a run time of ∼24 
h. The data was analysed using the SEDFIT algorithm [25], which gives the sedimentation 
coefficient distribution, g(s) versus sT,b, where s is the sedimentation coefficient, at 
temperature T and in buffer b. The s value was then corrected to standard solvent conditions 
(density and viscosity of water at 20.0 ◦C) to produce s20,w using the equation [26]: 

𝑠ଶ଴,௪ =
ଵି௩തఘమబ,ೢ

ଵି௩തఘ೅,್
.

ఎ೅,್

ఎమబ,ೢ
. 𝑠்,௕ (1) 

where v is the partial specific volume of each sample. To eliminate the effect of nonideality, 
the Gralén equation was used for the extrapolation [27]: 
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where ks is the Gralén coefficient (mL/g). 

2.3. Size Exclusion Chromatography Coupled to Multiangle Laser Light Scattering (SEC-MALS) 

Weight average molar masses (Mw) of HA, TSP and HA/TSP were estimated by SEC-MALS 
[7,14,28,29]. The solvent/ buffer was pumped at a steady flow rate of 0.5 mL/min through a 
column (Shodex LB-805 and), which was protected by a guard column (Shodex LB-G6B), 
coupled on-line to MALS (Dawn Heleos-11), a differential pressure viscometer (ViscoStar-11) 
and refractive index (Optilab rEX) detectors (Wyatt Technology, Santa Barbara, CA, USA). 
After being filtered through a 0.2 µm syringe filter (Whatman, Maidstone, England), the 
solutions of the HA, TSP, and HA/TSP sample prepared at a concentration of 1.24 mg/mL, 
0.68 mg/mL, and 1.0 mg/mL (HA:TSP = 1:1) respectively, were injected into the size exclusion 
system using the Spark-Holland Marathon Basic autosampler to dilute on the column. 
ASTRATM (Version 6.2) software (Wyatt Technology, Santa Barbara, CA, USA) was used to 
analyse the data. Apparent weight average molar mass (Mw,app) was calculated by using a 
linear fit to the Zimm model [30]: 

௄௖

௱ோ(௵,௖)
=

ଵ

ெ
ቀ1 +

௤మோ೒
మ

ଷ
ቁ + 2𝐵ଶ𝑐 (3) 

where K is an experimental constant dependent on the wavelength of the light and the 
refractive index increment of the polysaccharide, Rθ is the Rayleigh ratio used to determine 
the ratio of the integrity of light scattered by a macromolecule at an angle θ to that of the 
incident radiation, B is the second virial coefficient (mL·mol·g−2), Rg is the radius of gyration 
(cm) [31]. 

Mw,app is obtained from the intercept [29]. We make the reasonable assumption that 
correction for thermodynamic nonideality was assumed to be unnecessary due to the high 
dilutions on the SEC columns (see, for example ref [32]) and hence Mw the “ideal” molar 
mass ~Mw,app. 

2.4. Capillary Viscometry 

HA solutions ranging from 0.08 to 0.62 mg/mL, TSP solutions (from 0.03 to 1.91 mg/mL), and 
HA/TSP solutions (1 to 4 mg/mL) were analysed using a semiautomated viscosity measuring 
system (AVS 400, Schott Geräte, Hofheim, Germany) at a temperature of 20.00 ◦C in a 2 mL 
Ostwald viscometer (Table 1). Considering the fact that, because of low concentration (<2 
mg/mL), a density correction is considered to be redundant [14], the relative viscosity, ηrel, 
was estimated to be the ratio of the flow time of the solution t (sec) to that of solvent t0: 

ηrel≈t/t0=ηsp+1 (4) 
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where ηsp is the specific viscosity [33]. Then the reduced specific viscosity, ηred, (mL/g) and 
the inherent viscosity, ηinh, (mL/g) were obtained from: 

ηred=(ηrel−1)/c (5) 

ηinh=(ln ηrel)/c  (6) 

where c (g/mL) is the solute concentration [33]. 

Table 1. Hydrodynamic properties of hyaluronic acid (HA) and tamarind seed gum 
polysaccharide (TSP) in PBS “Paley” buffer. 

Sample HA TSP 
[η] (ml/g) 1475 ± 30 675 ± 20 
s020,w (S) 4.7 ± 0.2 5.4 ± 0.2 
a 1.1 * 0.63 
10−3×Mw (g/mol) 680 ± 30 830 ± 30 

10−3×Mz (g/mol) 730 940 

10−3×Mn (g/mol) 640 680 

Mz/Mw 1.1 1.1 
Mw/Mn 1.1 1.2 

 

These ηred and ηinh can be extrapolated to zero concentration in order to eliminate 
nonideality effect, leading to the intrinsic viscosity [η]: 

ηred=[η] (1+KH⋅[η]⋅c) (7) 

ηinh=[η] (1−KK⋅[η]⋅c) (8) 

where KH is the Huggins constant [34] and KK is the Kraemer constant [35]. Additionally, a 
combination of Equations (7) and (8) was used [36]: 

[η]≃1/c⋅[2ηsp−2ln(ηrel)]1/2 (9) 

3. Results and Discussion 

3.1. Comparison of Hydrodynamic Properties of HA and TSP of the Preparations 

Table 1 summarizes the hydrodynamic properties of the hyaluronic acid and tamarind seed 
gum preparations (supplied by Farmigea AG) in the phosphate-chloride buffer. 
Sedimentation velocity (Figure 2a,b) and the elution profiles from SEC MALS (Figure 3a,b) 
show unimodal behaviour for both HA and TSP. Extrapolation of the sedimentation 
coefficients to zero concentration (Figure 2c,d) yield s20,wvalues of (4.7 ± 0.2)S and (5.4 ± 
0.2)S, with concentration dependence or Gralén “ks” parameter values, respectively of (1171 
± 20) mL/g and (240 ± 30) mL/g. The lower value for ks for TSP is commensurate with the 
presence of weak self-associative effects we previously reported [14] which has an opposing 
effect on the concentration dependence to hydrodynamic nonideality. 

SEC-MALS elution profiles for HA and TSP respectively are given inFigure3a,b, and 
corresponding typical Zimm extrapolations for specific elution volumes or times are given in 
Figure 3c,d. Weight average molar masses Mw of (680 ± 30) kg/mol and (830 ± 30) kg/mol for 
the HA and TSP preparations are obtained, with low polydispersities commensurate for an 
optical formulation. Corresponding viscosity plots obtained with the Ostwald capillary 
viscometer are shown in Figure 4 for HA (Figure 4a) and TSP (Figure 4b) respectively, yielding 
values of (1475 ± 30) mL/g and (675 ± 20) mL/g. 
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Values for the molar mass and intrinsic viscosity for the Farmigea hyaluronic acid 
preparations (Table 1) are somewhat lower than we analysed previously from a different 
source [7,8]. By contrast the tamarind seed gum preparations gave similar results to what we 
have found before [14,29]. The differential pressure Viscostar (Wyatt Technology, Santa 
Barbara USA) viscometer attached on-line to SEC allows relative viscosities ηrel(te) to be 
recorded as a function of elution volume (or elution time te), and also the corresponding 
molar masses Mw(te). 

 

 

Figure 2. Sedimentation coefficient distributions. (a) Hyaluronic acid, HA. (b) Tamarind seed 
polysaccharide, TSP. (c) Corresponding concentration extrapolation to zero concentration to 
eliminate nonideality effects for HA (d) Corresponding plot for TSP. Solution pH = 6.8, I = 0.1, 
temperature = 20.0 ◦C. 
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Figure 3. Size exclusion chromatography—multiangle light scattering (SEC-MALS) elution 
profiles for (a) hyaluronic acid, HA and (b) tamarind seed polysaccharide, TSP. Solid black 
circles: light scattering signal at a scattering angle θ = 90◦. Open circles: concentration 
(refractive index) signal; dashed line: differential pressure (viscosity) signal; te = elution time. 
(c) Zimm fit of Kc/Rθ (see text for definitions) vs sin2(θ/2) for HA, at a single elution time te. 
(d) Corresponding plot for TSP. Solution pH = 6.8, I = 0.1, temperature = 20.0 ◦C. 
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Figure 4. Evaluation of the intrinsic viscosity [η] from Ostwald viscometry: (a) hyaluronic acid 
and (b) tamarind seed polysaccharide. Squares: Huggins’ extrapolation; triangles: Solomon–
Ciuta; circles: Kraemer extrapolation. Solution pH = 6.8, I = 0.1, temperature = (20.00 ± 0.05) 
◦C. 

Since the concentration is known also for each value of te from the refractive index 
detection, this enables an estimate for [η](te) to be obtained from equation (9). Mark–
Houwink–Kuhn–Sakurada (MHKS) plots of log [η](te) vs log Mw(te) for HA and TSP 
respectively are given in (Figure 4a,b), enabling evaluation of the MHKS conformation 
parameter a: 

[η](te) = Mw(te)a  (10) 

From Figure 5a (HA) a value of a of 1.1 is obtained, corresponding to a stiff extended 
conformation, although >M = 800 kg/mol a lower value is obtained (a ~0.56) corresponding 
to a flexible random coil conformation. Figure 5b we obtain a = 0.63 for TSP, also 
corresponding to a flexible random coil. 
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Figure 5. Mark–Houwink–Kuhn–Sakurada plots of log intrinsic viscosity vs log molecular 
weight M(te) at corresponding elution times te: (a) hyaluronic acid and (b) tamarind seed 
gum. Solution pH = 6.8, I = 0.1, temperature = (20.0 ± 0.1) ◦C. 

3.2. Hydrodynamic Behaviour of Mixtures of HA and TSP 

Figure 6a shows the SEC-MALS profile for a mixture of HA with TSP. One can see a slight shift 
to lower elution times (higher molar masses) relative to HA and TSP by themselves (Figure 
3a,b) 

with a shoulder at lower elution time suggestive of some degree of complexation or weak 
interaction. Analysis using ASTRA software shows agreement in the measured Mw (= 720 ± 
30) kg/mol compared with the predicted value of 755 kg/mol. 

  

Figure6. (a) Elution profiles for a 1:1 mixture of HA to TSP in 0.1M, pH 6.8 PBS buffer. Solid 
circles—light scattering 90◦ signal. Open circles—concentration (refractive index) signal. 
Dashed line—relative viscosity signal. Concentration of HSA = 1 mg/mL, and TSP= 1 mg/mL. 
(b) Sedimentation coefficient distributions for HA (black), TSP (red) and HA-TSP mixture 
(green). Concentrations of HA, TSP 1 mg/mL. (c) As (b) but concentrations of HA, TSP = 2.0 
mg/mL. 
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These observations are reinforced by the results from intrinsic viscosity. Table 2 shows the 
comparison of the theoretical intrinsic viscosity calculated from the ratio of HA to TSP in each 
mixture with varying ratios (the HA:TSP ratios = 3:1, 1:1 and 3:1), and the actual intrinsic 
viscosity obtained experimentally from the capillary viscometry. It is clear that there is no 
significant increase (HA:TSP = 1:1 and 1:3). 

Table 2. Measured intrinsic viscosities for HA:TSP mixtures compared with the theoretically 
predicted (based on values from Table 1) if there was no interaction. 

HA:TSP ratio [η] [η] (theoretical) 

1:3 
1:1 
3:1 

780 mL/g 
1100 mL/g 
1180 mL/g 

940 mL/g 
1075 mL/g 
1200 mL/g 

 

4. Conclusions 

The present findings of this hydrodynamic study using mixtures of hyaluronic acid and 
tamarind seed polysaccharides implies there is no incompatibility in solutions of the two, at 
concentrations used in popular formulations to help supplement reduced lacrymal fluid/ 
ocular mucin in an aging population. Earlier observations using NMR spectroscopy [1] have 
demonstrated a synergistic interaction between the two polysaccharides. The present study 
complements those observations by showing that no large aggregate or supramolecular 
formation was evident, reassuring for formulations involving the two polymers. 
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11.3 Probing the effect of aroma compounds on the hydrodynamic properties 
of mucin glycoproteins 
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Abstract 

Aroma compounds are diverse low molecular weight organic molecules responsible for the 
flavour of food, medicines or cosmetics. Natural and artificial aroma compounds are 
manufactured and used by the industry to enhance the flavour and fragrance of products. 
While the low concentrations of aroma compounds present in food may leave no effect on 
the structural integrity of the mucosa, the effect of concentrated aroma volatiles is not well 
understood. At high concentrations, like those found in some flavoured products such as e-
cigarettes, some aroma compounds are suggested to elicit a certain degree of change in the 
mucin glycoprotein network, depending on their functional group. These effects are 
particularly associated with carbonyl compounds such as aldehydes and ketones, but also 
phenols which may interact with mucin and other glycoproteins through other interaction 
mechanisms. This study demonstrates the formation of such interactions in vitro through the 
use of molecular hydrodynamics. Sedimentation velocity studies reveal that the strength of 
the carbonyl compound interaction is influenced by compound hydrophobicity, in which the 
more reactive short chain compounds show the largest increase in mucin-aroma 
sedimentation coefficients. By contrast, the presence of groups that increases the steric 
hindrance of the carbonyl group, such as ketones, produced a milder effect. The interaction 
effects were further demonstrated for hexanal using size exclusion chromatography light 
scattering (SEC-MALS) and intrinsic viscosity. In addition, phenolic aroma compounds were 
identified to reduce the sedimentation coefficient of mucin, which is consistent with 
interactions in the non-glycosylated mucin region. 

Introduction 

Aroma compounds are low molecular weight compounds which are responsible for the 
perception of flavour. There have been over 7000 aroma compounds identified in 2014 
(Parker et al. 2015). Common classes of aroma compounds include aldehydes, ketones, 
esters, phenols, thiols, lactones and different cyclic configurations. Fruit, vegetables, 
processed food and most confectionery products contain very low concentrations of aroma 
compounds (less than 0.01 mg/ml or 10 ppm), most of which have developed naturally 
during product development, such as thermal treatment or fermentation. However, some 
products are by design enriched with aroma compounds, to enhance their flavour. The 
aroma ingredients added to improve the flavour of food and other consumer products are 
generally recognized as safe (GRAS), and are approved for use in food, pharmaceutics and 
cosmetics. However, recent applications of flavour technologies led to a significant variation 
in the concentrations of aroma compounds in a range of products (Dinu et al. 2020). 
Electronic cigarettes are a prime example of a product in which the concentration of aroma 
compounds can exceed 5% of the entire formulation (50,000 ppm), which is approximately 
10,000 times higher than the typical concentration of aroma compounds found in fruit. These 
concentrations are close to or even higher than it is deemed safe for consumption by the 
Flavor and Extract Manufacturers Association (FEMA) (FEMA FEMA, 2020a; Tierney et al. 
2016; Cohen et al. 2020). Therefore, their use in e-cigarettes challenges these fundamental 
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GRAS assumptions, because of the high concentration of aldehyde, ketone and other classes 
of flavourings in direct contact with the oral and respiratory mucosa. 

Irrespective of the mode of administration of flavour compounds (ingestion or inhalation), 
their effect on the intestinal or respiratory mucosae will be determined by a similar type of 
interaction mechanism, varying according to the structure and function of different mucins 
(Linden et al. 2008). Thermodynamic and kinetic mechanisms of interaction are influenced 
the physical and chemical properties of each type of aroma compound (Parker et al. 2015). 
Most of them are highly hydrophobic and have a low solubility in water, but the shorter chain 
compounds are also soluble in aqueous solvents. In addition, each molecule has a different 
freezing and boiling point which would have a significant effect on the properties of the 
mucus surface, such as density and viscosity effects, but also on the properties of other 
biological systems in contact with the aroma compounds. 

Interactions between aroma compounds and proteins have been extensively reported in the 
past few decades (Fares et al. 1998; Jouenne and Crouzet 2000; Paravisini and Guichard 
2016; Dinu et al. 2019b). They are generally grouped into three types: (i) binding of flavour 
compounds, (ii) phase partitioning, i.e. air, water or lipid, or (iii) viscosity effects (Rothe 
1997). Binding can either be reversible or irreversible depending on the strength of the 
interaction. Ketones and aldehydes were suggested to covalently bind with amino groups of 
proteins (Damodaran and Kinsella 1980; Weerawatanakorn et al. 2015). Others have shown 
that they can form weak hydrogen bonds with macromolecules containing electronegative 
clusters of nitrogen, sulphur or oxygen (Reineccius 2006; Tromelin et al. 2006). Although, 
there is no established mechanism of interaction between proteins and different classes of 
aroma compounds, previous studies have suggested covalent interactions between lysine 
and histidine residues of proteins and monounsaturated aldehydes and ketones such as 
hexanal, t-2-hexenal and butanone (Kikugawa et al. 1988; Meynier et al. 2004). 

Mucins are the glycoprotein building blocks of the protective layer covering the mucosal 
membrane, lining the alimentary canal from the oral and nasal cavities through to the large 
intestine. They vary considerably in size, from a few thousand to several million daltons. The 
protein domains are rich in threonine and serine which form a bridge between their hydroxyl 
groups and the N-acetylgalactosamine residues of the carbohydrate region. While most 
mucins are heavily glycosylated (up to 90%), the ‘naked’ unglycosylated polypeptide is 
predominantly composed of cysteine, serine, threonine, lysine and proline which assist in the 
coiling of the glycoprotein which is thought to give rise to potential interaction sites with 
hydrophilic aroma compounds (Harding et al. 1983). These exposed amino groups are 
theoretically able to form several kinds of reactions with carbonyl groups, including Shiff 
bases or Michael addition reactions. These have also been demonstrated for more complex 
aldehyde compounds such as vanillin, shown to form Schiff bases with different amino acids 
including cysteine, lysine and phenylalanine (Kikugawa et al. 1988; Meynier et al. 2004; 
Ziegler 2007). In addition, reactions with cysteine were shown to be reversible under heat 
and acidic conditions, such as the stomach environment. 

While low concentrations of aroma compounds may have negligible physical and chemical 
effects on the oral and intestinal mucus during oral processing, the very high concentrations 
of carbonyl containing flavour compounds inhaled by vaping are suggested to contribute 
significantly to the physical and chemical properties of the lung mucus, including viscosity 
effects and subsequent effects on the respiratory function. In light of this hypothesis, matrix 
free biophysical characterisation techniques of analytical ultracentrifugation (SV-AUC), 
viscometry and size exclusion chromatography multi angle laser light scattering (SEC-MALS) 
were employed to study some of the effects of model volatile compounds: linear aldehydes 
(hexanal, octanal, decanal) and linear ketones (butanone, hexanone, octanone, decanone) 
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(Table 1). In addition, the effects of phenolic compounds (guaiacol, p-cresol and m-cresol) on 
the solution properties of bovine submaxillary mucin were probed using sedimentation 
velocity. This work along with future investigations will provide some of the starting points 
on the understanding some of the effects of high concentration volatile aroma compounds 
on the respiratory but also on the gastro-intestinal system. 

Table 1 Lipophilicity (LogP) and chemical representations of the volatile aroma compounds 
used in the bovine submaxillary mucin (BSM) interaction experiments 

 

Materials and methods 

Sample preparation 

Bovine submaxillary mucin (BSM) (type I-S, M3895) and the volatile compounds were from 
Sigma-Aldrich (Dorset, UK). The experiments were prepared in 0.1 M phosphate buffered 
saline (PBS), according to (Green 1933). Aldehydes and ketones were pre-solubilized in 70% 
ethanol by adding 1 mL aroma compound to 4 mL 70% ethanol to obtain a 20% (250 mg/mL 
stock solution). To prepare a 1 mg/mL solution of volatile compound, a 5 μL aroma 
compound was added to a 955 μL solution containing solubilized BSM. Phenols were added 
directly to their respective mucin solution. 

Analytical ultracentrifugation sedimentation velocity (SV) 

The experiments were performed at 20.0 °C using the Rayleigh interference optical system in 
the Optima XL-I analytical ultracentrifuge (Beckman, Palo Alto, USA). A volume of 395 μL 
sample and 405 μl solvent, respectively, were injected into 12 mm double sector epoxy cells 
with sapphire windows, optically aligned to 0°as described previously (Channell et al. 2018). 
The samples were centrifuged at 30 000 rpm for 12 h. Raw data were analysed in SEDFIT 
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V16.1c using the least-squares boundary modelling ls-g*(s) method, abbreviated as g(s) in 
this study, by generating sedimentation coefficient distributions, where s is the rate of 
particle sedimentation or sedimentation coefficient (in Svedberg units, S = 10–13 s). The 
coefficient values from the g(s) vs s distributions were normalised to standard conditions 
(viscosity and density of solvent at 20.0 °C) to give s20,w. A partial specific volume of 0.64 
mL/g was employed for mucin (Dodd et al. 1998; Fisher et al. 2006). TI (time invariant) and RI 
(radial invariant) noise were removed during data fitting. The distributions were exported 
and plotted in Origin 7.5 (Origin Lab, MA, US). 

Size exclusion chromatography: multi angle light scattering (SEC-MALS) 

The SEC set-up consisted of a Postnova Analysis PN7505 degassing unit (Landsberg am Lech 
Germany), Shimadzu LC-10AD HPLC Pump (Shimadzu UK, Milton Keynes, UK.), fitted with a 
Spark-Holland Marathon Basic autosampler (Spark Holland, Emmen, The Netherlands) 
combined with a TSK Gel guard column (7.5 × 75 mm) and TSK Gel G5000, G6000 columns 
(7.5 × 300 mm) connected in series (Tosoh Biosciences, Tokyo, Japan), fully flushed of column 
debris. Light scattering intensities were simultaneously detected at 14 angles as a function of 
elution volume using a DAWN® HELEOS™ II, light scattering photometer connected in series 
to a ViscoStar® II on-line differential viscometer, an Optilab® rEX refractive index detector 
(Wyatt Technology Corporation, California, U.S.A.). A stock solution of 1.0 mg/mL BSM and 
BSM-hexanal was filtered through a 0.45 µm syringe filter (Whatman, Maidstone, England) to 
remove any insoluble material or dust prior to injection and then injected into the 
autosampler. A 100 µl aliquot of BSM and BSM-hexanal were injected onto the columns at 
ambient temperature (20 ± 3 °C) at a flow rate of 0.8 mL/min. ASTRA™ (Version 6) software 
(Wyatt Technology Corporation, Santa Barbara, U.S.A.) was used to estimate the weight 
average molecular weight, Mw and radius of gyration Rg, as a function of elution volume. The 
4mW He–Ne laser was used at a wavelength of 632.8 nm, and the refractive increment used 
was 0.181 mL/g. Because of the low solute concentrations and column dilution, non-ideality 
effects were assumed negligible. 

U-tube capillary (Ostwald) viscometry 

Relative viscosity was measured using the semi-automated (Schott Geräte, Hofheim, 
Germany) U-tube Ostwald capillary viscometer immersed in a temperature-controlled water 
bath at 20.00 °C. A constant volume of 2.0 mL was used for sampling BSM-hexanal mixture, 
automatically recorded six times. BSM concentrations were constant at 1.0 mg/mL while the 
buffer solution was made using different concentrations of hexanal. The intrinsic viscosity, 
[η] was calculated according to the Solomon–Ciuta equation (Solomon and Ciuta 2019) at a 
constant BSM concentration “c” of 1.0 mg/mL and plotted against the concentration of the 
solvent in Fig. 2 using: 

[η]≅1c(2(ηsp)−2ln(ηr))1/2.[η]≅1c(2(ηsp)−2ln(ηr))1/122. (1) 

Results and discussion 

Carbonyl containing compounds 

The sedimentation velocity results show the distribution of sedimentation coefficients for 1.0 
mg/mL BSM solution, revealing a broad polydisperse distribution ranging from 2 to 12S, as 
shown previously (Dinu et al. 2019a). The addition of linear aldehydes and ketone volatile 
compounds was shown to result in an increase in the proportion of species of high 
sedimentation rates, tailing up to ~ 28S for the mixtures containing more hydrophilic 
compounds such as butanone or hexanal (Fig. 1). The effect is negatively correlated with 
compound hydrophobicity, appearing milder for less soluble, longer chain aldehydes but also 
for ketones as a whole, possibly due to the alkyl group reducing their reactivity (see Table 1). 
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In other words, the SV data suggest that the mucin interaction with the aldehydes and 
ketones is stronger for the shorter chain compounds, given their higher solubility in water. 
This can also be evidenced directly from the raw data (Appendix Fig. 6) in which changes in 
the fringe concentration and shape correspond to species of higher sedimentation coefficient 
and higher diffusion. Although there is some sedimentation contribution from the aroma 
compounds, in particular hexanal and butanone, being the most soluble (Appendix Fig. 7), 
the signal and apparent sedimentation coefficient are too low to suggest the possibility of 
concomitant sedimentation with the much larger mucin components. 

Fig. 1 

 

 

Sedimentation velocity, g(s) analysis showing the sedimentation coefficient distributions of 
bovine submaxillary mucin (1.0 mg/mL) and the effect of aldehydes and ketones (1.0 
mg/mL); and bottom: plot of hydrophobicity, logP against % change in mucin complexation 
as determined by the area under the normalised sedimentation coefficient curve. Rotor 
speed: 30,000 rpm (90,000 g), 20.0 ºC 

The exact mechanism behind the increase in the higher S species remains unclear; however, 
AUC are indicative of non-specific mucin–solvent interactions causing either (i) partial mucin 
aggregation or (ii) changes in mucin conformation. In addition to the sedimentation results, 
an additional experiment was employed using the size exclusion chromatography coupled to 
a multi angle laser light scattering system (SEC-MALS) looking at the interaction of mucin 
with hexanal (Fig. 2). 

Fig. 2 
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SEC-MALS results showing the light scattering (LS) elution profile of BSM, hexanal and the 
result of their interaction. Insert shows the summary for the hydrodynamic parameters for 
the main peaks, such as the apparent weight average molar mass (Mw) and radius of 
gyration (Rg) 

During size exclusion chromatography, larger particles elute first, followed by smaller 
molecules. If they are too small to be detected by the column, as is the case of hexanal, they 
are not separated by the column and, therefore, no signal is recorded. The elution profiles 
(Fig. 2) reveal a broad multi-component distribution of BSM, ranging from ~ 16 to 24 min, as 
reported previously (Dinu et al. 2019a). However, the addition of hexanal led to the 
formation of larger moieties (Peak 2), which appear to be up to ten times larger than the 
average molecular mass for Peak 1. The apparent hydrodynamic radius Rg of the new 
complexes is 85 nm, which is five times larger than the average Rg values for Peak 1 although 
the relatively high experimental errors indicates a certain degree of size heterogeneity in 
addition to the limited signal resulting from its small concentration, relative to the main 
peak. 

To further examine the effect of the aldehyde containing solvent, the intrinsic viscosity of 
BSM was determined in the presence of different concentrations of hexanal. They were 
obtained via the Solomon–Ciuta equation and plotted against concentrations of hexanal (Fig. 
3). An increase in the concentrations of hexanal led to an increase in the intrinsic viscosity of 
mucin, gradually plateauing at higher hexanal concentrations, which is attributed to the 
solubility of hexanal in water (~ 2.5 mg/mL at 20.0 °C). Currently, sedimentation, size 
exclusion and intrinsic viscosity results confirm an interaction between volatile 
aldehydes/ketones and mucin. Although non-specific interactions between the glycoproteins 
and the solvent are suspected, due to an increase in the aggregation state of mucin, the 
sedimentation of the more hydrophilic aldehydes and ketones with the higher S species of 



 
 

357 
 

the mucin is plausible, given the increase in the solute concentration (area under the curve). 
But the small increase in mucins intrinsic viscosity is consistent with small changes in 
conformation, which is suggestion to result from the binding of the carbonyls to amino 
regions of mucin, rather than solvent effects. A good way of confirming the complexation 
with the small solutes would be the use of gel chromatography, but previous attempts on 
mucin glycoproteins have proved unsuccessful due to smearing and inconsistent separation 
due to the very high molecular weight, high polydispersity and high degree of glycosylation. 

Fig. 3 

 

 

Solomon–Ciuta intrinsic viscosity [η]sc analysis showing the quantitative effect of hexanal 
addition to bovine submaxillary mucin (1.0 mg/mL) in 0.1 M phosphate buffer saline. The 
polynomial fit is based on six data points derived from the separate hexanal/BSM mixtures 

Phenolic aroma compounds 

Next, the sedimentation velocity analysis was applied to study the effects of another class of 
bioactive volatile aroma compounds—phenols, which have also been found to elicit changes 
in the sedimentation properties of mucin (Fig. 4). Although they are not directly used as food 
flavourings, they can be found in a range of medicines or as bi-products generated during 
heating of e-cigarette aerosol (Dinu et al. 2020). Changes in the sedimentation coefficient of 
BSM upon the addition of guaiacol, p-cresol and m-cresol suggest the formation of a smaller 
mucin components with a lower sedimentation coefficient, suggesting that phenols act as 
some type of molecular chaotropes. 
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Fig. 4 

 

 

Sedimentation velocity, g(s) analysis showing the sedimentation coefficient distributions of 
BSM (0.5 g/mL) and the result of its interactions with different phenol volatile compounds 
(0.5 mg/mL). Rotor speed: 30,000 rpm (90,000 g), 20.0 ºC 

These interactions were also studied by Raman spectroscopy, by examining changes in the 
vibrational spectrum of BSM before and after the addition of p-cresol (Appendix Fig. 8, Dinu 
et al. 2019a). Spectral changes were observed in the 820–850 cm−1 region, which represents 
a Fermi doublet, distinguished by the stronger (840 cm−1) and weaker (810 cm−1) Raman 
shifts. The ratio of the doublet is said to provide information on the strength of the hydrogen 
bonding of the phenoxy group in solution. Second, a decrease in the intensity of the 1500–
1700 cm−1 Amide I and II region was observed, indicaƟng changes in the non-glycosylated 
protein region of mucins (Dinu et al. 2019a). 

Discussion 

Protein–aroma interactions have been reported since the 1970’s first study of protein-flavor 
binding (Arai et al. 1970). Using simple linear aldehydes and ketones, we aimed to gain some 
information on the reported interactions between flavourings which have a carbonyl 
functional group. SV-AUC was used to confirm that the interactions are dependent on the 
solubility of aldehyde and ketone flavours in water. Second, we have confirmed that 
aldehydes are more reactive than ketones, as shown by the increase in the concentrations 
and the rate of sedimenting boundaries (Appendix Fig. 6). 

Other studies also confirmed a stronger affinity of aldehydes for binding of bovine serum 
albumin than ketones (Damodaran and Kinsella 1980). The mechanism of interaction is 
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suggestion to arise from the binding between lysine residues and the carbonyl group of the 
monounsaturated aroma compounds (Kikugawa et al. 1988; Meynier et al. 2004). In addition, 
shorter more hydrophilic molecules such as acetaldehyde were previously demonstrated to 
increase the risk of developing alcoholic liver disease and hepatocellular carcinoma through a 
similar type of protein adduct formations, leading to impairment in protein function 
(Donohue et al. 1983). More recently, aroma–mucin interactions have also been proposed 
for more complex molecules, because there is a significant reduction in the gas phase 
concentration of octanal, nonanal and decanal in the presence of mucin at neutral pH, 
reported using gas chromatography, reinforcing the hypothesis of aroma–mucin interactions 
(Dinu et al. 2019b). In other studies, vanillin and ethyl vanillin which also contain additional 
hydroxyl and ether groups were reported to interact with DNA at the A-T groove region 
under physiological conditions (Qais et al. 2019). Other work also found the use of vanillin as 
a DNA-dependent protein kinase inhibitor for use in anti-cancer therapies (Durant and Karran 
2003). While the exact mechanism remains a topic of further investigation, the current SV, 
viscosity and size exclusion analysis suggests that the interactions induced by the small 
carbonyl containing compounds are inducing changes in the conformation and/or mucin 
aggregation. 

Unlike aldehydes and ketones, some phenol molecules such as cresols and guaiacol, the 
latter being a phenol with a methoxy group, were found to exhibit the opposite effect. The 
sedimentation experiments indicate the presence of smaller components and a decrease in 
the mucin components. The additional Raman experiment shows a loss in the amide region, 
indicative of changes in the mucin region which is free of glycosylation. Previously, phenols 
such as m-cresol have long been used as an excipient in insulin formulations to de-aggregate 
insulin and keep the proteins in their active, monomeric form (Whittingham et al. 1998). 
Guaiacol is another related compound which is used in the synthesis of other aroma 
compounds but also naturally present in the flavour of whiskey. It is used as a universal 
substrate for peroxidase enzymes, through the interaction with glycine and isoleucine with 
its phenoxy group (Murphy et al. 2012). It is worth suggesting that guaifenesin, which has the 
same functional groups as guaiacol, has been considered for reducing the molecular weight 
and viscosity of mucus in medication for patients suffering from mucus congestion issues 
caused by common colds (Seagrave et al. 2011). Previous work suggested that the hydroxyl 
group of the phenol ring (phenoxy group), is primarily involved in some type of interaction 
with mucin glycoproteins (Seagrave et al. 2011). 

Further remarks 

The exact nature by which carbonyl containing volatile compounds or the volatiles bearing a 
phenol group are not yet understood. Mucin glycoproteins are heavily dominated by charged 
oligosaccharides structures, which raise the possibility of electrostatic interactions events, 
such as charge shielding or charge repulsion, depending on the polarity of the volatile. 
Aldehydes and ketones are, therefore, suggested to have an effect on the viscoelastic 
properties of the mucus. In addition, volatiles bearing a phenol group are suggested to alter 
mucin–mucin interactions which are an important determinant in the properties of the 
mucus gel protecting the mucosal surfaces (Verdugo 2012). The dynamics by which the 
mucin stability is affected also appears to resemble that of chaotropic agents and detergents, 
such as urea or guanidinium hydrochloride (GuHCl), which are known to disrupt non-covalent 
interactions (Radicioni et al. 2016). Based on the current data and previous studies, we, 
therefore, suggest two possible effects on mucin–mucin interactions (Fig. 5). 

While the low concentrations of volatile aroma compounds in food may not elicit a significant 
change on the macrostructure of mucus glycoproteins, high concentrations are, therefore, 
suggested to lead to a significant impairment of mucosal function. If such high 
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concentrations are inhaled, such as vaping products, this may also be relevant to the onset 
cytotoxic events reported in recent literature (Tierney et al. 2016; Omaiye 2019). Although, 
the components used in the current study are not desirable for use in e-cigarettes, they were 
used to understand the effect of more complex food flavour bearing the same types of 
functional groups, such as aldehydes, ketones or phenols. The two effects by which aroma 
compounds can affect the inherent solution properties of mucins are, therefore, proposed in 
the current hydrodynamic study (Fig. 5). 

Fig. 5 

 

 

Suggested effects on mucin–mucin interactions in solution: a Polysdisperse, random coil 
model of mucin in solution showing its multimeric assembly containing the glycosylated 
“bottlebrush” polypeptide backbone and the non-glycosylated “naked” protein region; b A 
proposed representation of the effect of chaotropic compounds on the solution structure of 
mucins; c Proposed representation of the effects of compounds causing mucin aggregation 

Conclusion 

This study demonstrates the evidence to suggest aroma compounds (aldehydes, ketones, 
and phenols) interacts with submaxillary mucin. Based on the sedimentation results, 
aldehydes appear to be more reactive than ketones, with shorter chain compounds leading 
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to species of higher sedimentation coefficients. According to size exclusion chromatography 
and viscosity data for hexanal, it was shown that the interactions lead to species of higher 
apparent molar mass, size and higher intrinsic viscosity. It is unclear whether these effects 
are a consequence of a direct aroma–mucin complexation induced by the interaction 
between carbonyls and amino groups; however, larger particle formation and 
conformational changes are indicated. Further investigations will continue to analyze the 
nature of aroma–protein interactions. 

In addition, SV-AUC indicated that phenols, such as guaiacol, p-cresol, m-cresol affect the 
sedimentation properties of mucin as evidenced from an increase in the concentration of 
smaller S fractions. Complemented by Raman spectroscopy, these changes appear to be 
related to the observed decrease in the amide I region (~ 1640 cm−1), suggesƟng interacƟons 
are occurring in the non-glycosylated protein region of mucins. Future studies will focus on 
the analysis of proteins which have a well-defined structure to investigate the chemical and 
physical mechanisms of aroma-protein interactions. For instance, the use of the multi-
wavelength detector capability could allow the screening of multiple aroma compounds with 
different optical properties at once, in the presence of heterogeneous mixtures of mucosal 
proteins and glycoproteins. 

Data availability 

Data are available upon reasonable request. 
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Appendix 

See Figs. 6, 7 and 8. 

Fig. 6 
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Raw data showing the changes in fringe concentration and residuals plots for BSM, 
BSM/aroma compounds mixtures and hexanal control, plotted using the GUSSI extension in 
SEDFIT (Brautigam 2015) 

 

Fig. 7 

 

 

Sedimentation coefficient distribution of hexanal control (1.0 mg/mL) in 0.1 M PBS pH 7. 
Rotor speed: 30,000 rpm (90,000 g), 20.0 ºC 

Fig. 8 
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Raman spectra of BSM (c = 10 mg/mL) with and without p-cresol. The mucin/p-cresol sample 
was dialysed against a 14 kDa membrane prior to Raman analysis to remove excess p-cresol. 
Performed in 0.1 M PBS pH 7 at 20.0 °C. Adapted from (Dinu et al. 2019a) 
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