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Abstract 
Pneumonia is the leading cause of death in children worldwide and is estimated to kill 1.6 

million children every year. Pneumonia affects children and families everywhere, but is most 

prevalent in sub–Saharan Africa and South–east Asia. Serotype 1 is responsible for up to    

20 % of invasive pneumococcal diseases (IPD) in developing countries and has been the 

cause of several outbreaks in the African meningitis belt. Conjugate vaccines are effective in 

young children, induce immunological memory and reduce carriage. A conjugate vaccine 

against 7 serotypes (PCV7) was licensed in 2000 which resulted in a dramatic reduction of 

IPD. An increase in the number of cases due to non–vaccine serotypes (serotype 

replacement) led to the recent development and licensure of 10– and 13– valent conjugate 

vaccines that provide broader coverage. 

This thesis describes the development of purification and conjugation processes and 

associated analytical methods for the preparation of a Streptococcus pneumoniae serotype 

1 polysaccharide (Pn1) conjugate vaccine. 

The Pn1 polysaccharide was purified following a two–step process utilising a differential 

filtration with ethanol. Analytical tests including size analysis, uronic acid composition, O–

acetylation and purity (nucleic acids and protein) were optimized and performed on Pn 1 lots. 

The purified polysaccharide was found to meet World Health Organisation (WHO) 

specifications.  

The purified polysaccharide is viscous with a rigid structure that hampers full conjugation 

reactions and detailed characterisation. Size–reduction was performed and shown to have 

no impact on the structural integrity of the generated saccharide. The O–acetylated size–

reduced polysaccharide was amenable to full nuclear magnetic resonance (NMR) 

characterisation to confirm the structural identity of Pn1 and determine the percentage of cell 

wall polysaccharide (CWPS) and the degree and position of O–acetylation present. 

Composition analysis was performed using published hydrolysis methods, however, they 

resulted in low recoveries and therefore alternative microwave assisted conditions were 

investigated followed by chromatographic separation and analysis. 

The size–reduced polysaccharide was conjugated to hydrazide–derivatized protein carriers 

via the polysaccharide carboxyl groups. The conjugates prepared using different activators 

were evaluated in mice and the immunogenicity data showed that they were non–inferior to 

two commercially available conjugate vaccines.  
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CHAPTER 1. INTRODUCTION 
Streptococcus pneumoniae (also known as pneumococcus) is a major cause of serious 

diseases such as pneumonia, meningitis, bacteraemia and sepsis as well as more common 

illnesses including otitis media and sinusitis [1]. The majority of these disease outbreaks, in 

developed and developing countries, occur in children under the age of two as well as in the 

elderly. In 2002, the World Health Organization (WHO) estimated that 1.6 million childhood 

deaths were attributed to pneumococcal disease (Figure 1.1) [2]. 

 
Figure 1.1. Comparison of estimated deaths in 2005 from various bacterial diseases [2]. 

In 2008, the WHO estimated 476 000 of the 8.8 million deaths of children under 5 years of 

age were caused by pneumococcal infections [2], 99 % of these deaths occurred in Africa 

and Asia as shown in Figure 1.2 [3], and in 2010 pneumonia accounted for 18 % of 

childhood mortality (Figure 1.3) [4]. 

 
Figure 1.2. Estimated incidence of childhood pneumonia worldwide (2004) [5]. 
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Pneumonia is the most common form of invasive pneumococcal disease (IPD) and it 

accounts for one in every four deaths amongst young children. It is also the leading cause of 

non–invasive diseases such as otitis media [6]. Pneumonia has a bi–modal incidence rate 

that peaks twice; the first occurs in children under 2 years of age and the second peak arises 

in adults over 65 years of age (Figure 1.4) [7]. 

 
Figure 1.3. Global causes of childhood mortality in 2010 [4]. 

 
Figure 1.4. Incidence rate of pneumococcal infection by age group in 1998 [7]. 

1.1 Early history of Streptococcus pneumoniae 

The discovery of pneumonia is largely associated with two men, Sternberg and Pasteur, who 

both, independently, isolated the bacteria in 1880 [8]. While Pasteur named the isolate 

“microbe septicemique du saliva”, Sternberg called his Micrococcus pasteri in honour of 

Pasteur who had published his results a mere three months earlier [8]. The term 

“pneumoniekokke” was first used in 1883 by Matray, followed in 1886 by the more well–
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known name “pneumokokkus” by Fraenkel. The bacteria was renamed Diplococcus 

pneumoniae in 1920 as the morphology was more associated with the diplococcal group, but 

in 1974 it was reclassified as Streptococcus pneumoniae (S. pneumoniae) due to its growth 

in chains in liquid media and other similarities to the streptococci bacterial group [8-10]. 

Neufeld is credited with the identification of characteristics that separate S. pneumoniae from 

other bacteria, namely the bile solubility test and the Quellung reaction that results in the 

swelling of the capsule of the pneumococcus [11].  

1.2 Surface components of Streptococcus pneumoniae 

S. pneumoniae are Gram positive, lancet–shaped, encapsulated organisms that commonly 

exist in pairs (diplococci) but can present in short chains or as single cells (Figure 1.5a) [12].                   

S. pneumoniae is an aerotolerant anaerobe and is fastidious in that it has complex nutritional 

requirements [9, 13, 14]. The bacteria grow readily on blood agar plates and display alpha 

haemolysis unless grown anaerobically, where they show beta haemolysis. The bacteria are 

sensitive to bile salts which break down the cell wall with the presence of the cell’s own 

enzyme, autolysin. Three major surface layers are recognisable; the plasma membrane, the 

cell wall and the capsule (Figure 1.5b) [15]. 

  
Figure 1.5. a) Pneumococcal cell showing diplococcal formation as well as the outer capsular 
polysaccharide b) Idealised schematic of the surface components of a pneumococcal cell, modified 
from AlonsoDeVelasco et al. [15]. 

A common characteristic of Gram positive bacteria is the presence of a thick cell wall. This 

wall consists mainly of peptidoglycans which are repeating units of N–acetylglucosamine 

and N–acetylmuramic acid. Attached to the N–acetylmuramic is a five amino acid peptide 

chain which is cross–linked over the bacterial cell [16]. The peptidoglycan serves as an 

anchor for the capsular polysaccharides (PS) as well as a number of surface proteins, and is 

responsible for stimulating the inflammatory response in pneumococcal infections [9]. Cell 

wall polysaccharide (CWPS) is a uniquely identifying feature of all S. pneumoniae isolates. It 

was first described by Tillett and Francis in 1930 [17], but it took a further 50 years before 

the chemical structure of CWPS was fully elucidated. CWPS is comprised of glucose, 

a) b) 
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galactosamine, ribitol phosphate, phosphocholine and 2–acetamido–4–amino–2,4,6–

trideoxy–galactose (AAT) [18]. The cell wall polysaccharide is responsible for the serological 

cross–reactivity between S. pneumoniae and other streptococci as it activates the alternative 

complement pathway in the early stages of inflammatory response [9, 19].  

Pneumococci are divided into 93 different serotypes based on the expression of their 

capsular polysaccharide (PS) [20]. The Danish naming system has been used since the 

1980s to classify the different pneumococcal serotypes [9, 10, 21, 22]. The capsular PS is 

the thickest layer that protects the inner components of the pneumococcus. While the CWPS 

is common to all serotypes, the structure of the capsular PS is unique to each serotype. In 

Pasteur’s early observations of the pneumococcal cell, he recognised the capsule 

surrounding the cell when he wrote: "Each of these little particles is surrounded at a certain 

focus with a sort of aureole which corresponds perhaps to a material substance" [8]. The 

capsular PS was first isolated in 1917 by Dochez and Avery, in the urine of patients with 

pneumococcal pneumonia [23], but it was thought to be either a protein or of a protein nature 

due to the total nitrogen and nitrogen partition on the “active substance” [23]. It was isolated 

and identified as a carbohydrate in 1923 by Heidelberger and Avery [24]. 

Unlike peptidoglycan, the capsular PS does not produce an inflammatory response, instead 

it protects the bacteria from phagocytosis by acting as a shield from antibodies and by 

separating bound opsonins from their receptors on the phagocytes [9]. The capsular PS is 

the main virulence factor that protects the bacteria against the host’s immune system [15, 

25]. Encapsulated bacteria were found to be 100 000 times more virulent than non–

encapsulated strains [15, 26]. Other factors contribute to the bacteria’s virulence include the 

CWPS, enzymes such as autolysin, neuraminidase as well as the pneumolysin and 

pneumococcal surface proteins [15, 27]. 

1.3 Pneumococcal disease 

The only natural reservoir of S. pneumoniae is the human nasopharynx and the bacteria is 

transmitted through respiratory droplets [28]. Both pathogen and host gain an advantage 

from nasopharyngeal colonisation. S. pneumoniae is able to exchange genetic material, with 

the host, and may gain properties enabling it to potentially become antibiotic resistant [29]. 

For the human host this colonisation promotes the release of the B–cells against the PS 

capsule. 

In most cases the carrier is asymptomatic with disease being shown in only a small portion 

of the population [9]. The greatest of pneumococcal infections carriage rates are found in 

young children [30]. Studies have shown that in developed countries 40 – 60 % of young 

children are carriers compared to 12 % of older children, 6 – 10 % adolescents and only       



Univ
ers

ity
 of

 C
ap

e T
ow

n

5 
 

3 – 4 % of adults are thought to be carriers [31, 32]. According to Gray et al., by the age of 

two, infants are colonised at least once by Streptococcus pneumoniae. Only one serotype is 

carried at a time and the first strain is always carried for the longest period of time [33]. 

Transmission is usually within high population areas, within families [30, 33, 34], in 

orphanages and day care centres [34-36] and closed communities [37]. 

From the nasopharynx, the bacteria may cause non–invasive and invasive pneumococcal 

infections; it may spread to the sinuses causing sinusitis, to the middle ear cavity causing 

otitis media or into the lungs causing pneumonia. In the worst cases, S. pneumoniae is 

known to cause systemic infections, with the detection of the bacteria in the bloodstream, 

including bacteraemia, endocarditis or meningitis all of which have considerable mortality 

rates [9, 38].  

1.3.1 Non–invasive pneumococcal disease 

Non–invasive pneumococcal infections occur outside the major organs and blood and are 

less serious than invasive diseases. Two of the main forms of non–invasive pneumococcal 

infections are middle ear infections and non–bacteremic pneumonia. 

Non–bacteremic pneumonia is a less serious form of pneumonia, which, while displaying all 

of the characteristics of pneumonia including detection on the lungs by X–ray, is not found in 

the blood. Middle ear infections (otitis media – OM) are one of the most common infections 

in children and are typically caused by viral, bacterial or fungal pathogens with the most 

widely occurring bacterial pathogen being S. pneumoniae [39, 40]. Otitis media is an 

inflammation of the middle ear with an accumulation of fluid in the middle ear and swelling of 

the eardrum. The disease usually occurs in the first five years of life [41]. It has been 

reported that 60 % of children have experienced at least one episode of OM by the time they 

turn one year old [7]. 

1.3.2 Invasive pneumococcal disease  

Invasive pneumococcal diseases (IPD) are of a more serious nature and include diseases in 

the blood or a major organ. In the US, in 1997, approximately 500 000 cases of pneumonia 

were reported with a fatality rate of 5 – 7 %, 50 000 episodes of bacteraemia (fatality rate = 

20 %) and 3000 cases of bacterial meningitis with 30 % of the cases resulting in death were 

attributed to S. pneumoniae [42].  

Bacterial meningitis is an infection of the membranes (meninges) covering the brain and 

spinal cord. S. pneumoniae is the leading cause of bacterial meningitis in adults and, since 

the introduction of the Haemophilus influenzae type b (Hib) conjugate vaccines, the main 

pathogen in infants [43]. The incidence of bacterial meningitis caused by S. pneumoniae in 
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the United States is between 13 – 19 % where it is estimated that 3000 to 6000 cases occur 

every year [7]. Pneumococcal meningitis has been found to be associated with higher rates 

of death and neurological conditions than meningitis caused by Neisseria meningitidis and 

Hib [44].  

Bacteraemia is a bacterial infection of the blood and accounts for 70 % of IPD in children 

younger than 2 years of age [7]; in adults most cases of bacteraemia are cause by S. 

pneumoniae [45]. Bacteremic pneumonia is the inflammation of one or both lungs where S. 

pneumoniae is also found in the blood and accounts for 12 – 16 % of IPDs among children 2 

years of age and younger [7]. It is estimated to be responsible for more than 50 % of all 

pediatric pneumonia [5]. 

Specific serotypes are responsible for certain types of disease; for instance, an Israeli study 

in 2011 found that the highest incidence of pneumonia was contracted from serotype 1, 

followed, in descending order, by 5, 22F, 7F, 14, 9V and 19A. Much lower incidence rates 

were found for serotypes 6A, 6B, 23A and 35B suggesting that the first seven serotypes 

have a higher disease potential in children less than five years of age [46]. 

Serogroups 3, 6, 19 and 23 are found to be the main serotypes isolated from middle ear fluid 

[1, 39, 47], serotypes 1 and 14 are mostly isolated in the blood and contribute mainly to 

bacteraemia, and serogroups 6, 10 and 23 were mostly found in the cerebrospinal fluid 

indicating that these serotypes are mainly responsible for bacterial meningitis [48-50]. 

1.4 Serogroup distribution of Streptococcus pneumoniae in Africa  

In 2000, approximately 156 million new episodes of childhood clinical pneumonia occurred 

with 90 % of all cases occurring in sub–Saharan Africa and South Asia. The mortality rate of 

pneumonia is also largely concentrated in Africa and South Asia as illustrated in Figure 1.6 

[3]. Of all these cases, 11 to 20 million of them (7 – 13 %) were severe enough to require 

hospitalisation [2]. About half the world’s pneumonia and diarrhoea related deaths occur in 

just five mostly poor and populous countries: India, Nigeria, Democratic Republic of the 

Congo, Pakistan and Ethiopia (Table 1.1). 
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Table 1.1. Number of deaths in children under 5 years due to pneumonia in 2010 by country [3]. 

Rank Country Deaths among children under age 5 
due to pneumonia and diarrhoea 

1 India 609 000 

2 Nigeria 241 000 

3 Democratic Republic of the Congo 147 000 

4 Pakistan 126 000 

5 Ethiopia 96 000 

 Total Worldwide 2 197 000 

  
Figure 1.6. Mortality rate of children (deaths per 100 000) under 5 years of age due to S. pneumoniae 
[51].  

Streptococcus pneumoniae causes approximately 75 % of all serious IPD infections in South 

African HIV positive children [52]. In 2000, approximately 10.8 % of the 870 000 deaths 

attributed to Streptococcus pneumoniae were from HIV positive children with 19.8 % of 

those deaths occurring in African children [51]. S. pneumoniae is the leading bacterial 

opportunistic infection in children who do not receive antiretroviral treatment (ART), and is up 

to 40 – fold greater in HIV positive children; this rises to 65 % in HIV infected children in 

Southern Africa where the prevalence of HIV in young children is less than 5 %. Children 

who receive ARTs have a 21–fold increase in IPD infection risks than those without HIV [53]. 

Figure 1.7 illustrates the serotype distribution of Streptococcus pneumoniae globally and in 

Africa. The main difference in the serotype distribution between developed and developing 

countries is the contribution of serotypes 1 and 5. In Africa, Asia and Latin America these 

two serotypes are responsible for the high incidents of invasive pneumococcal disease [54]. 
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Figure 1.7. Serotype distribution a) globally and b) Africa [55]. 

Figure 1.8 illustrates the five most prevalent serogroups responsible for IPD in six African 

countries in young children. Serogroup Pn6 has the highest incidence rate in South Africa 

but is replaced by serogroup Pn1 in Egypt, Rwanda and Kenya, and Pn14 in Ethiopia and 

Gambia. In adults, this order changes and Pn1 is the dominant serotype in Rwanda, Kenya, 

and Egypt as well as in South Africa. In South Africa, in 2008, pneumonia caused 12.4 % of 

deaths in children under 15 years of age; this was the second most common cause of 

natural deaths in the country [56]. 

  
Figure 1.8. Five most prevalent serogroups responsible for invasive pneumococcal disease in a) 
young children, and b) adults in Africa [57]. 

Pn1 has been the dominant serotype in the meningitis belt over a number of years [58]. In 

one study, the serotype distribution of pneumococcal infections was examined in three 

countries situated in the African meningitis belt. The seasonal pattern of pneumococcal 

meningitis share some of the same conditions as those of the epidemic meningitis season 

and it was found that the highest incidence of cases were found during the dry season, 

during which respiratory infections and decreased host immunity occurs [58].  

a) b) 

a) b) 
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Table 1.2. Serogroup distribution by country in the African meningitis belt. Modified from Gessner et 
al. [58]. 

Serogroup Burkina Faso Senegal Ghana 

 Age 5+ yr. Age 2+ yr. Age 5+ yr. 

1 18 90 51 

3 – 8 2 

5 – 8 – 

6 – 13 1 

12 2 6 – 

14 2 2 1 

19 2 4 – 

Others 4 12 7 

Total 28 143 62 

The results (Table 1.2) showed that at least 60 % of all isolated cases in Burkina Faso, 

Senegal and Ghana were due to pneumococcal serotype 1. It was also noted that these 

incidents fell out of the usual age range for pneumococcal infections as they were recorded 

in children over the age of 2 in Senegal and over 5 years of age in both Burkina Faso and 

Ghana. These results suggest uniqueness in the epidemiology of Pn1 and are an indication 

that a Pn1 vaccine should be developed as a potential booster dose or monovalent vaccine 

to be administered in the later years of childhood.  

1.5 Immune response to polysaccharide and conjugate vaccines 

The ability to distinguish the body’s own cells from foreign cells is the most important 

characteristic of the immune system. The immune system will launch an attack (immune 

response) when it encounters foreign cells or organisms (antigens).  

There are many different types of cells that make up the immune system and which are 

responsible for the immune responses, three of which are described below.  

 Phagocytes: These are large white cells that specialise in engulfing bacteria, viruses 

or any other foreign cells. There are three main types of phagocytes: granulocytes 

which are the first responders to the infection and specialise in large parasites. 

Macrophages are larger, longer lasting and can consume and destroy more foreign 

cells than granulocytes. Finally dendritic cells, while also responsible for destroying 

foreign cells, also activate the rest of the immune system. Both macrophages and 

dendritic cells reveal the antigens to T cells and stimulate the T cells during an 

immune response [6, 59, 60]. 

 T cells: The surface of T cells contain specialised antibody–like receptors that detect 

fragments of antigens on the surface of infected cells, instead of free–floating 
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antigens [60]. The molecules responsible for bringing these fragments to the surface 

are proteins called the major histocompatibility complex (MHC) molecules [61]. There 

are two main types of T cells: helper T (Th) cells and cytotoxic T lymphocytes (CTLs). 

The Th cells manage the body’s immune response by interacting with other cells; 

some will coordinate phagocytes, some will stimulate B cells to produce antibodies 

and memory cells and others will activate the CTLs which directly attack the infected 

cells and are most useful in combating viruses.  

 B cells: When a B cell is exposed to bacteria it becomes activated and will travel to 

either the lymph nodes or the spleen where it changes into either a memory or 

plasma cell [60, 62, 63]. Memory cells “remember” which antigens they were 

exposed to which will speed up the immune response when a secondary exposure 

occurs. When this second exposure occurs the memory cells will transform into 

plasma cells. Plasma cells express and release the antibodies of which there are five 

main types: 

 Immunoglobulin A (IgA) is concentrated in bodily fluids and guards the entrance 

to the body. 

 Immunoglobulin D (IgD) attaches to B cells and is important in instigating early B 

cell responses. 

 Immunoglobulin E (IgE) is responsible for the protection against parasitic 

infections and is responsible for allergy symptoms. 

 Immunoglobulin G (IgG) antibodies coat microbes which speeds up their uptake 

by other cells in the immune system. IgG also plays an important role in 

opsonophagocytosis and complement induced cytotoxicity by phagocytes [38]. 

 Immunoglobulin M (IgM) are very effective at killing bacteria [59, 60, 64]. 

Vaccines rely on the memory B cell function as they expose the body to small amounts of 

antigen that will lead to the development of memory B cells that will survive until the next, 

potentially harmful exposure. 

Antigens can elicit either thymus dependent (TD) or thymus independent (TI) responses. TD 

antigens interact with the MHC molecules on the surface on the antigen which will allow it to 

interact with T cells. The immune system’s ability to react to a TD antigen is present from 

birth where the interaction with the T cells leads to an expression of a membrane protein 

(CD40) which activates the B cells into producing IgG and IgM antibodies and aid in the 

maturation of B cells into memory cells [65-67]. Molecules that generate TD responses are 

proteins or peptides [65].  
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TI responses do not stimulate the B cells into creating memory cells, however they do 

stimulate the production of large quantities of IgM and much less quantities of IgG [67]. TI 

antigens can react in two different ways with B cells; TI–1 antigens encourage the expansion 

and differentiation of B cells which induce an immune response in both adults and neonates 

[66] whilst TI–2 antigens do not possess this ability to induce a strong IgG response and 

therefore can only work in older children and adults [67, 68]. The different responses of the 

immune system to an antigen are important to know when developing an effective vaccine.  

Polysaccharides are known as TI–2 antigens as they are hydrophilic molecules and they 

therefore cannot associate with the MHC proteins [69]. Figure 1.9 displays how PSs directly 

activate the B cells without the help of T cells, through an alternative pathway in the spleen 

[63]. The spleen however is not fully developed until the age of 1 – 2 years [62, 63] and so 

the production of capsular specific antibodies (IgG2 antibodies) is limited or even absent in 

young children [70, 71]. Memory cells are also absent with TI antigens and infections which 

reoccur cannot be dealt with in a timely manner [72].  

As proteins are TD antigens, conjugating a PS to a protein carrier will transform the 

polysaccharide into a TD antigen as the protein will induce a T cell response which will lead 

to IgM–IgG antibody switching and initiate the maturation of B cells into memory cells [69, 

73-75]. Table 1.3 compares polysaccharide and conjugate vaccines in terms of immune 

responses. 

Table 1.3. Comparison of polysaccharide and conjugate vaccines [76]. 
Property Polysaccharide vaccines Conjugate vaccines 

Immunogenicity (5 year old – adult) High High 

Immunogenicity in young children Poor High 

Response to booster Poor High 

Avidity Low High 

Bacterial activity Low High 

Induction of memory Some Yes 

Effect on colonisation Some Yes 
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Figure 1.9. Immune responses induced by Streptococcus pneumoniae; A) polysaccharide vaccine 
and B) conjugate vaccine [38]. 

It was long thought that only peptide and protein antigens would elicit a T cell response. 

Recently it has shown that zwitterionic polysaccharides (ZPS) also have the ability to 

activate T cells in the absence of a protein carrier [74, 77, 78]. ZPS are polysaccharides that 

possess both positive (free amino groups) and negative (carboxylate or phosphate groups) 

charges. Some bacterial polysaccharide that are classified as zwitterionic polysaccharides 

include Staphylococcus aureus type 5 and type 8 polysaccharides, polysaccharide A (PSA) 

from Bacteroides fragilis and serotype 1 from S. pneumoniae. It was hypothesised that these 

polysaccharides interact with the MHC molecules. Studies of PSA showed that removing 

either the positive or negative charge eliminates the MHC binding and thus becomes a TI 

antigen [79-81]. 

Mertens et al. investigated the immune response of CD8+ T cells in mice when exposed to 

Pn1 PS. Pn1 PS does induce the production of T cells in the spleen and peritoneal cavity of 

mice and, as seen with PSA, removing one of the charged groups on the PS renders the 

production of T cells obsolete [82]. Trück et al. examined the memory B cell (MBC) 
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responses in adults following immunisation with the 23 valent pneumococcal polysaccharide 

vaccine as well as the 7–valent conjugate vaccine [83]. Figure 1.10 graphically displays the 

change in MBC after vaccination with the two vaccines specifically for Pn1 and Pn3 

serotypes. Pn1 did not induce MBC, rather it lead to depletion of the pre–existing peripheral 

memory B cells. This lack of response has been shown to occur with other non–zwitterionic 

polysaccharides in the 23 valent polysaccharide vaccine [83]. It was also shown that the 

memory B cell responses were significantly different between the two different vaccine types 

for serotype 1 but not for serotype 3; this investigation determined that the Pn1 PS is not 

processed by the MHC pathway in humans as it was shown to do in mice and therefore 

cannot be considered a TD antigen. 

 
Figure 1.10. Change in memory B cell numbers pre– and post–vaccination. Participants received 
either one dose of PCV7 (black; n = 28) or a single dose of PPV23 (red; n = 28). Modified from Trück 
et al. [83]. 

1.6  Pneumococcal vaccines 

1.6.1 Whole cell vaccines 

The first recorded instance of a vaccine against Streptococcus pneumoniae was 

documented in 1911 in South Africa where workers in the diamond and gold mines 

experienced a very high incidence of pneumonia [84]. According to data released in 1907 at 

the Premier Diamond Mine, the rate of pneumonia occurrence was eight out of every 

thousand workers per month with two of the eight infected ending in death [85]. Sir Almoth 

Wright, known as the father of the typhoid vaccine, was brought in to investigate the best 

methods of protection against pneumonia. Sir Wright and his associates went on to inoculate 

550 000 mine workers with a vaccine that consisted of dried, heat inactivated sputum from 

pneumonia patients and it was claimed that the incidence of pneumonia in mine workers was 

decreased by more than 50 % [10, 19, 86, 87]. 
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Sir Wright’s protégé, F. Spencer Lister, went on to show that pneumococcal pneumonia was 

not caused by a single serotype; a multitude of serotypes were capable of eliciting type–

specific immunity in both animals and humans but it was necessary to inject a billion or more 

of the bacteria to elicit an immune response in man and up to 40 billion to produce an 

adverse effect [1, 88]. This was somewhat confirmed when Heidelberger et al. showed that 

10 billion pneumococcal bacteria from serotypes 1 and 2 were needed to produce between 

30 and 40 mg of capsular PS (amounts that are now used in the PS vaccine) [89]. 

Whole cell pneumococcal vaccines were again trialled during the First World War when the 

US military inoculated over 400 000 people. While some of the results suggested that these 

vaccinations were successful, many subjects showed negative reactions towards the 

vaccination and the trials were determined to be inconclusive [10, 19]. 

1.6.2 Pneumococcal polysaccharide vaccines 

After the First World War, many investigations into the pneumococcus revealed the 

importance of the capsular PS and the resulting antibody response to it [10, 17, 19]. Tillet 

and Francis injected the polysaccharides of serotypes 1, 2 and 3 into humans and saw an 

immune response to one or more of the serotypes [90]. This was confirmed by Finland et al. 

a year later [91]. During the Second World War, clinical trials in the military demonstrated 

that pneumococcal pneumonia could be prevented by immunisation with specific capsular 

PSs. A tetravalent PS vaccine consisting of serotypes 1, 2, 5 and 7 was shown to be 86 % 

effective in preventing pneumonia from those four serotypes but it had no effect in 

prevention against other pneumococcal serotypes [10, 92]. Heidelberger et al. showed that 

six PSs in a single formulation was able to induce the same amount of antibodies as six 

polysaccharides injected separately [93]. The results of this trial prompted the release, in 

1946, by Squibb and Sons, of two hexavalent vaccines, one specifically for adults and the 

other for children. However, these vaccines were released during the introduction of 

penicillin and other antibiotics that were shown to successfully treat pneumococcal and other 

bacterial infections and, due to bad sales, the vaccines were taken off the market in 1954 [9, 

10, 19]. 

It took 10 years until Austrian and Gold showed that pneumonia still caused serious 

infections with a high mortality rate in spite of antimicrobial treatments [94]. Led by Austrian, 

multivalent PS vaccine formulations containing up to fourteen capsular PSs were developed, 

tested and found to be safe and immunogenic. Trials were again performed with mine 

workers in South Africa where a 13–valent PS formulation was found to be between 78.5 % 

and 82.3 % efficacious [9, 95, 96]. 
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As a result of these trials, a 14–valent capsular PS vaccine was licensed in 1977 in the 

United States [9, 19, 97]. The capsular PSs included in this vaccine are shown in Table 1.4. 

The 14–valent vaccine included the 12 most common serotypes causing 70 – 80 % of 

disease in the United States, parts of Europe and South Africa. Serotype 2 was not among 

the common serotypes, especially in America, but was included due its prevalence in men 

predominantly from Malawi and Mozambique. Serotype 2 was also known to cause serious 

illness and was prevalent in Africa and parts of Europe [19, 98]. 

Table 1.4. Serotypes included in the licensed capsular polysaccharide vaccines. 
Vaccine Serotypes included Date licensed 

14 valent 1, 2, 3, 4, 6A, 7F, 8, 9N, 12F, 14, 18C, 19F and 25 1977 

23 valent 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 
15B, 17F, 18C, 19A, 19F, 20, 22F, 23F and 33F 1983 

With evidence increasing in support of microbial resistance and the discoveries of additional 

serotypes, the 14 valent vaccine was expanded to a 23–valent PS vaccine in 1983 [9, 98]. 

The 23 different serotypes provided coverage for 85 – 95 % of the serotypes found in 

Europe and the United States [37, 97-100] but less than 80 % in Asia [29, 101, 102]. The 

pneumococcal PS vaccine, much like other PS vaccines, has some major limitations in that it 

is weakly immunogenic; a decrease in the level of clinical protection was also noticed after a 

few years. A second dose, given after this decrease occurred, did not show a rise in 

antibody response [1]. As previously stated, the PS is a T–cell independent antigen and the 

immune system therefore needs mature B lymphocytes in order to elicit an immune 

response. As infants do not possess mature B lymphocytes, the PS vaccine is poorly 

immunogenic. The pneumococcal PS vaccine was also not as effective in the elderly, and in 

immunocompromised patients [9, 10, 29, 70, 102-106]. Whilst not proving to be very 

effective in the aforementioned groups, the vaccine was recommended for young children 

(under 2 years of age) who have an increased risk of pneumococcal disease, healthy adults 

over 65 years of age and for both young children and the elderly who live in homes, 

institutions or any other crowded living conditions. The vaccine is also not effective for those 

suffering from reoccurring middle ear infections, and certain types of cancer (blood, lymph 

and bone) [1, 9, 66, 87, 106, 107]. 

This poor immune response in infants to the pneumococcal PS vaccine led to the 

investigation of a second generation type of vaccine in which the PSs were covalently 

attached to different proteins. 
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1.6.3 Conjugate vaccines 

Avery and Goebel were the first to show that attaching a polysaccharide to a protein 

increased the immunogenicity of the PS; they covalently attached the PS from serotype 3 to 

globulin from horse serum [108-112]. These conjugates were tested in rabbits and resulted 

in a type–specific immune response to the conjugate and not to either the polysaccharide or 

protein injected separately [1, 113]. Conjugation of a polysaccharide to a protein solved the 

major problem with PS vaccines in that they could induce an immunological memory and an 

immunological response in infants [107]. 

It took 50 years before the work performed by Avery and Goebel was used to create the first 

conjugate vaccine against Hib. The Hib conjugate vaccine was first developed by 

Schneerson et al. [114, 115] and led to a large reduction of the disease, where, of the 169 

countries that introduced the conjugate vaccine into the infant immunisation schedule, 69 % 

of them describe coverage of above 80 % (Figure 1.11) [116]. 

 
Figure 1.11. Coverage of Hib conjugate vaccine [116]. 

This success led to the investigation into other conjugate vaccines, most notably for the 

prevention of pneumococcal diseases. There is an added challenge to pneumococcal 

vaccines as there are a variety of different serotypes that cause illness amongst infants, so 

multivalent vaccines had to be developed where each serotype was separately conjugated 

to a protein and formulated together into a conjugate vaccine that could induce antibodies 

against each serotype [1, 10]. There are currently three licensed multivalent pneumococcal 

conjugate vaccines available. These are listed in Table 1.5 and are described in further 

detail below. 
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Table 1.5. Licensed pneumococcal conjugate vaccines [117]. 

Vaccine Company Serotypes included Protein Licensed 
date 

Prevnar 
(PCV7) Pfizer 4, 6B, 9V, 14, 18C, 19F, 23F CRM197 2000 

Synflorix 
(PCV10) GSK 1, 4, 5, 6B, 7F, 9V, 14, 18C, 

19F, 23F 
Protein D + DT + 

TT 2009 

Prevnar 13 
(PCV13) Pfizer 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 

18C, 19A, 19F, 23F CRM197 2010 

1.6.3.1 Prevnar7 

The first commercially available pneumococcal conjugate vaccine (PCV) was Prevnar 

(PCV7). PCV7 was licensed by Pfizer (formally Wyeth) in 2000 in the United States, 2001 in 

the United Kingdom, as a three dose regimen given at 2, 4, and 6 months, followed by a 

booster dose at 12 to 15 months (a 3 + 1 schedule). The vaccine consisted of seven 

different serotypes conjugated to the cross–reactive material 197 (CRM197) carrier protein, a 

non–toxic form of diphtheria toxoid (DT) that had already been successfully used in Hib as 

well as meningococcal group C (MenC) vaccines. The seven serotypes used in this vaccine 

were 4, 6B, 9V, 14, 18C, 19F and 23F which accounted for approximately 86 % of 

bacteraemia, 83 % of meningitis and 65 % of middle ear infections in children under 6 years 

of age in the United States [10, 118, 119]. An eighth serotype, Pn6A, was not included as it 

was thought that the cross reactivity within serogroup 6 meant that the capsular PS of one of 

them might protect against both serotypes and Pn6B was included instead of Pn6A due to 

the PS stability [1]. 

The conjugation chemistry involved in the production of this vaccine included periodate 

oxidation of the PS to form aldehydes, followed by reductive amination of the activated PS to 

the amines on the proteins with sodium cyanoborohydride, forming an imine which was 

reduced to form a stable amide linkage [120]. 

Figure 1.12 depicts how the incidence rates of IPDs dropped dramatically in the 5 years and 

under target group after the introduction of the vaccine in America and Australia. The 

efficacy of the vaccine in preventing vaccine–serotype–specific IPD in the United States as 

well as Europe was 97 %. The number of IPD cases in children below 5 years of age had 

fallen from an average of 17 240 cases per year before the introduction of conjugate 

vaccines to 4 454 cases in 2003 [2]. 
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Figure 1.12. a) Rate of vaccine–type IPD in United States before and after introduction of PCV7, by 
age group and year [2]. *Difference between each age group in 2003 is statistically different to the 
age groups from 1998 – 1999. b) Incidence of IPD in Australian children (by age group) from 2002 – 
2010; PCV7 was made available to all Australian children in 2005 [29]. 

An article by Whitney et al. in 2003 detailed the drop in invasive pneumococcal disease after 

the introduction of the 7–valent conjugate vaccine in 2000. The rate of disease dropped from 

an average of 24.3 cases per 100 000 people in 1998 – 1999 to 17.3 cases per 100 000 in 

2001. The largest rate of decline of 69 % occurred in infants under two years of age [2, 121]. 

Further studies on the prevention of IPD [122, 123], OM [1, 122, 124] and pneumonia [125, 

126] have also been reported. The reduction of IPD was documented in children with 

compromised immune systems such as sickle cell disease [127] and HIV [128] and the 

theory of herd immunity was described when a decrease in IPDs were shown in non–

vaccinated populations (adults over 50 and infants that were too young to be immunised) 

after the roll out of the PCV7 vaccine in the United States. At the time the Centre for Disease 

Control (CDC) estimated over two – thirds of the reduction of IPD in the US was attributed to 

herd immunity [129]. 

Antibiotic resistance decreased with the introduction of the PCV7 vaccine. Antimicrobial 

resistance only became a problem in the targeted area in the 1990s when resistance to 

penicillin rose steadily (except for the slight drop in 1999) until the introduction of PCV7 at 

the end of 2000 (Figure 1.13) [130]. The data illustrated that the vaccine targeted the most 

common serotypes responsible for antibiotic resistance. Resistance to three different 

antibiotics were also determined before and after the introduction of PCV7 into the target 

population. Penicillin, erythromycin and tetracycline all showed decreases in antibiotic 

resistance after 2000 (Table 1.6) [130]. 

a) b) 
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Figure 1.13. Reduction in penicillin resistance after the introduction of PCV7 in 2000 [130]. 

Table 1.6. Decrease in antibiotic resistance before and after the introduction of PCV7 [130]. 
Antibiotic 1998 – 1999 2001 – 2002 

Penicillin 28.9 % 19.5 % 

Erythromycin 29.5 % 15.0 % 

Tetracycline 39.3 % 13.9 % 

Whilst the incidence of carriage and IPDs decreased with the introduction of PCV7, 

serotypes that were not present in the vaccine became more prominent in contributing 

significantly to the incidence and carriage rates [38, 131-134]. The increase in these 

serotypes meant that the overall rate of IPD in young children in some countries had 

stabilised [131]. Singleton et al. found that the rate of IPD increased in Alaskan children after 

vaccination with PCV7 [132]. 

A study in the US looked at the change in serotype prevalence after the introduction of PCV7 

[135]. While the annual number of cases decreased from 218 in 2000 to between 86 – 130 

during 2002 – 2007 and the incidence of serotypes found in the vaccine decreased by 92 %, 

serotypes not included in the PCV7 vaccine increased by 18.4 % and serotypes related to 

those found in the vaccine (for example, serotypes from the same serogroup) increased by 

207 %. 

Serotype Pn19A was shown to be the cause of the largest increase in IPDs after 

vaccination. It was thought, that with Pn19F included in the conjugate vaccine, cross–

protection for Pn19A would occur [136] but instead Pn19A went from being the ninth leading 

cause of IPD in the US, before the introduction of the vaccine, to the most prominent 

serotype in 2011, responsible for more than 40 % of IPD in children in the US, Europe and 

Asia [20, 137-142]. 
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It was not just serotype replacement that was cause for the development of new conjugate 

vaccines; it was also the geographic spread of serotypes. While the serotypes found in 

PCV7 were estimated to cover over 80 % of IPDs in North America and Australia, it 

decreased to approximately 70 % in Western Europe and Africa and 50 % in South America 

and Asia (Figure 1.14). 

 
Figure 1.14. Serotype coverage of seven valent pneumococcal conjugate vaccine [48, 57]. Modified 
from PneumoAction [143]. 

This was due to the difference in serotype distribution in different countries. Most of the 

serotypes included in PCV7 were commonly found throughout the world but additional 

serotypes were found to be important in other regions. 

1.6.3.2 Vaccine trials incorporating more serotypes 

Due to the increase in non–vaccine serotype replacement, conjugate vaccines with 

additional serotypes underwent clinical trials; a 9–valent vaccine (Pfizer) and two 11–valent 

vaccines (GlaxoSmithKline (GSK) and Sanofi Pasteur). A summary of the serotypes and 

carrier proteins contained in these vaccines can be found in Table 1.7. 

Table 1.7. Additional serotypes used in clinical trials for pneumococcal conjugate vaccines. 

Vaccine Additional 
serotypes* Protein carriers Clinical trial 

countries 

PCV9 1, 5 CRM197 
South Africa and 

Gambia 

PCV11PD 1, 3, 5, 7F Protein D Czech and Slovak 
Republics 

PCV11DT 1, 3, 5, 7F 
TT (1,4,5,7F,9V,19F,23F) 

DT (3,6B,14,18C) 
Philippines 
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Serotype 1 is the second most common serotype in Africa and the fourth most common in 

South America and Asia [55]. It is known to cause the majority of complicated pneumonia 

and pleural empyema [144] and is responsible for up to 20 % of IPDs in developing 

countries, particularly among the African meningitis belt [54, 58, 145, 146] and Asia [147]. 

Serotype 1 is most widely found in children over 2 years of age and serotype 5 is most 

widespread in infants under 6 months [54, 148, 149]. Serotype 5 is the third most prevalent 

serotype in Africa and South America that causes IPD. Serotype 3 is commonly found in 

adults but after the introduction of PCV7, this serotype became more prominent in children 

[150]. Serotype 3 is associated with otitis media as well as IPDs especially in Latin America 

[20, 47, 151]. Serotype 7F was found to be the dominant serotype responsible for IPD with 

fatal outcomes in Germany [151]. 

The 9–valent vaccine demonstrated high efficacy levels in all of the clinical trials; in a trial of 

40 000 infants in South Africa during 1998 to 2001, PCV9 was found to be 83 % effective in 

reducing IPD from the serotypes contained in the vaccine [152]. The study also took into 

account HIV–positive infants, whose risk of vaccine–preventable IPD is approximately 60 

times higher than HIV–negative children. This 9–valent vaccine was found to be 65 % 

effective in combating IPD in these subjects. Whilst these values are lower than for HIV–

negative subjects, the actual reduction in pneumonia would be 15 times greater than the 

HIV–negative children due to the higher risk of HIV–positive children [52, 121]. An added 

advantage of this vaccine was that it prevented 31 % of pneumonia associated with 

respiratory infections most common in South African hospitals [152]. The vaccine was also 

found to be 67 % effective against penicillin resistant IPD–causing pneumococcal strains 

and 56 % effective against trimethoprim–sulfamethoxazole resistant strains [153]. 

The Gambian trial of PCV9 was conducted from 2000 to 2004 and was used to investigate 

the efficacy against invasive pneumococcal disease. Children aged 6 – 51 weeks were given 

three doses of either PCV9 or a placebo. The vaccine was found to be 77 % effective 

against IPD caused by the nine serotypes included in the vaccine as well as 50 % effective 

against disease caused by all serotypes (measured by ELISA) [154, 155]. The 9–valent 

pneumococcal conjugate was shown not only to be effective against bacterial pneumonia 

but, in some instances, it provided protection against viral pneumonia [121]. Serotype 1, 

presented a problem in this study where cases of invasive diseases caused by Pn1 showed 

no reduction in vaccinated children compared to the placebo subjects [154, 155]. A trial in 

South Africa which looked at the 9–valent conjugate vaccine in HIV and non–HIV infected 

children also resulted in no levels of protection against serotype Pn1 [153]. Both of these 

outcomes were based on a small number of subjects and full conclusions about the efficacy 

of the Pn1 serotype could not be drawn. 
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The PCV11PD vaccine underwent clinical trials in the Czech and Slovak Republics to 

determine the vaccine’s efficacy against OM in children between 2000 and 2002 [156, 157]. 

The vaccine was found to reduce middle ear infections caused by S. pneumoniae by 52.6 % 

and 35.3 % of infections caused by non–typeable Haemophilus influenzae (due to the 

protein carrier). Cross protection for non–vaccine serotypes was not identified. This vaccine 

did not go into production and instead a 10–valent vaccine conjugated to three different 

protein carriers was developed [20]. 

PCV11DT, from Sanofi Pasteur, underwent clinical trials in the Philippines during a time 

span of four years (2000 – 2004) [158, 159]. Young children were vaccinated with three 

doses of either the 11–valent vaccine or a saline placebo. The vaccine efficacy was 

investigated as well as safety and immunogenicity data. The vaccine provided a 22.9 % 

reduction of community acquired pneumonia in children less than two years of age. However 

there was no data to support the notion that the vaccine protected against clinical 

pneumonia [158]. The immunogenicity of this 11–valent vaccine co–administered with other 

vaccines was also determined. When PCV11DT was co–administered with a diphtheria–

tetanus–pertussis, polio and Hib (polyribosyl–ribitol–phosphate conjugated to TT (PRP–TT)) 

vaccine, the response of the serotypes conjugated to tetanus toxoid (TT) was significantly 

reduced after both primary and booster vaccinations. This reduction did not occur in the four 

serotypes conjugated to DT and it was hypothesised that the tetanus protein had a 

suppressive effect on the pneumococcal conjugates [160]. 

Based on the immunogenicity and efficacy data of two PCV7 trials [123, 126] and the PCV9 

South African trial [153], it was determined that licensure of any new pneumococcal vaccines 

should be based on immunologic non–inferiority, safety and use with co–administered 

vaccines in comparison to PCV7 [161, 162]. From these trials it was determined that the 

threshold antibody concentration to be used as a reference would be 0.35 µg/ml for ELISA 

assays and for ≥8 OPA results which correlates to the efficacy against IPD [163], thus a 

vaccine is proven to be effective and can be licensed if subjects reach an antibody titre of 

0.35 µg/ml [20]. 

Following these trials, both GlaxoSmithKline and Pfizer released multivalent pneumococcal 

conjugate vaccines; Synflorix and Prevnar–13. 

1.6.3.3 Synflorix  

GlaxoSmithKline (GSK) marketed the 10–valent conjugate vaccine Synflorix (PHiD–

CV/PCV10), in 2009, as a second generation conjugate vaccine that included the three 

serotypes 1, 5 and 7F in addition to the seven found in Prevnar. Synflorix also used three 

protein carriers, DT, TT and Protein D. Protein D was a new carrier protein, derived from 
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non–typeable Haemophilus influenzae and is produced from a recombinant E. coli strain 

[164]. 

Serotype 18C was conjugated to TT and serotype 19F to DT [165]. Protein D was used as 

the carrier protein for eight (serotypes 1, 4, 5, 6B, 7F, 9V, 14 and 23F) out of the ten 

serotypes, due to its potential to provide protection against acute otitis media caused by 

non–typeable Haemophilus influenzae. Due to the novelty of Protein D as a carrier protein it 

was thought to minimise the risk of interference (immune suppression due to epitope 

suppression and bystander interference) shown with proteins that were similar to an antigen 

included in some co–administered vaccines [156]. 

GSK produced a pneumococcal conjugate vaccine based on the conjugation method 

developed during their Hib studies. The conjugation procedure included a polysaccharide 

size reduction step by microfluidization followed by the activation of the PS with 1–cyano–4–

dimethylamino–pyridium tetrafluoroborate (CDAP) before coupling the PSs to the three 

proteins [166]. 

Synflorix was originally formulated as an 11–valent vaccine as it included serotype 3 but this 

serotype was removed from the final licensed product as it was shown not to be effective 

against acute otitis media caused primarily by this serotype. An atypical immune response 

was shown for serotype 3 as antibody concentrations after a booster dose were below those 

generated after the first vaccine dose [157, 167]. 

A total of 14 clinical studies were used to provide support for the vaccine’s 10 valent 

licensure with two studies from the 11–valent vaccine also made available to support the 

licensure [164]. A non–inferiority study was performed to compare PCV7 with Synflorix [168]. 

The test subjects were vaccinated with three doses of either Prevnar or Synflorix followed by 

a fourth booster dose 8 – 14 months following the last vaccination. OPA as well as serotype 

specific responses were monitored. It was found that PCV10 induced ELISA and OPA 

antibodies for all of the serotypes in the vaccine. The vaccine was also shown to be non–

inferior to the seven serotypes in Prevnar in terms of the threshold responses for ELISA and 

OPA. However serotypes 6B and 23F in Synflorix showed lower ELISA levels than those of 

Prevnar (difference greater than 10 %) yet the OPA results backed up the non–inferiority 

claim for those two serotypes. The three additional serotypes, Pn1, Pn5 and Pn7F were also 

tested for antibody production. Subjects were first primed with the PCV7 vaccine and then 

given PCV10 as a booster dose. Approximately 85 % of subjects reached the ELISA 

threshold response for serotypes 1 and 5 and 95 % of subjects for Pn7F. The OPA results 

however were very low (Table 1.8) and it was not known whether these responses were of a 

sufficient value for PCV10 to provide protection against the serotypes 1 and 5 with just one 
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dose. With respect to Pn1, it has not been proven whether the conjugation strategy gives 

rise to a poor immune response or whether the protein carrier itself (Protein D) is not 

compatible with this specific serotype [10]. 

Table 1.8. Percentage of subjects reaching the threshold value for OPA for all serotypes in PCV10 
after first priming with PCV7 followed by a booster dose of PCV10 [164]. 

Serotype PCV7 primed + PCV10 booster  

1 31.4 

4 100 

5 36.9 

6B 94.9 

7F 98.3 

9V 100 

14 100 

18C 98.3 

19F 98.3 

23F 98.4 

In accordance with the WHO requirements, a range of clinical studies of Synflorix were 

performed with co–administered vaccines. PCV10 was co–administered with N. meningitidis 

[169, 170], polio [171], whole–cell pertussis vaccines [117, 172], and measles, mumps, 

rubella and chickenpox vaccine [173] where both the safety and immunogenicity of the two 

vaccinations were maintained. PCV10 was also co–administered with the Hib vaccine in 

Korean infants and was found to be non–inferior to PCV7 [174]. Bermal et al. looked at the 

comparison of the co–administration of either PCV7 or PCV10 with the diphtheria–tetanus–

whole cell pertussis based vaccines in Filipino and Polish children [171] and the ELISA 

results suggested that five of the seven serotypes reached the threshold percentages for 

non–inferiority (the exceptions being serotypes 6B and 23F in the Polish group) and that in 

both countries, PCV10 showed higher antibody titres against Pn18C and 19F than those in 

the PCV7 group. The majority (98.2 %) of infants vaccinated with PCV10 reached threshold 

titres against serotypes 1, 5 and 7F. The PCV10 vaccine increased the serotype coverage 

against IPD to 80 % or more in most regions (Figure 1.15) [48, 57]. 
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Figure 1.15. Predicted coverage of PCV10 [48, 57]. Modified from PneumoAction [143]. 

1.6.3.4 Prevnar13 

By 2010, Pfizer had licensed their 13–valent vaccine that included serotypes 1, 3, 5, 6A, 7F 

and 19A in addition to those covered in PCV7 [175]. Initially it was thought that serotypes 6B 

and 19F would cross protect for serotypes of the same group but incidences of 6A and 19A 

were found to increase after PCV7 was licensed. These two serotypes are associated with 

high rates of antibiotic resistance and accounted for more cases in Europe and America of 

invasive disease than serotypes 1, 3, 5, and 7F combined (8.2 vs. 3.3 cases/100,000 

children 2 years and under). Given the relative burden and importance of invasive 

pneumococcal disease due to serotypes 1, 3, 5, 6A, 7F, and 19A, adding these serotypes to 

the Prevnar formulation would increase coverage for invasive disease to >90 % in the US 

and Europe, and as high as 70  – 80 % in Asia and Latin America (Figure 1.16) [57]. 

 
Figure 1.16. Predicted coverage of PCV13 [48, 57]. Modified from PneumoAction [143]. 
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The method for conjugation used in PCV13 was based on the procedure followed for PCV7 

and fourteen different clinical studies were used to support the licensure of this vaccine. 

Studies were performed to prove non–inferiority to PCV7 as well as the safety and 

immunogenicity and co–administration of the 13–valent conjugate vaccine. 

The vaccine underwent adult clinical trials in the US, where a comparison was made 

between a single dose of either PCV13 or the 23–valent PS vaccine and antibody responses 

were measured before as well as one month after vaccination. The results showed that 

PCV13 was more immunogenic than the PS vaccine for most of the serotypes found in both 

vaccines [176]. A study of Japanese adults was undertaken and the same results were 

described with PCV13 being more immunogenic than the PS vaccine [177]. 

The German trial compared PCV13 vaccine to PCV7 in infants over four doses (Table 1.9). 

Whilst the antibody titres for all seven serotypes, found in both vaccines, were comparable, 

Pn6B results were lower in PCV13 with 77.5 % of infants reaching the threshold compared 

to 87.1 % of infants vaccinated with PCV7. The OPA results were slightly lower in all 

serotypes for PCV13 but all comparable to the 7–valent vaccine. The additional six 

serotypes elicited antibody and OPA responses considerably higher than the PCV7 vaccine 

[178].  

Table 1.9. Comparison of the percentage of subjects reaching the threshold value for immunogenicity 
between PCV7 and PCV13 for serotypes not included in PCV7. 

 German study [178] USA study [179] 

Serotype PCV7 (%) PCV13(%) PCV7 (%) PCV13 (%) 

1 1.4 96.1 12.0 98.9 

3 6.3 98.2 43.8 97.8 

5 31.6 93.0 5.2 98.9 

6A 31.6 91.9 94.8 98.9 

7F 4.0 98.6 80.4 100 

19A 79.2 99.3 53.2 97.8 

Non–inferiority was investigated in an additional US study where a three–dose schedule of 

PCV7 and PCV13 were compared one month after the last dose. Non–inferiority was 

confirmed for PCV13, although the threshold titres were slightly less than PCV7 for the 

seven common serotypes. The six additional serotypes, as expected, produced higher 

antibody titres in PCV13 when compared to the 7–valent vaccine. It was also shown that 

toddlers experienced higher immune responses than infants [179]. 
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A Canadian study by Kellner et al. investigated the immunogenicity and tolerance of PCV13 

co–administered with MMR, diphtheria–tetanus–acellular––pertussis–polio–Hib, hepatitis B, 

meningococcal C and varicella vaccines and compared to PCV7 in both infants and toddlers. 

Immune responses of the co–administered vaccines did not change when co–administered 

with the pneumococcal conjugate vaccines. One month after a three dose regime, more than 

95 % of subjects had reached the threshold antibody level except for serotypes 23F (90 %), 

5 (85 %) and 3 (80 %) and all but serotype 3 had reached 98 – 100 % efficacy levels [180, 

181]. 

When PCV7 was introduced, there was some cross protection for serotype 6A (70 %) from 

serotype 6B (which was included in PCV7). PCV13 included both serotypes 6A and 6B and 

Cooper et al. investigated whether cross protection would transpire for serotype 6C [182]. 

The results suggested that 100 % of subjects reached the threshold of OPA responses for 

serotype 6A and 6B and 96 % of the subjects reached the OPA threshold for serotype 6C 

suggesting that PCV13 could provide cross protection serotype 6C. 

Due to their recent market release, efficacy data on both the 10 and 13 valent vaccines is 

limited, and there are only a few investigations comparing the two vaccines. One 

investigation compared the coverage that the three PCVs had against IPDs in children less 

than 5 years of age as shown in Figure 1.17 [183]. A predicted increase from 48 % to 76 % 

and 79 % of coverage against IPDs in Africa had been achieved with PCV7, PCV10 and 

PCV13 respectively. This value is globally predicted to rise from 50 % with PCV7 to 75 % 

with the introduction of PCV10 and 77 % with PCV13. PCV13 would significantly expand 

coverage beyond that of Prevnar7, and provide coverage for 6A and 19A that is not 

dependent on the limitations of serotype cross–protection. 
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Figure 1.17. Proportion of IPDs in children under 5 years of age predicted to be due to serotypes 
included in the 7– 10– and 13 valent formulations [183]. 

1.6.4 Pneumococcal vaccines in development 

Merck is currently developing a 15–valent pneumococcal conjugate vaccine containing the 

same serotypes covered in PCV13 with the addition of serotypes 22F and 33F. At the time of 

writing, the 15–valent conjugate vaccine had undergone preclinical evaluations in infant 

rhesus monkeys. These animals were chosen as they respond poorly to unconjugated 

pneumococcal PS [117, 184]. Infant rhesus monkeys were vaccinated three times with either 

PCV15 or PCV7 at 2 month intervals, and serotype–specific IgG antibodies were measured. 

The results indicate that antibody responses to PCV15 and PCV7 are comparable for the 7 

common serotypes and that post–vaccination responses to PCV15 were >10–fold higher 

than baseline for the 8 additional serotypes [184]. 

The vaccine has also been tested in healthy human adults where IgG levels were again 

comparable to PCV7 with an increase in antibody levels amongst the eight additional 

serotypes of between 3– and 13– fold [185]. Limited information is available on the trials in 

toddlers, that had been previously immunised with PCV7 and received a dose of PCV15, 

although a conference abstract suggests that IgG concentrations and OPA levels increased 

after vaccination for all serotypes [186]. 

The increase in the number of serotypes in a conjugate vaccine increases the protection 

against pneumococcal diseases, but as with Prevnar, serotypes not included in the vaccine 

become more prevalent. In addition to this, the cost of producing a conjugate vaccine with 

more and more serotypes becomes very high, as does the complexity with conjugation 

chemistries, formulations and clinical trials [134, 187]. Therefore vaccines being investigated 

are composed of proteins and other components that are common across all pneumococcal 
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serotypes [10, 20]. A protein antigen that is expressed in all stages of pathogenesis of the 

disease, is found in all serotypes and is present on the cell surface would be the ideal 

protein for further investigation. Unfortunately, a single protein is not able to fulfil all the 

criteria and a protein vaccine would most likely contain a number of different pneumococcal 

proteins; Moffit and Malley found over 20 different pneumococcal proteins that would fulfil 

these criteria [129]. Moffit et al. investigated immunisation with killed cells of a non–

encapsulated strain which would contain all the pneumococcal surface proteins without their 

protective capsular PS. One investigation determined that the non–encapsulated strain 

reduced nasopharyngeal colonisation by serotypes 6B and prevented cases of fatal 

aspiration pneumonia by serotypes 3 or 5 [188]. 

1.6.5 Pneumococcal serotype 1 

Serotype 1 is responsible for up to 20 % of IPD in some developing countries and was the 

cause for several outbreaks in the African meningitis belt. It is ranked among the top three 

ranked serotypes in GAVI–eligible countries and is among the top six ranked serotypes 

among children under 5 years of age in regions with the highest pneumococcal disease 

burden (e.g. Africa, Asia and Latin America) [55]. Serotype 1 has the potential to cause 

epidemics and it was the cause of meningitis outbreaks in Burkina Faso and Northern 

Ghana [149, 189, 190]. 

The epidemiology of Pn1 disease shows that the infections occur in two different age 

ranges. The first age range occurs in children over two years of age which is in contrast to 

the age of 6 – 18 months, typical of IPD from most other serotype infections. Serotype 1 is 

rarely found in carriage studies as it is not found in the nasopharynx but is most commonly 

isolated in the blood, which shows an indication of its invasiveness. 

The failures of Pn1 in the 9–valent trials may not be associated with the failure of the primary 

vaccine but could be due to a reoccurrence of the infection in the absence of a booster dose. 

This phenomenon has been documented in meningococcal serotype C conjugate 

vaccination without a booster dose [191]. 

Although there is limited data available regarding the immunogenicity of Pn1 conjugate 

vaccines, during the clinical trials for the two licenced pneumococcal conjugate vaccines the 

OPA results against serotype 1 were lower than most other serotypes and no data is 

available regarding a booster dose of Pn1 vaccine. 
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1.7 Aim and objectives 

Serotype 1 is a pneumococcal serotype that is often found in young children and adults and 

is responsible for invasive outbreaks in rural, indigenous areas and is one of the most 

prevalent serotypes in Africa and other developing regions. With the introduction of 

multivalent conjugate vaccines, the frequency of Pn1 infections was expected to decrease; 

however, literature to date suggests that the conjugate vaccine against Pn1 is not as 

effective as against other serotypes. Due to the unique epidemiology of pneumococcal 

serotype 1, a different strategy to aid in epidemic control would be required.  

The aim of this research project was to develop a process for the efficient purification of Pn1 

polysaccharide and the preparation of an immunogenic conjugate with the overall goal of 

producing a monovalent serotype 1 vaccine that could either be used alone, as a booster 

dose or in combination with a meningococcal vaccine that would have great value in the 

African meningitis belt and among indigenous communities.  

In order to achieve this aim, the specific objectives of this study were:  

i. To develop an efficient process for the isolation and purification of Pn1 

polysaccharide using a modified method of differential filtration with ethanol. 

ii. To establish characterisation assays of the polysaccharide with respect to the WHO 

specifications including identity, composition, size analysis and purity (nucleic acids, 

proteins and CWPS). 

iii. To perform detailed structural characterisation of the purified polysaccharide using a 

range of chromatographic and spectroscopic methods.  

iv. To investigate size reduction by mechanical and chemical means to prepare Pn1 

saccharide that would be amenable to conjugation chemistry and NMR 

characterisation. 

v. To establish methods for the hydrazide–derivatization of carrier proteins BSA, TT, 

CRM197 and PLD. 

vi. To investigate an alternate conjugation chemistry to that used commercially by 

utilising the Pn1 polysaccharide carboxyl groups and carbodiimide–based coupling to 

the derivatized protein carriers. 

vii. To evaluate the immunogenicity of the prepared conjugates in mice using 

commercially available conjugate vaccines as comparators in order to identify the 

best conjugation methodology and carrier protein for further vaccine development. 
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CHAPTER 2. GENERAL METHODS 

2.1 Fermentation of Pn1 

Clinical isolates of Streptococcus pneumoniae serotype 1 were obtained from the National 

Institute of Communicable Diseases (NICD). A selection of these clinical isolates underwent 

clonal selection and the clonal isolate producing high levels of capsular polysaccharide and 

low levels of CWPS was chosen for PS production. A laboratory working seed was prepared 

from the chosen clonal isolate which was used to inoculate a volume of sterile growth 

medium which was incubated under the appropriate, pre–determined conditions. This starter 

culture (20 ml) was used, in turn, to inoculate a starter culture (200 ml) that was inoculated 

into a larger culture before a final inoculation into the fermentor [192]. This fermentation 

process is shown in the process flow in Figure 2.1. Small scale cultivations (2 – 5 L) were 

used to develop the media composition as well as certain process parameter optimisations. 

Process and feeding strategies were developed in a Wave Bioreactor, making use of a 

disposable cell culture system [193]. At the end of the fermentation process, the broth was 

inactivated with phenol, harvested and clarified by centrifugation before downstream 

processing (purification) was carried out. 

 
Figure 2.1. Outline of the process stages for the fermentation of a single fermentor batch of Pn1. 
Initially 1 ml of the laboratory working seed was used to inoculate a small amount of media (20 ml). 
This process was repeated in order to scale up the starter culture (800 ml). This was finally inoculated 
into several litres of medium (7 L in Wave bioreactor and between 15 – 30 L in fermentor). After 
fermentation, the broth was inactivated and clarified before purification can continue. 
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2.2 Purification of Pn1 

Purification of Pn1 was based on the procedure described by Robert Liveyns et al. in 1989 

where increasing ethanol concentrations was employed [194]. The general method of 

purification is described and deviations from this method will be further detailed in Chapter 4, 

Section 4.1. 

A schematic representation of the purification process can be found in Figure 2.2. The 

inactivated fermentation broth was first clarified via centrifugation to a predetermined level. 

Following clarification, the supernatant was diafiltered (100 kDa membranes) against 25 mM 

sodium acetate (NaOAc), to remove all media components and other impurities, and 

concentrated down to approximately 6 L. The pH of this solution was adjusted to 7.8 with 

sodium hydroxide (3.5 M NaOH) and 18 g/L cetyltrimethylammonium bromide (CTAB) was 

added in sufficient quantities to precipitate out the polysaccharide. 93 g/L Celite was added 

to trap the newly formed PS–CTA+ salt and this slurry was stirred for 5 minutes before being 

allowed to settle. Rate nephelometry was used to determine the amount of PS left in the 

supernatant after CTAB precipitation. The Celite slurry was loaded onto a Millipore 

VANTAGE™ Chromatography column (internal diameter: 127 mm, cross sectional area of 

125 cm2, with an adjustable bed height) and washed with an acetate buffer containing a 

small amount of CTAB (0.05 %) to trap any PS that may still remain in solution as well as to 

remove any excess cell debris and media that may remain. Increasing concentrations of 

ethanol (EtOH) were applied to the column, starting at 5 % and increasing up to 60 %, to 

elute off the PS. A flow rate of 60 – 80 ml/min was maintained throughout the elution 

process. Fractions of each ethanol wash were collected and monitored for aggregates at 550 

nm and nucleic acids and proteins at 260 and 280 nm respectively. Polysaccharide elution 

was monitored using the uronic acid assay where the formation of a purple coloured 

complex was indicative of Pn1 elution. The fractions that tested positive for Pn1 were pooled 

together and solid sodium chloride (NaCl) added to produce a final concentration of 2 M 

NaCl. The PS was precipitated after a 1:1 volume of 96 % EtOH and the purified Pn1 was 

left at 0 – 4 °C overnight to allow for complete precipitation. The precipitated slurry was 

centrifuged for 10 min at 3500 rpm and the supernatant decanted. The wet pellet was 

dissolved in 125 ml water, diafiltered against seven volumes of 0.5 M NaCl buffer followed 

by seven volumes of water using a Labscale™ TFF system fitted with 2 x 100 kDa molecular 

weight cut off (MWCO) 50 cm2 membranes fitted in parallel. The final purified PS was 

concentrated down and stored at – 20 °C. 
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Figure 2.2. Process flow of the purification of Pn1 from the inactivated fermentation broth to final 
storage. 

2.3 Colorimetric assays 

Most carbohydrate and protein solutions in water are colourless. To determine their 

concentration in a solution, colorimetric assays have been developed. These colorimetric 

assays rely on a reaction between a reagent and the analyte in question. This reaction will 

produce a chromophore that can be measured at a specific wavelength. The concentration 

of the analyte in solution can be measured from the intensity of the colour using the Beer–

Lambert law which relates the absorbance of the analyte to its concentration using Equation 

2.1. 

 A   cl  Equation 2.1 

Where A is a dimensionless number (often called absorption units),   is the molar extinction 

coefficient which is structure, temperature and wavelength dependent, c is the concentration 

of the analyte in solution and l is the path length that the light must travel [195].  

The ideal colorimetric reaction should be sensitive, selective and non–reversible. The 

resulting coloured product should be stable and should also be very different to the 

compound being examined. The main difficulty with colorimetric assays is their specificity. 

No single colorimetric assay is absolutely specific and many other compounds/molecules 

may interfere with the assay. These interfering compounds may react with the chromophore 

producing a coloured complex that will interfere with the absorbance of the compound 

tested. A control blank, whose absorbance is subtracted from the analyte absorbance, is 

used to compensate for this interference. A control blank contains all compounds found in 

tested solution except for the analyte being tested.  
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All incubations, other than those performed at room temperature, made use of a Stuart 

heating block that was able to reach temperatures of 200 °C. All absorbances measured in 

the colorimetric assays were determined using a Shimadzu UV–Vis 1700 Spectrophotometer 

with UV Probe 2.2.1 software. 

2.3.1 Uronic acid assay 

Saccharide concentrations for Pn1 were determined with the uronic acid colorimetric assay. 

The Dische carbazole protocol [196, 197] is a widely used method for the conversion of 

uronic acids into 5–formylfuronic acid by heating under strongly acidic conditions. The 

reaction of 5–formylfuronic acid with carbazole yields a pink coloured complex with an 

absorption maximum at 530 nm as shown in Figure 2.3. 

 
Figure 2.3. Schematic of the hydrolysed saccharide reaction with carbazole. 

A modification of the Dische carbazole reaction for uronic acid in the presence of borate was 

developed and published in 1962 by Bitter and Muir [198]. The advantages of this modified 

procedure are: 

 An approximate two fold increase in sensitivity.  

 Maximum colour develops immediately. 

 The colour is stable for at least 16 hrs. 

 Improved reproducibility and reduction in interferences by chlorides and oxidants. 

As Pn1 contains a galacturonic acid moiety in its repeating unit, the method was modified 

from the published method to use galacturonic acid as a standard instead of glucuronic acid. 

This standard was used to create a reference curve in the range of 0 – 50 µg/ml and water 

was used as a blank sample. The final volume of all of the solutions was 150 µl. All solutions 

were placed on ice and 900 µl of a 0.025 M solution of sodium tetraborate in concentrated 

sulfuric acid was added. Samples were incubated at 100 °C for 5 min to allow for hydrolysis 

to occur. After the samples were removed from the heat and cooled to room temperature,  

30 µl of a 0.125 % solution of carbazole in ethanol was added and the samples were 

incubated for a further 15 min at 100 °C. The solutions were cooled to room temperature 

where the absorbances at 530 nm were recorded. A calculated correction factor of 1.5 was 

applied to all samples containing Pn1 to convert the amount of uronic acid in the 
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polysaccharide to the total amount of polysaccharide; this calculation is explained in Chapter 

3, Section 3.3.1.2. 

2.3.2 O–Acetyl Assay 

The O–acetyl content of Pn1 was determined using the Hestrin method [199]. This is the 

preferred method for determining the concentration of O–acetyl groups present on a long–

chain polysaccharide repeating unit. O–acetyl groups are released from the PS under 

alkaline conditions by hydroxylamine and converted to hydroxamic derivatives (Figure 2.4). 

These derivatives are complexed with ferric chloride to give a yellow complex that is 

detected using a spectrophotometer at 540 nm [200]. In order to account for interferences, a 

correction blank is also employed. In this case, the PS is reacted with hydroxylamine under 

acidic conditions. As hydroxamic derivatives are only formed under alkaline conditions, the 

generation of colour from the addition of ferric chloride will be indicative of interfering 

substances which will be corrected for. 

 
Figure 2.4. Schematic representation of the reaction of O–acetyl functional groups with 
hydroxylamine and the resultant reaction with ferric chloride. 

Pn1 has both O–acetyl and N–acetyl groups on its repeating unit. O–acetyl groups are the 

more labile and are liberated in cold, dilute base, whereas N–acetyl groups require much 

stronger alkaline conditions for release. In order to calculate the mass percentage of O–

acetylation on the PS, the concentration of the PS is determined and the percentage O–

acetylation is calculated using Equation 2.2.  

 
    Acetylation  

concentration from   acetyl assay
concentration from uronic acid assay

   100 Equation 2.2 
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Acetylcholine chloride was used as the standard. One mole of acetylcholine chloride is 

equivalent to one mole of O–acetyl. A standard curve was created in the concentration range 

of 0 – 600 µg/ml and water was used as the blank sample. The final volumes of all samples 

were 500 µl. All samples and standards were tested in quadruplicate; two of each solution 

were labelled as reaction samples and the remaining two were used to correct for the 

interference (known as correction samples). The reaction standards and samples were 

treated as follows: 1.0 ml of 1 M hydroxylamine in 1.75 M NaOH was added to all solutions 

and left to react for 2 minutes where after 500 µl of a 4 M HCl solution was added and the 

solutions were shaken to ensure mixing. The correction solutions were treated slightly 

differently as first 500 µl of a 4 M HCl solution was added to all the solutions to make them 

acidic and hence block the formation of the hydroxamic derivatives. 1.0 ml of the 1 M 

hydroxylamine in 1.75 M NaOH solution was added to each correction solution. To both the 

reaction and correction solutions 500 µl of a 0.37 M ferric chloride (FeCl3) in 0.1 M HCl 

solution was added with vigorous shaking. These solutions were left to react at room 

temperature for 20 minutes and vortexed to allow for the release of any bubbles that may 

have formed. The absorbance was read at 540 nm. The absorbance values for the 

correction tubes were subtracted from the reaction tubes to provide a final absorbance value 

corresponding to the amount of O–acetyl groups. 

2.3.3 UV protein assay 

This assay was specifically applied to the determination of protein concentration of TT and 

was performed by monitoring the UV absorbance at its maxima wavelength of 279 nm. 

Absorption by proteins in the UV spectrum, specifically at 260 – 280 nm, depends on the 

amount of tyrosine and tryptophan residues contained in the protein itself. Phenylalanine as 

well as disulfide bonds also absorb at 280 nm but to a small extent [201, 202]. The 

advantages of the UV absorption method are that it is both simple to perform and non–

destructive to the sample. The protein concentration (in mg/ml) is calculated using Equation 

2.3. 

 
Protein concentration   

A2  

 l
    w  

Equation 2.3 

Where Mw is the molecular weight of the protein, A279 is the absorbance value at 279 nm, Ɛ 

is the extinction coefficient (in M-1cm-1) and l is the path length (1 cm). The extinction 

coefficient of TT is 185 210  M-1cm-1 [203] and its molecular weight is 150 kDa. 
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2.3.4 Bradford (Coomassie) protein assay 

All protein concentrations, except for TT, were determined with the commercially available 

Bradford (Coomassie) assay kit [204]. This colorimetric method does not require the molar 

extinction coefficient of the protein to be known as it depends on the Coomassie Blue G250 

dye binding to the protein. This binding, which can only occur in an acidic environment, 

results in a spectral shift from the red/brown colour of the dye absorbing at 465 nm to       

610 nm producing a blue coloured complex. The difference between the two coloured 

solutions is greatest at 595 nm at which the absorbance is read. The binding of the protein to 

the dye is a result of hydrophobic interactions as well as van der Waals forces between the 

dye and certain basic amino acids (arginine, histidine and lysine). The number of these dye–

amino acid linkages is approximately proportional to the total number of positive charges on 

the protein [205]. Low molecular weight proteins (under 3 kDa), free amino acids and 

peptides do not produce a colour with the Coomassie dye and hence are not interfering 

substances in this assay. 

The reference curve was constructed with bovine serum albumin (BSA) in the concentration 

range of 25 – 2000 µg/ml. 30 µl of standard and prediluted sample were used, water was 

used as a blank sample. 1.5 ml of Coomassie reagent was added to each tube and mixed 

together. The solutions were left to react at room temperature for 10 minutes followed by the 

absorbance determination at 595 nm. 

2.3.5 Trinitrobenzenesulfonic acid assay 

In order to measure the amount of hydrazides coupled onto the carboxyls of the protein after 

protein derivatization, the trinitrobenzenesulfonic acid colorimetric assay was performed. 

This assay makes use of the 2,4,6–trinitrobenzene sulfonate (TNBS) reagent that was 

introduced as a colour reagent for amino acid analysis in 1960 by Satake [206]. TNBS is 

water soluble and does not react with ammonia or urea. TNBS reacts, under mild alkaline 

conditions, with amino groups via a Meisenheimer complex intermediate (Figure 2.5), to 

produce a coloured complex. The absorbance is measured at 550 nm as other amino groups 

will absorb at 340 and 420 nm [206]. 

This reaction distinguishes between hydrazine and hydrazides by the specific absorbance 

maxima of each complex. The TNBS–hydrazine complex has its absorbance maxima at    

570 nm whereas hydrazides absorb most strongly at 550 nm. Amino acids do not interfere 

with this assay as the absorbance maxima for these complexes are approximately 420 nm 

[207].  
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The absorbance of the coloured complex is measured at 550 and 750 nm. During the 

calculations, the absorbance at 750 nm is subtracted from the 550 nm reading. This is to 

correct for the interference that light scattering has on the absorbance values [208].  

 
Figure 2.5. Schematic of reaction of hydrazide derivatized protein with TNBS, formation of a 
Meisenheimer complex intermediate and final complex formation. 

Adipic acid dihydrazide (ADH) was used to construct the standard curve. As ADH contains a 

hydrazide grouping at each end of the molecule the molar concentration of hydrazides is 

double the molar concentration of ADH. The assay was performed in a 96 well microtitre 

plate. In the first two wells 100 µl of 2.5 mM ADH in water was added. The next two wells 

contained 100 µl of the sample to be tested and the last two wells used contained 50 µl of 

water. 50 µl of water was added to the remaining rows. 50 µl of each mixture from row 1 was 

transferred to the row 2 and mixed. This process was repeated for all rows in the well plate 

to create a dilution series. 100 µl of 0.1 N borate buffer (pH 9.0) was added to all the wells 

followed by 50 µl of a 0.1 % TNBS solution. The 96 well plate was covered and incubated at 

room temperature for 2 hours. The absorbance was read at 550 and 750 nm [209]. 
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2.4 Immunological Assays 

Biomolecular recognition is the ability of one biomolecule to interact with another specific 

type of biomolecule similar to a key fitting into a lock. The principle of biomolecular 

recognition is the basis for most immunological assays. In immunoassays the molecular 

recognition is between an antibody and an antigen which are the two fundamental molecules 

in the immune system. Both antibody (Ab) and antigen (Ag) cells contain recognition sites; if 

the recognition site of the antibody matches the recognition site of the antigen a Ab–Ag 

complex is formed. As the antibody will only react with a specific antigen, other antigens in 

the reaction mixture will remain unbound which creates high specificity in this form of 

analysis. In this way, no sample pre–treatment is needed [210]. Two different types of 

immunoassays were applied in this investigation, namely enzyme–linked immunosorbent 

assays (ELISA) and nephelometry. 

2.4.1 ELISA 

Enzymes are the most widely used labels in immunoassays. The enzyme label will act as a 

catalyst for the conversion of a colourless substance to a coloured product that can be 

detected at a particular wavelength. As the enzyme acts as a catalyst, only a small quantity 

is needed to convert a large number of substrate molecules, which would generate a large 

signal. ELISA can be classified into four main groups: direct, indirect, sandwich and 

competitive [211]. The competitive ELISA was used in these investigations. 

 
Figure 2.6. Pictorial representation of a competitive ELISA [212]. 

In competitive ELISA, as shown in Figure 2.6, the microplate is first coated with an antibody 

that is specific for the analyte being measured. The quantifiable analyte (antigen) is added to 

the plate along with an enzyme coated antigen which competes for the binding site of the 

antibody. After washing, to remove any unbound antigen, a colour reagent, that is specific to 
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the enzyme, is added and the absorbance measured. The intensity of the colour is 

proportional to the amount of enzyme added and is therefore inversely proportional to the 

amount of analyte present [212, 213]. 

100 µl of Pn1 PS immobilised antigen (1.5 µg/ml in PBS) was added to all wells of a 96 well 

plate (ELISA Plates F96 Maxisorp 96 well plates). The plate was covered and incubated 

overnight at 4 °C. Thereafter the plate was washed in a Biotek Platewasher with 0.03 % 

Tween 20 in PBS. 200 µl blocking solution (3 % BSA in PBS) was subsequently added and 

left to react for 1 hour at room temperature. The plate was washed with 0.03 % Tween 20 in 

PBS. One row acted as a negative control (water) and two rows acted as positive controls 

containing 50 µl of a 1.5 µg/ml Pn1 reference standard. 50 µl Ab/Ag diluent (0.3 % BSA in 

PBS) was added to the rows followed by 50 µl of sample that was diluted down throughout 

the sample rows. 50 µl of Type 1 antiserum working reagent (Statens Serum Institute (SSI), 

Cat No. SSI–AGGL–16744) was added to all wells and the plate was covered and incubated 

for one hour at room temperature. The plate was washed with 0.03 % Tween 20 in PBS and 

100 µl goat antirabbit horse radish peroxidase (HRP) (Whitehead Scientific, Cat No. 474 

1506) conjugate working reagent was added to all wells. The plate was again covered and 

incubated at room temperature for 45 min and washed a final time with 0.03 % Tween 20 in 

PBS. 100 µl of TMB Sureblue substrate (Whitehead Scientific, Cat No. 52–00.01) was added 

and left to react for 15 minutes followed by 50 µl of 0.5 M H2SO4 to stop the reaction. The 

absorbance of the plate was read at 450 nm on a Biotek plate reader. 

2.4.2 Nephelometry 

The principles of nephelometry rely on interactions between antibodies and antigens. A 

single antibody is specific for one particular antigen and when these two come into contact 

they bind to each other strongly and form a cluster (immune complex) that aggregates 

thereby increasing the turbidity of the sample [214]. 

When light is passed through the reaction solution, light is either scattered, absorbed or 

passes through the sample. Figure 2.7 shows schematically how a nephelometer works. The 

light source is set at a wavelength of 635 nm and is fixed at an angle of up to 90 degrees 

[215]. The laser beam passes through the sample into a light detector known as an Ulbricht 

sphere. If the sample contains particles the light is scattered and reflected inside the sphere 

and detected through a photodiode. In order to prevent the occurrence of stray light, the light 

source is accumulated into a narrow beam of high power density that results in a higher 

scattered intensity from the smaller particles. There is also a light trap situated at the bottom 

of the instrument that absorbs the portion of unscattered light (light not deflected by the 
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particles in the sample) [216]. The amount of light scattered is proportional to the 

concentration of antigen or antibody in the solution [215]. 

Nephelometry is used in numerous applications, automated drug solubility screening, 

quantification of proteins such as immunoglobulins in serum, monitoring polymerization 

reactions, monitoring effluent as well as monitoring changes in turbidity to test antimicrobial 

drugs [214-216]. 

 
Figure 2.7. Schematic of the inner workings of a nephelometer [216]. 

Nephelometry can also be used to measure the change in intensity of the scattered light 

during the formation of the antibody–antigen complexes by measuring the kinetics of the 

binding reaction between the antigen and antibody [217]. Lee used nephelometry to 

determine both the PS and protein content in pneumococcal conjugate vaccines [218]. 

In this investigation, nephelometry was used during purification to determine the amount of 

PS left in the supernatant after CTAB precipitation. The procedure followed by the 

Immunochemistry group at The Biovac Institute is as follows: In a microplate, 10 µl of Pn1 

working serum reagent (SSI, Cat No. 16744) was dispensed into all wells followed by 178 µl 

of 4 % polyethylene glycol (PEG) solution and mixed thoroughly. Pn1 standards and 

unknown samples are added and diluted down the rows. The plate was immediately 

analysed on the Nephelostar Galaxy nephelometer using software provided with the 

instrument. 

2.5 Electrophoresis 

Electrophoresis is the separation of macromolecules in an electric field. The capacity of an 

electric field to separate molecules carrying a charge is the foundation of electrophoresis. 

When an electrical field is applied between two electrodes, a charged molecule will be 
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attracted to the oppositely charged electrodes; i.e. a negatively charged compound will 

migrate towards the positive anode and the negative cathode will attract the positively 

charged molecules as shown in Figure 2.8 [210]. 

In biomolecule analysis the Lorentz force causes different molecules to move through the 

matrix under an electric field at different rates due to their net charges, masses and shapes 

[212]. The velocity of the molecule’s movement increases with an increase in net charge and 

the electrical field strength, although friction acts as a counter measure and decreases a 

molecule’s velocity. The frictional strength is primarily dependent on a molecule’s mass and 

shape as well as the viscosity and porosity of the supporting matrix over which the electric 

field is applied [212, 219]. 

 
Figure 2.8. Schematic of electrophoresis [210]. 

2.5.1 SDS Page 

One of the most common methods of separating proteins using electrophoresis is called 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE). SDS–PAGE uses 

sodium dodecyl sulfate (SDS) to denature proteins and an electric field is applied across a 

polyacrylamide gel. The negative charges on the SDS destroy the complex structure of the 

proteins (denaturing them) and are attracted to the anode in the electric field. The protein will 

bind different amounts of the anionic detergent SDS depending on its relative molecular 

mass with SDS having a constant binding ratio of 1.4 g SDS to every gram of protein. Thus 

SDS–PAGE, with the inclusion of molecular markers can determine the relative size or 

difference in size of the proteins. The gels used for all SDS–PAGE experiments were 

Criterion XT 3 – 8 % Tris–acetate pre–cast gels based on a Tris–acetate buffer system (pH 

7.0). These gels use discontinuous Tricine and acetate ion fronts that form moving 

boundaries that stack and separate the denatured proteins according to their relative 

molecular masses [212, 220].  
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This system used a pH neutral and stabilised solution of tris(2–carboxyethyl)phosphine as a 

reducing agent and a mixture of heat and SDS are used to denature the proteins. After the 

addition of the reducing agent and the SDS to the sample, it was heated at 95 °C for 5 min 

before being loaded onto the gel (Bio–Rad Criterion XT Tris–acetate 3–8 % resolving gel, 

Cat No. 345–9898). A XT Tricine Buffer kit (Bio–Rad, Cat No. 161–0797) was used for 

running buffer as well as the reducing agent. The gel was subjected to a constant electrical 

field of 150 V for 65 min with a starting current between 170 – 180 mA and a final current in 

the range of 85 – 95 mA [221]. Either of two different gel stains were used for detection: 

protein was detected using a Coomassie Blue R–250 stain and PS was detected using 

Schiff’s stain (periodic acid) [221]. 

2.5.2 Western blot 

The detection and identification of proteins is performed via a Western blot. Protein blotting 

is the transfer of proteins to a solid–phase membrane support. Once bound to membranes, 

these proteins can be used for biochemical or immunological analyses. The most commonly 

used protein blotting technique is known as Western blotting or immunoblotting. The two 

steps involved in Western blotting are the transferral of the proteins that have been 

separated via gel electrophoresis onto a membrane, followed by detection of the proteins by 

immunological methods. The membrane is composed of the hydrophobic polyvinylidene 

difluoride (PVDF) [221] that has a high protein binding capacity, target retention as well as a 

high resistance to cracking which makes it the preferred membrane for binding proteins. 

During the transfer the gel and membrane are sandwiched between filter paper and the two 

electrodes as shown in Figure 2.9 (all contained in a non–conductive cassette holder) and 

submerged under the conducting transfer buffer with an applied electric field [211, 222]. 

 
Figure 2.9. Schematic of the gel and membrane set–up for transferring proteins during Western blots 
[222]. 

The Western blot procedure was used, firstly, to separate protein components in samples 

obtained from downstream fermentation and secondly, to identify the proteins by use of an 

immunological detection system. 
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The membrane used was the Immun–Blot® PVDF membrane that was cut to approximately 

13.5 x 9 cm. Due to the hydrophobic nature of PVDF, it was immersed in 100 % methanol for 

2 minutes to pre–wet the membrane. The membrane was placed in cold transfer buffer 

(same buffer used to run the gels in SDS–PAGE (Section 2.5.1) for 10 minutes before the 

blotting sandwich was assembled as displayed in Figure 2.9. The sandwich was placed into 

the electrophoresis tank and run overnight at a maximum of 10 volts and 50 mA. The 

sandwich was disassembled and the membrane removed for detection. Detection was 

preceded by a blocking step in which the unoccupied binding site on the membrane were 

blocked to prevent any non–specific interactions. To do this the membrane was placed in 

Tris–buffered saline (TBS) for 10 min followed by 3 % bovine serum albumin (BSA) in TBS 

for 2 hours at 4 °C. The membrane was washed with Tween–20–TBS (TTBS) to remove any 

unreacted BSA. The membrane was incubated with a primary antibody (rabbit anti HIB (KPL, 

Cat. No. 4741506)) at room temperature for 2 hours and washed with TTBS to remove any 

unbound antibody. The membrane was incubated for a further hour at room temperature 

with a secondary antibody that was linked to horse radish peroxidase (HRP) (donkey anti 

rabbit HRP) (Jackson ImmunoReseach Laboratories, Cat. No. 711035152). Washing with 

TTBS followed by a wash with TBS (to remove traces of Tween) was performed and the 

membrane was incubated with Opti–4CN (Biorad, Cat. No. 170–8235) for 30 minutes at 

room temperature. Opti–4CN is an improved form of the colorimetric HRP substrate: 4–

chloro–1–naphthol. A final wash was performed with deionised water before the membrane 

was dried between filter paper [223]. In the presence of HRP and peroxide, a water soluble 

blue product was generated that was precipitated onto the membrane where the enzyme 

was located, allowing visual detection of the target antigen sample [224, 225]. 

A molecular weight marker (PageRuler plus pre–stained protein ladder (10 – 250 kDa)) was 

employed for all western blot experiments. Western blots were also performed to ensure that 

the structural integrity of the protein after conjugation. In this case the procedure followed is 

as detailed above except that the antibody employed was rabbit anti–TT/DT or 

pneumolysoid (PLD) depending on the carrier protein and the secondary antibody used was 

Goat anti–rabbit IgG peroxidase (KPL, Cat no: 4741506) and the colorimetric substrate was 

3,3’,5,5’–tetramethylbenzidine (TMB) 1 component membrane peroxidase substrate (Sigma 

Aldrich, Cat. No. T8665). 

2.6 Chromatographic methods 

Chromatography is the most widely used method of separation in bioanalytical chemistry. 

There are numerous chromatographic methods available that make use of the different 

chemical and physical characteristics of molecules, namely their molecular size, ionic charge 
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and adsorption qualities. Whilst chromatographic methods can vary enormously, they all 

separate components through the use of a stationary phase and a mobile phase. The two 

principle forms of chromatography used in this investigation were liquid and gas 

chromatography. In both cases the liquid and gas in the different forms refer to the mobile 

phases.  

The stationary phases in both methods are usually solid based in the form of a column. In 

general the sample containing the mixture of compounds to be separated is placed onto the 

stationary phase. The mobile phase is placed over the stationary phase and the compounds 

are separated based on their interactions with the stationary phase as shown in Figure 2.10. 

 
Figure 2.10. Principle of separation using chromatographic techniques [210]. 

In liquid chromatography these separated components are routinely detected by 

ultraviolet/visible (UV/Vis), refractive index (RI), fluorescence, conductivity and mass 

spectrometry (MS). In gas chromatography the compounds can be detected by numerous 

detectors including flame ionisation (FID), electron capture (ECD) or MS detectors [210]. 

2.6.1 Liquid Chromatography 

Liquid chromatography began in the early 1900s, in what is now known as “classical column 

chromatography”, where a glass cylinder is packed with a fine powder and the sample is 

applied to the top of the column and a solvent is poured onto the column. As the solvent 

moves down the column, using gravity, the components of the sample move through the 

column at different speeds and become separated. Advances to this technique have resulted 

in a more sophisticated, automated technique known as high performance liquid 

chromatography (HPLC). In this technique, samples are placed in an autosampler for 

automatic injection onto the column. The solvent is continuously pumped through the column 
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at a high pressure and the separated compounds are analysed by a detector as they elute 

from the column. The retention, elution and hence the separation of compounds is achieved 

by changing the composition of the mobile phase or introducing strong solvents or additives 

[226]. There are four main properties by which the samples are separated and five main 

techniques of separation. These can be found in Table 2.1. 

Table 2.1. Techniques used to separate compounds with liquid chromatography [227]. 
Property Technique 

Size Gel filtration (SEC) 

Charge Ion exchange (IEX) 

Hydrophobicity Hydrophobic interaction (HIC) 

Hydrophobicity Reverse phase (RP) 

Biorecognition (ligand specificity) Affinity (AC) 

The advantages of liquid chromatography over GC are numerous. Samples do not have to 

be volatile or heat stable so no derivatization is required. Sample preparation is therefore 

much less laborious and complex. The key prerequisite is that the sample must be able to 

dissolve in the mobile phase.  

Two liquid chromatographic techniques were used in this study, namely: gel filtration 

chromatography and ion exchange chromatography. 

2.6.1.1 Size exclusion chromatography 

The simplest form of chromatographic techniques in bioanalytical analysis is size exclusion 

chromatography (also known as gel filtration or gel permeation chromatography). Size 

exclusion chromatography (SEC) is a very robust technique that separates molecules based 

on the differences in their relative size. 

The compound solution is injected into a liquid solvent stream flowing through one or more 

columns packed with highly porous microparticles and the compound components are 

separated based on their size as shown in Figure 2.11 [227]. Each column has a 

characteristic exclusion limit which makes the column act as a molecular sieve. The 

molecules smaller or equal to the exclusion limit are retained as they are able to enter the 

pores and their progress is retarded compared to that of larger molecules. The molecules 

that do not enter the pores are eluted in the void volume as they pass through the column at 

the same speed as the mobile phase. Therefore, in size exclusion chromatography, 

molecules are eluted in order of decreasing size. Factors affecting the separation of 

molecules include: flow rate, stationary phase particle size, packing density of the stationary 

phase and the viscosity of the mobile phase.  
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Figure 2.11. Schematic of compounds separated by size [227]. 

Detection of the compounds in the eluent is achieved using either an ultraviolet absorption 

(UV) or refractive index (RI) detector. The RI detector detects compounds based on the 

difference between the refractive index of the compound and the solvent whereas the UV 

detector identifies compounds based on their absorption of light at a specific wavelength. 

Although this method is ideal for separating proteins, polysaccharides do not conform to 

standard elution principles as PSs are separated according to their apparent or 

hydrodynamic volume, which is not only dependent on the molecular weight but also by the 

molecular conformation in solution. Thus polysaccharides with an extended structure in 

solution may elute earlier than globular proteins of a higher molecular mass. 

Chromatography of the samples was performed using an Agilent 1200 HPLC system, 

equipped with micro–vacuum degasser, quaternary gradient pump with degasser, auto–

sampler, thermostatted column compartment, diode array detector (DAD), refractive index 

detector (set at 35 °C), fraction collector and Chemstation software. Separations were 

performed on one of two different column sets: either a Waters Ultrahydrogel guard column 

(code: WAT011565), Waters Ultrahydrogel 1000 column (code: WAT011530) and Waters 

Ultrahydrogel 500 column (code: WAT011535) columns mounted in series, in the order 

stated or Shodex guard column OHpak SB–G (code: F6709430), Shodex OHpak SB–805 

HQ (code: F6429104) and SB–804 HQ (code: F6429103) columns mounted in series in the 

order stated. 

The eluent for both sets of columns was 10 mM PBS buffer (pH 7.0) with an injection volume 

of 50 µl and a flow rate of 1 ml/min. The molecular weight was determined using a range of 

Pullulan standards shown in Figure 2.12. Molecular weights for the Pullulan standards were 
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given in the certificate of analysis received from the supplier. Table 2.2 details the elution 

time and corresponding molecular weights of the standards.  

 
Figure 2.12. SEC–HPLC RID chromatograms of Pullulan standards on Shodex columns. 

Table 2.2. Molecular weights and elution times of Pullulan standards for both sonication and 
microfluidization. 

Standard Mw (kDa) Log (Mw) 
Waters columns Shodex columns 

Elution time (min) Elution time (min) 

P-800 788 2.897 15.126 13.168 

P-400 404 2.606 16.040 13.924 

P-200 212 2.326 17.077 15.113 

P-100 112 2.049 18.068 16.121 

P-50 47.3 1.675 19.172 17.239 

P-20 22.8 1.358 20.169 18.202 

P-10 11.8 1.072 20.806 18.871 

P-11 5.9 0.771 21.433 19.476 

2.6.1.2 Anion exchange chromatography 

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection 

(HPAEC–PAD) is frequently used to separate and identify carbohydrates without 

derivatization. The technique is highly selective and sensitive. HPAEC–PAD relies on the 

notion that carbohydrates are weakly acidic and are partially ionised at high pH values (˃12) 

and can thus be separated using anion exchange (neutral and cationic components will elute 

in the void volume) [228-230]. The column packing used in HPAEC is non–porous which 

minimises band broadening and is stable at high pH values and high pressures. There are 

various, specific column packings used for mono–, di– and poly– saccharides. The columns 

used in these investigations were the CarboPac PA1 and PA10, both of which are packed 



Univ
ers

ity
 of

 C
ap

e T
ow

n

49 
 

with a polystyrene/divinylbenzene substrate onto which small  icroBead™ quaternary 

amine functionalized latex is electrostatically attached as shown in Figure 2.13 [231].  

 
Figure 2.13. An anion exchange resin bead [231]. 

Along with the column, the mobile phase (eluent) composition is very important. The 

composition of the eluent affects the speed of separation as well as the selectivity and 

sensitivity of the detection. Sodium hydroxide is the eluent of choice but its concentration 

depends on the substances under investigation. For neutral polysaccharides (glucose, 

galactose) a low concentration (± 20 mM) of NaOH allows for a more likely interaction with 

the stationary phase and hence separation. However for sugar acids (Pn1) and 

oligosaccharides a higher concentration of NaOH is needed as these compounds interact 

strongly with the column. Acetate (or nitrate) is added to shorten run times. Acetate acts as a 

”pusher” as it interacts with the anion exchange sites more strongly than hydroxide ions and 

will push out the charged compounds quicker [228, 231]. Acetate is also used in a gradient 

elution when there are mixtures of different size and different charged saccharides. As the 

eluent is a very important factor in the separation of saccharides, care must be taken to 

remove any contaminants such as carbonate. Carbonate contamination is very common as it 

is formed during the preparation of any alkaline solution through atmospheric carbon dioxide. 

Carbonate is a divalent ion at high pH values and can bind strongly to the anion exchange 

sites on the column which will not only interfere with the analysis of the saccharides but will 

drastically shorten the column lifespan [231-233].  

The detection method used is pulsed amperometry (the detection of ions in a solution based 

on electric current or changes in electric current). The hydroxyl groups on the carbohydrates 

are oxidized on the surface of a gold electrode at a specific potential resulting in the loss of a 

proton. This proton loss creates a current flow that can be measured. This oxidation at the 

surface of the electrode blocks the electrode which must then undergo a rise in potential to 

remove the contaminants. The potential is lowered to renew the surface of the electrode. 
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This all takes place as a pulse sequence over less than a second which allows for data to be 

recorded at every second. This detection allows for high specificity as only functional groups 

at the specific potential can be oxidized [231, 234]. 

Chromatography of the samples was performed using a Dionex BioLC chromatography 

system with an thermostatted auto–sampler (set at 20 °C), thermostatted oven (set at        

30 °C), gradient pump with degasser, electrochemical cell and borate trap (code: 047078) 

with Chromeleon software. Separations were performed on Dionex Carbopac PA1 analytical 

(code:  035391) and guard (code: 043096) columns.  The separation method was previously 

described by Talaga et al. [235]. Solvent A was water, solvent B was a 100 mM NaOH 

solution and solvent C was a 100 mM NaOH containing 1 M sodium acetate solution. 

Gradients of the three solvents were used simultaneously to elute the carbohydrates by 

mixing the three eluents. This resulted in the following gradient of NaOH: 0 – 15 min, 18 mM; 

15 – 18 min, 18 – 100 mM; 18 – 35 min, 100 mM; 35 – 55 min, 100 – 18 mM. The 

simultaneous gradient of sodium acetate was 0 – 18 min, 0 mM; 18 – 35 min, 0 – 300 mM; 

35 – 55 min, 300 – 0 mM. An injection volume of 20 µl of the hydrolysed Pn1 polysaccharide 

was used and the flow rate was 0.4 ml/min. The following pulse potentials and durations 

were used: E1 = 0.1 V, t1 = 400 ms; E2   −2 V, t2 = 20 ms; E3 = 0.6 V, t3 = 10 ms; E4 = 

−0.1 V, t4 = 70 ms.   

Pn1 PS was hydrolysed and derivatized for structural analysis on the HPAEC–PAD. The 

optimization of this method is detailed in Chapter 3, Section 3.4.3. Pn1 was first dried under 

vacuum at 45 °C (Thermo Speedvac Savant SPD131DDA Concentrator, 1.3 mbar, 3 hours). 

To this solid sample (between 0.1 – 0.5 mg) 1 ml 2 M trifluoroacetic acid (TFA) and 50 µg 

fucose were added. The solution was vortexed and irradiated by microwave (CEM Discover 

SP–D microwave) at 150 W and 121 °C for 60 seconds. Thereafter the samples were dried 

under vacuum at 45 °C and reconstituted in 500 µl water, filtered through 0.45 µm filters and 

into autosampler vials for HPAEC–PAD analysis. 

This microwave procedure was compared to the conventional heating procedure where 1 ml 

2 M TFA was added to a sample of Pn1 PS. Sample tubes were closed and placed in a 

preheated block for 2 hours at 121 °C. Samples were cooled to room temperature and 

transferred to Eppendorf™ tubes and dried under vacuum at 45 °C followed by 

reconstitution in 500 µl water, filtration through 0.45 µm filters before being placed into 

autosampler vials for HPAEC–PAD analysis. 
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2.6.2 Gas chromatography 

The idea of gas chromatography (GC) was first suggested by Martin and Synge in 1941 

[236] but it was only experimentally applied for analytical purposes in 1952 by James and 

Martin when modifications of the gas separation theory were applied to the separation of 

volatile fatty acids [237]. A simple GC consists of a carrier gas, an injector, a column and a 

detector. The mobile phase (carrier gas) in GC performs a different task to that used in LC. 

In GC the carrier gas is used only to transport the compounds through to the column. The 

retention time and separation of the compounds is based on their vapour pressure which is a 

temperature–dependant variable as well as the interaction between the compounds and the 

column (stationary phase). Hence the main adjustable variable is temperature so each 

component in the instrumentation is temperature controlled [226]. 

A schematic representation of the general layout of the gas chromatographic instrument is 

shown in Figure 2.14. When a sample is injected it is immediately vaporised in the injection 

port and taken up with the carrier gas through to the column where separation occurs. The 

column is situated in a temperature controlled oven and the temperature program starts at a 

relatively low temperature that normally separates the solvent from the sample. The 

compounds are separated through a heating program that is dependent on the nature of the 

compounds and the complexity of the samples. After separation the compounds leave the 

column and are recorded as a function of time. The most common detector used in GC 

analysis is a flame ionisation detector (FID). It is a simple yet highly sensitive detector where 

the carrier gas is mixed with hydrogen and combusted in air. Ions from the compounds are 

formed in this flame and collected in the form of a current that is proportional to the amount 

of sample injected [226]. The major development in GC was the introduction of open tubular 

capillary columns in 1957 by Golay [238-240], however this was improved upon in 1979 with 

the development of flexible silica material used in the tubing [240]. This tubing had major 

advantages over the traditional glass capillary columns in terms of flexibility and strength as 

well as inertness. 
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Figure 2.14. Schematic representation of an instrument used in gas chromatography. 

Sugar monomers, released from the polysaccharides by hydrolysis must first be derivatized 

before analysis on the GC. There are two main hydrolysis/derivatization techniques used in 

polysaccharide analysis. The first produces alditol acetate derivatives. This method is 

preferred as it produces a single peak which corresponds to each monosaccharide 

derivative. This makes identification and quantification simple. The alditol acetate method is 

widely used for mixtures of neutral and amino– sugars, however carboxyl groups cannot be 

derivatized with this method and the alternate procedure is favoured [241]. The alternate 

hydrolysis procedure, methanolysis, followed by derivatization, produces a fingerprint of 

methyl glycoside derivatives for every monosaccharide component of the polysaccharide, as 

both furanose and pyranose ring forms of both α– and β– anomeric configurations are 

derivatized and detected. Due to the carboxyl groups on Pn1, this method was preferred, 

however due to the resistance of the GalA glycosidic linkages to hydrolysis; this method had 

to be optimised.  

Pn1 PS was hydrolysed and derivatized for analysis on the GC. The optimisation of this 

method is detailed in Chapter 3, Section 3.4.4. Pn1 was first dried under vacuum at 45 °C 

(Thermo Speedvac Savant SPD131DDA Concentrator, 1.3 mbar, 3 hours). To this solid 

sample (between 0.1 – 0.5 mg) 20 µg myo–inositol (1 mg/ml solution in water) was added 

followed by 0.5 ml 3 N methanolic HCl (HCl/MeOH). Samples were irradiated with 

microwaves at 100 W and 121 °C for 60 seconds. Thereafter the samples were dried under 

nitrogen at 45 °C. 1 ml MeOH was added to each sample and dried an additional two times 

to remove any residual HCl. Finally 100 µl of silylating reagent (Hexamethyldisilazane/TMCS 

2/1 (v/v), silylating mixture Fluka I according to Sweeley) was added to each sample and 

incubated at 80 °C for 20 min. Samples were evaporated under nitrogen at 45 °C and 
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reconstituted in 500 µl hexane. Samples were filtered through 0.45 µm filters and into 

autosampler vials for GC analysis. 

The GC system used for separation of the hydrolysed polysaccharide was an Agilent 6820 

gas chromatograph with a flame ionisation detector with a DB–5 column (30 m x 0.32 mm, 

0.25 µm ID). Nitrogen was used as the carrier gas at a flow rate of 1 ml/min. The oven 

conditions followed the method by Kim et al. [242] which included an initial temperature of  

50 °C for two minutes. The temperature was then raised at 30 °C/min to 150 °C followed by 

an increase of 3 °C/min to 220 °C and finally a raise in temperature of 30 °C/min to      300 

°C where it was kept for 30 min. The inlet temperature was kept at 250 °C and the detector 

at 300 °C. An injection volume of 10 µl was used.  

As a confirmatory method, GC–MS was used. The GC system used for the separation was 

an Agilent 7890A gas chromatograph with an electron–ionisation mass spectrometer. The 

column used was a DB–5MS column. The method used for the GC–MS was the same as for 

the GC–FID however the mass spectra were recorded on a JEOL GCmate II mass 

spectrometer and analysed using AMDIS_32 software. 

This microwave procedure was compared to the conventional heating procedure where 1 ml 

3 N HCl/MeOH and incubated at 121 °C for two hours. Samples were dried under nitrogen at 

45 °C and washed twice with 1 ml MeOH to remove residual HCl. Samples were derivatized 

with the silylating agent as previously described.  

2.7 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) is a spectroscopic method that is used to detect the 

reorientation of nuclear spin in an applied magnetic field [243]. The first nuclear magnetic 

resonance (NMR) signal was observed independently in 1945 by two physicists, Bloch and 

Purcell [244-246]. The physicists however were interested in the resonance aspect and did 

not investigate the structural analysis aspect; however chemists recognised this aspect and 

started to use NMR to investigate molecules. The most important advancement in NMR 

spectroscopy was the introduction of the superconducting magnet in the 1970s. This magnet 

provided a higher resolution to the analysis [247].  

The technique involves monitoring the absorption of energy associated with the transition of 

nuclei between two magnetic energy levels. The nucleus behaves like a spinning magnet, 

this spinning nucleus generates a magnetic field and an associated magnetic moment which 

interacts with the applied magnetic field [243]. In order to record the NMR spectrum of a 

sample it must be placed in a homogenous magnetic field. The sample is spun to improve 

the magnetic field homogeneity and small magnetic fields are applied to the main field, in a 
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process known as shimming, in order to cancel out any errors in the static field. In order to 

keep the ratio of magnetic field strength to the transmitter frequency constant, thereby 

preventing the drifting of the signal, the instrument is “locked” onto a strong narrow signal, 

usually deuterium [247]. 

Analysis by NMR yields spectra of magnetic sensitive nuclei (e. g. 1H, 13C and 31P) which 

depend on the structural environment of the nuclei and therefore provides a sensitive and 

non–destructive way of “looking” at the molecular structure of organic materials. The 1H 

NMR spectrum requires the least amount of sample and forms the starting point for the 

analysis. The saccharides and derived products are investigated as deuterium–exchanged 

samples, hence each signal arises from a C–linked proton and the chemical shift value 

depends on its electronic environment. It can be regarded as a distribution of protons 

according to their electron density. 2D homonuclear correlation (COSY and TOCSY) 

experiments are used to trace the spin systems corresponding to each monosaccharide 

constituent. The most common solvent used in NMR experiments is deuterium oxide (2H2O 

or D2O) as deuterium has a different resonance frequency than that of a proton (1H). D2O is 

used as carbohydrates are highly hydrophilic compounds.  

Samples analysed by NMR were lyophilized and exchanged twice with 99.9 % deuterium 

oxide and dissolved in 600 µl of the same D2O, and introduced into a 5 mm NMR tube. NMR 

spectra were recorded on a Bruker UltraShield™ 400 MHz NMR machine at 303 K unless 

otherwise stated. All chemical shifts are reported in ppm. The 1H NMR of Pn1 pneumococcal 

samples was referenced to the H3 of Cho–P–(O→ at 3.23 ppm and the 13C referenced to 

54.5 ppm of the C3 of CWPS; Cho–P–(O→ [248]. 

2.8 Conjugation of Pn1 to protein carrier 

There are many steps involved in successfully conjugating a PS to a protein. Functional 

groups on the protein amenable for conjugation consist of amine and carboxyls groups. 

These groups can be directly linked to the PS or, in this case, the carboxyl groups on the 

protein are converted into hydrazides with the addition of the spacer linker, adipic acid 

dihydrazide (ADH). This renders the protein more reactive as well as providing better 

accessibility of the functional group to the PS. The PS is prepared for conjugation by first 

size reducing the polymer (by chemical or mechanical means) to reduce the viscosity of the 

PS as well as creating more terminal residues that may be used in certain conjugations. The 

Pn1 PS is “activated” by creating an active ester intermediate which converts the carboxyl 

groups in the polysaccharide into more reactive groups to allow for successful conjugation to 

the derivatized protein. Conjugation of the reactive polysaccharide and derivatized protein is 

then achieved with the addition of the two components into the same vessel. Factors such 
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as pH, temperature, reaction time, concentration and ratio of the reactants must be carefully 

monitored [10]. 

2.8.1 Protein derivatization 

The general derivatization method used in this study is described below. Modifications to this 

method for the different proteins employed can be found in Chapter 5: Protein Derivatization. 

The protein was either dissolved in or dialysed against a 60 mM 2–(N–

morpholino)ethanesulfonic acid (MES) buffer at pH 6.0 – 6.2. Solid ADH was added to the 

protein at room temperature in a ratio of 3.5 mg ADH / mg protein and the reaction mixture 

was stirred until all ADH dissolved. EDC, due to its very hydroscopic nature, was first 

dissolved in water to make up a 20 mM solution and this was added to the protein mixture at 

room temperature. A ratio of 0.15 mg EDC / mg protein was used. After mixing, the reaction 

was left unstirred at room temp for between 60 minutes and 16 hours depending on the 

protein and the desired level of derivatization required. 

The reaction mixture was quenched by raising the pH to 10 with 1 M NaOH. The reaction 

mixture was diafiltered against a 30 mM NaCl/ 3 mM sodium carbonate (Na2CO3) buffer at 

pH 10.5 using a Labscale™ TFF system fitted with 3 x 50 K  WCO 50 cm2 membranes 

fitted in parallel. Diafiltration continued until the permeate was clear of hydrazide (excess 

ADH). To test the permeate for ADH, 2 drops of permeate was added to a mixture of 100 µl 

0.1 % TNBS solution and 100 µl 0.1 M sodium borate, pH 9.0 followed by room temperature 

incubation for 5 min. An orange colour indicates the presence of ADH. SEC–HPLC was used 

to track the derivatization of the proteins. 

2.8.2 Polysaccharide size reduction 

2.8.2.1 Sonication 

For the sonication investigations the polysaccharide was first solubilised in water, placed in a 

50 ml beaker and cooled in an ice bath. The sample was exposed to a pre–set energy power 

output for a pre–determined time. The sonication cycle consisted of a 59s pulse with 15s 

break intervals. The total energy input was read from the sonicator display. Samples were 

passed through 0.45 um filters to remove any trace metal shed by the sonicator probe before 

analysis on SEC–HPLC. Sonication was performed on a VibraCell model VCX 750 

ultrasonic processor at the University of Stellenbosch.  

2.8.2.2 Microfluidization 

For microfluidization; polysaccharide samples of Pn6B and 14 were first dissolved in water at 

concentrations of 20 mg/ml. Samples were diluted to either 10 mg/ml (Pn6B and 14) or 5 

mg/ml (Pn1) due to the viscous nature of the polysaccharides. The samples were passed 
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through a Microfluidics M–110PS microfluidizer processor at a variable pressure for a 

predetermined amount of passes. 

In preparation for the conjugations used in the animal studies: 0.583 g of Pn1 was subjected 

to size reduction via microfluidization. 3.5 L of Pn1 Batch 019 (concentration: 166.7 µg/ml) 

was concentrated down to 125 ml using 2 x 30 kDa MWCO membranes on the Labscale 

TFF system. The concentrated sample was passed through a Microfluidics M–110PS 

microfluidizer processor four times at a pressure of 22 000 psi. 

2.8.3 HOBt mediated EDC conjugation 

The final HOBt mediated conjugation method applied to Pn1 and derivatized protein is 

detailed below. The optimisation of this method and its application to other protein carriers 

can be found in Chapter 6, Section 6.3. The conjugation reaction was performed on a       

100 mg Pn1 scale with an initial polysaccharide–protein mass ratio of 2:1. 

To the microfluidized Pn1, sufficient NaCl was added to give a Pn1 solution in 0.2 M NaCl. 

The derivatized protein was added to the polysaccharide solution at a ratio of 1 mg protein 

for every 2 mg polysaccharide. The pH of the mixture was monitored and adjusted to 

approximately 7.0 if needed. In a separate bottle EDC (2:1 w/w Pn1) and HOBt (1:1 molar 

ratio with EDC) were dissolved in a 1:1 solution of 10 mM MES/0.2 M NaCl, (pH 7.2) and 

dimethylsulfoxide (DMSO). The pH was checked and raised to approximately 6.50 with 1 M 

NaOH if necessary. The EDC/HOBt solution was added slowly to the PS–protein solution 

and checked for signs of precipitation. The pH of the solution was adjusted to 6.80 with 0.1 

M NaOH and left overnight at room temperature. The reaction mixture was dialysed 

extensively (3 x 2 L exchanges over a period of 2 days) in Slide–A–Lyzer cassettes of 10 

kDa MWCO against 10 mM PBS (pH 7.2). 

2.8.4 Triazine mediated conjugation 

This optimised triazine conjugation method resulted in a conjugate that was used in the 

animal studies. It was performed on a 100 mg polysaccharide scale and three different 

derivatized protein carriers (CRM197, TT and PLD) were used.  

To the microfluidized Pn1, sufficient NaCl was added to give a Pn1 solution in 0.2 M NaCl. 

The polysaccharide solution was cooled on ice to between 0 – 4 °C with stirring. The 

activating species of 2–chloro–4,6–dimethoxy–1,3,5–triazine (CDMT) and N–methyl–

morpholine (NMM) was first formed in DMSO and added with continuous stirring to the 

cooled Pn1 PS. After a further 5 min at 0 – 4 °C the PS solution was placed at room 

temperature and allowed to react for one hour where after the pH was measured to be 

between the range of 7.50 – 8.00. The derivatized protein was added to the polysaccharide 
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solution at a ratio of    1 mg protein for every 2 mg polysaccharide and the mixture was left to 

react at room temperature for 20 hours. The conjugate solution underwent extensive dialysis 

(3 x 2 L exchanges over a period of 2 days) in Slide–A–Lyzer cassettes; 10 kDa MWCO 

against 10 mM MES/0.2 M NaCl (pH 7.2). 

2.8.5 Conjugate purification 

In order to produce a conjugate vaccine for use in animal or human models – unreacted 

reagents and reactants, unwanted by–products as well as any other impurities must be 

removed. Whilst dialysis and diafiltration can remove a large amount of the smaller 

molecules, the unconjugated polysaccharide and protein often remain. Chromatographic 

methods such as size exclusion and hydrophobic interaction chromatography are widely 

used to remove protein and polysaccharide. 

2.8.5.1 Gel filtration liquid chromatography 

For purification of the conjugates, Sephacryl S500 HR packing was briefly investigated as a 

comparison to other purification technologies. 

Sephacryl media consists of cross–linked allyl dextran with N,N’–methylene bisacrylamide to 

form a hydrophilic matrix that provides high chemical stability and tolerance for high flow 

rates. The porosity of the packing is determined by the dextran component and the S500 HR 

media was chosen as the packing material for these investigations as it has a fractionation 

range (Mr) of 1x104 – 1x108. The S500 column was attached to an ÄKTA–FPLC system 

equipped with a pump as well as a UV and conductivity detector. The running conditions, 

unless otherwise stated, can be found in Table 2.3. 

Table 2.3. Running conditions of the S500 HR packing material. 
 S500 HR column (XK16/40) 

Packing volume 125 cm2 

Bed height 40 cm 

Load volume 4 ml 

Protein sample concentration 2.1 mg/ml 

Mobile phase 0.2 M NaCl 

Flow rate 0.9 ml/min 

Volume of fractions collected 100 ml 

Detector used UV 

2.8.5.2 Hydrophobic interaction chromatography 

Most proteins have hydrophobic areas or patches on their surface, depending on the number 

of amino acids with hydrophobic functional groups (such as alanine, isoleucine, leucine, 
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methionine, phenylalanine, tryptophan, tyrosine and valine). To avoid contact with water, 

many of these residues are folded inside the protein’s structure but a few of them remain on 

the surface. As with ammonium sulfate precipitation, when the protein is released from the 

salt, it will interact with another hydrophobic medium. If this hydrophobic medium is found on 

a chromatographic resin the protein (and conjugate) is able to be separated from the 

unconjugated saccharide or any other components as the protein will interact with the 

column. The mechanism for this interaction could be due to surface tension, van der Waals 

forces, entropic considerations as well as the charge masking effect of small ions [249, 250]. 

When the salt concentration is decreased, the protein will be released from the column and 

elute. 

0.5 mg of sample was loaded onto a GE Healthcare HiTrap Phenyl HP (5ml) column and 25 

ml 1 M ammonium sulfate solution was used to bind the conjugate to the column and elute 

off the free saccharide. This mobile phase was changed to 0.05 M sodium phosphate (pH 

7.0) for 25 ml to elute off the conjugate. The flow rate was kept constant at 0.4 ml/min 

throughout the elution. The column was washed with 25 ml 1 M ammonium sulfate before 

the next sample was loaded. The elution of the compounds was monitored at 280 nm. 

2.8.5.3 Ammonium sulfate precipitation 

Most proteins are water soluble and their solubility is a function of the ionic strength and pH 

of the solution. At low concentrations, the presence of salt stabilises the various charged 

groups on the protein molecule, thus attracting the protein into the solution and enhancing its 

solubility. At high salt concentrations the maximum solubility of the protein can be reached 

and beyond this specific concentration, the water molecules become more and more 

attracted to the salt than to the protein due to the higher charge of the salt. This competition 

for hydration leads the proteins to start interacting with each other thus resulting in 

aggregation and eventually precipitation of the protein. The precipitation can be collected by 

centrifugation and the protein pellet is re–dissolved in a low salt buffer. The commonly used 

salt for this purpose is ammonium sulfate, due to its relative cost effectiveness and high 

solubility even at lower temperatures.  

Ammonium sulfate ((NH4)2SO4) is a salt that is widely used to precipitate proteins. It has 

been determined that polyvalent anions are more effective at salting out than monovalent 

anions and that the best combination for salting out a protein would be to use a polyvalent 

anion with a monovalent cation [251]. Both anions and cations have been arranged in the 

“Hofmeister series” which defines their ability to salt out proteins and other macromolecules. 

In terms of sulfate and ammonium ions, they are on the kosmotrope ends of the anion and 
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cation series; kosmotropes are known as “water structure makers” which have stabilising, 

salting out effects on proteins [251-254]. 

A saturated ammonium sulfate solution was prepared by dissolving 550 g ammonium sulfate 

((NH4)2SO4) in 1000 ml water and cool at 2 – 8 °C. Two volumes of saturated ammonium 

sulfate was added to the conjugate sample, mixed and left overnight at 2 – 8 °C. The 

solution was centrifuged to pellet out the conjugate and the supernatant was removed. The 

procedure was repeated and the final pellet was re–dissolved in 10 mM phosphate buffered 

saline (PBS) (pH 7.2). 

2.8.5.4 Deoxycholate precipitation 

The deoxycholate precipitation method for separating conjugated and unconjugated 

saccharide was first developed as a means of quantifying the amount of unconjugated 

saccharide in Hib conjugates, as the PRP–TT conjugate did not bind to hydrophobic 

interaction (HIC) columns. The method takes advantage of the PRP–TT conjugates ability to 

bind to deoxycholic acid (DOC) and precipitate out in acidic conditions leaving the 

unconjugated saccharide in the supernatant. The unconjugated saccharide is quantified 

using the appropriate assay and express as a percentage of the total PS in the conjugate 

[255, 256].  
1 ml of appropriately diluted sample was used; a PS concentration of 50 – 100 µg/ml was 

preferred, the pH of the diluent must not fall out of the range of 6.7 – 7.2. 100 µl freshly 

prepared 1 % w/v DOC (pH 6.8) was added, with mixing to each tube. The samples were 

incubated at 2 – 8 °C for 30 min. 1 M HCl (50 µl) was added and precipitation was 

immediately visible. The samples were centrifuged for 30 min to pellet out the DOC–

conjugate. The supernatant was assayed for PS using the colorimetric test for uronic acid. 

Care must be taken to remove any remaining traces of ammonium sulfate when used in 

conjugate purification as the ammonium sulfate will interfere in the colorimetric assays. 

2.8.6 Formulation 

In order to produce the conjugate in a form suitable for animal studies, the conjugates had to 

be formulated onto an aluminium–based adjuvant. The general formulation protocol is 

described below and further explanation of this in relation to specific conjugates can be 

found in Chapter 6, Section 6.4. 

In order to minimise bio burden in the conjugates, all formulations were performed under a 

laminar flow hood that was tested before and during use for any bacterial contamination. In 

all but one formulation, the final volume used was 1000 ml. Over a period of 90 minutes, 

0.067 M AlCl3 was slowly added to 0.25 M Na3PO4 solution.  
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flow rate (

ml
min

)  
addition volume 

time added
 

Equation 2.4 

The pH was left to stabilise over a period of 160 min after which 0.2 M succinic acid was 

slowly added (flow rate calculated as per Equation 2.4). A further volume of 0.25 M Na3PO4 

was added using the same flow rate as before to raise the pH. After the pH had stabilised, 2 

% Tween–80 and 2 M NaCl were added. The appropriate amount of antigen (conjugate) was 

added to give a final PS concentration of 2 µg/ml and the formulation was made up to the 

final volume with WFI grade water. Finally, the formulation was left to stir for a further 120 

min at room temperature to allow the pH to fully stabilise and allow for maximum antigen 

absorption before storage at 4 °C. 
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CHAPTER 3. STRUCTURAL CHARACTERISATION OF Pn1 PS 

3.1 Introduction 

In order to analyse the composition and determine the repeating unit of the polysaccharide 

specific information is needed: 

 The identity, relative amounts and sequence of the monosaccharides in the repeating 

unit. 

 The anomeric configuration of the glycosidic linkages, as well as the position on each 

residue of the linkage. 

 Whether the sugar is a furanose or pyranose ring form. 

 Any functional group modifications, positions of groups such as acetylation, 

phosphate groups, sulfate groups and any other modifications [257]. 

The molecular weight distribution of the PS should also be established. The purity and hence 

the chemical composition of a PS must first be determined in order to be used for further 

production or manufacturing purposes. As saccharides cannot be detected by absorption 

due to the absence of a chromophore, colorimetric assays in which a chromophore is 

generated are used to estimate the presence of certain specific sugars such as uronic acid, 

hexosamines and methylpentoses as well as certain functional groups. For the manufacture 

of vaccines, the WHO have established recommended values for specific sugars, functional 

groups and contaminants of each bacterial serotype [162, 258, 259]. 

To determine the identity and relative proportions of monosaccharides in the PS, a more 

comprehensive analysis is needed. This can be achieved by hydrolysing the PS into its 

monosaccharide components which can then be analysed using chromatographic methods 

such as HPLC [260, 261], GC [242, 262-266] and HPAEC [228, 229, 231, 234, 267, 268] . 

The glycosidic linkage position and size of the ring structures can be identified by cleavage 

reduction or methylation analysis [269-273]. The anomeric configuration used to be 

confirmed by the oxidation with chromium trioxide [274-277] but has been replaced by 

modern techniques such as NMR [278-285].  

3.2 The structure of Pn1 polysaccharide 

While Neufeld and Handel, in 1910, were the first to identify the first two (serotypes 1 and 2) 

of the 90–odd serotypes of S. pneumoniae, it was Heidelberger, Avery and Goebel who 

investigated the composition of the capsular PS of serotype 1 [286-288]. In the early studies 

of Pn1 PS in 1925, Heidelberger et al. found that the polysaccharide was not very soluble in 

its isoelectric form and could only be fully dissolved in an acidic or alkaline solution. They 

also discovered that it contained 5 % nitrogen, had an optical rotation of + 300° and an 
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isoelectric point of approximately 4; however, in 1948, Alberty and Heidelberger, confirmed 

the isoelectric point of Pn1 to be 2.8 [289]. The polysaccharide was hydrolysed into reducing 

sugars with a mineral acid but at the time, the identity of the sugars could not be determined. 

The formation of reducing sugars was detected when the PS was treated with nitrous acid 

and half of the 5 % nitrogen was released. This suggested that the nitrogen must be an 

integral part of the polysaccharide. No sulfur or phosphorus was detected. The 

polysaccharide tested positive for glucuronic acid but yielded mucic acid on oxidation which 

suggested that it contained galacturonic and not glucuronic acid. Both acidic and basic 

properties were shown for this PS, which was, at the time, different to the other two PSs 

studied (serotype 2 and 3) [286]. 

Avery and Goebel reported the first evidence of the presence and immunogenicity of the O–

acetyl functional group on Pn1 PS [287]. The authors were able to detect antibodies for the 

acetylated polysaccharide in type 1 antipneumococcal horse serum; the de–O–acetylated 

PS did not elicit antibodies. 

Further investigations into the composition of Pn1 were performed by Smith et al. who 

hydrolysed the polysaccharide with H2SO4 [290]. Galacturonic acid (GalA) and glucosamine 

(GlcN) were detected as well as the presence of a methylpentose and a hexose that 

behaves in a similar fashion to galactose. The PS contained 60 % uronic acid, 8 % amino 

sugar and 4 % total nitrogen was also reported. This hexosamine could not account for the 

entirety of the nitrogen and it was suggested that other nitrogenous material may be part of 

the polysaccharide structure. Guy et al. purified and modified the Pn1 PS in order to 

determine the repeating unit [291]. Through nitrous acid deamination, it was determined that 

the polysaccharide contains disaccharides of galacturonosyl–galactosamine and 

galacturonosyl–glucosamine. Residues of 2–amino–2–deoxyhexosylglucose were also 

identified. The partial structure of the polysaccharide was determined to be galacturonosyl– 

(1→3)–glucosaminyl–(1→3)–galacturonic acid.  

At the time the polysaccharide structure was known to consist of galacturonic acid (major 

constituent) and a hexosamine. The polysaccharide contained O–acetyl groups that were 

important in terms of its immunology and was amphoteric and contained nitrogen as a 

constituent in addition to that of the hexosamine. 

It was only in 1980, that Lindberg et al. provided the structure of the hexosamine [292]. The 

sugar was not isolated and identified but was rather determined as products of deamination 

(similar to those performed by Guy et al.). The optical rotation of the purified polysaccharide 

was found to be in agreement with previous studies and was indicative of a D–configuration 

for all three sugars in the repeating unit. NMR studies showed the presence of an N–acetyl 
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peak (at 2.06 ppm), the presence of methyl protons at 1.29 ppm which was thought to 

belong to a 6–deoxyhexosyl residue. The presence of an O–acetyl group was confirmed with 

a peak at 2.20 ppm and the three signals in the anomeric region were suggestive of three 

saccharides in the repeating unit. As galacturonic acid accounted for 60 % of the makeup of 

the polysaccharide, two of the sugars in the repeating unit were thought to be galacturonic 

acid. When the polysaccharide was N–acetylated the N–acetyl peak doubled in size which 

suggested that the third sugar could have been a diaminotrideoxy–sugar where only one of 

the amino groups was acetylated. In order to confirm the structure of the amino sugar, the 

polysaccharide was deaminated with nitrous acid followed by acid hydrolysis and detected 

as 2–amino–2,6–dideoxyglucose in its alditol acetate form by GLC–MS. When borohydride 

reduction preceded the acid hydrolysis, peaks indicative of 2–amino–2,4,6–trideoxyhexoses 

were detected by the mass fragmentation pattern. The authors concluded that in order for 

the results in the deamination reaction to have occurred, the starting sugar must have been 

2–acetamido–4–amino–2,4,6–trideoxygalactopyranose (AAT) [292]. The linkage sites of the 

two galacturonic acid residues were determined to be through O4 and O3 and the AAT 

sugar was determined to be linked through O3. The repeating unit is shown in Figure 3.1 

with a non–stoichiometric amount of O–acetyl groups whose location was not determined. 

It took another 20 years before the position of O–acetyl group was determined by Stroop et 

al. through the use of NMR spectroscopy [293]. The authors determined that the group is 

situated on the GalA residue (residue B in Figure 3.1) as the PS was able to survive through 

periodate treatment, and therefore must be on either the C2 or C3 position of the 4–

substituted GalA residue. 

 

 
Figure 3.1. Structure of Pn1 polysaccharide consisting of A – 2–acetamido–4–amino–2,4,6–trideoxy– 
galactose, B – galacturonic acid with O–acetylation and C – galacturonic acid. 

 

                                      A                           B                            C 

[3)-α-D-AATp-(1→4)-α-D-GalpA-(1→3)-α-D-GalpA-(1→]
n
 + (OAc) 
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3.3 Colorimetric assays 

Of the colorimetric, analytical tests required by the European Pharmacopoeia [294], only two 

were used to identify Pn1 namely: uronic acid and O–acetylation. 

Colorimetric assays were assessed in terms of their linearity and working range, the 

precision of the assay, the assay’s accuracy and its specificity.  

 Linearity: An assay’s linearity evaluates the procedure’s ability to obtain a response 

that is directly proportional to the concentration or amount of analyte in the given 

sample, and within a given range. In determining linearity, a minimum of five 

concentrations was recommended [295, 296]. Samples were prepared in triplicate 

and the mean absorbance was plotted against the concentration of the analyte in 

question. This plot was used to determine linearity and subsequently a regression 

line was calculated. Also determined were the y–intercept, the correlation coefficient 

and slope of the regression line. The linear range of the assay was determined from 

the 2nd order polynomial plot [295, 296]. 

 Assay precision: The precision of an assay is determined by how close the 

agreement (degree of scatter) is of a number of samples. The precision of an assay 

depends on firstly, the repeatability of the assay and the intermediate precision. The 

repeatability (intra–assay precision) is the variation experienced by a single analyst 

on a particular instrument. The repeatability is measure by analysing multiple (in this 

case 10) replicates of the same sample. The relative standard deviation is calculated 

for all samples and reported. Intermediate precision is reported as the analysis of the 

same assay by either a different analyst or instrument or on a different day. The 

reproducibility of an assay is calculated with the results of the assay performed by 

different laboratories. This was not performed for the colorimetric assays in question 

[295-297].  

 Assay accuracy: Accuracy is regarded as the closeness of a measured value to the 

true or accepted value. It provides an indication of any systematic error or bias in the 

method. Accuracy is determined by the measurement of the recovery of the sample 

in question by direct comparison with the true value. In this case a sample of known 

concentration at the lower, middle and upper level of the linearity curve was 

assessed. The percentage recovery of the sample must conform to the acceptable 

limits of 90 – 110 % [296, 297]. 
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 Limit of Detection (LOD): The limit of detection is considered to be the lowest 

amount of sample that can be detected (not quantified). The detection limit was 

calculated by determining the minimum level at which the sample can be detected. It 

is usually calculated by comparing the absorbances of the lower concentration of 

samples to that of the blank (signal to noise ratio). A ratio of 2:1 is considered an 

acceptable value for the detection limit [295, 297]. 

 Limit of Quantitation (LOQ): The quantitation limit is the lowest amount of sample 

that can be determined with suitable precision and accuracy. The LOQ was 

calculated in a similar fashion to the detection limit, by comparing the signal to noise 

ratio. However in this case, an acceptable value for the limit of quantification was 

taken as ratio of 10:1 [295, 297]. 

 Specificity: Assay specificity is the ability to assess whether the other substances in 

the sample may interfere with the assay detection. In determining specificity, a 

number of different substances normally found with the analyte in question, such as 

buffers, reagents, proteins etc., are analysed to determine if interferences do occur. 

Assay specificity was evaluated by investigating for matrix interferences caused by 

buffers, reagents etc. [295-297].  

3.3.1 Uronic acid assay 

The first instance of the use of carbazole to quantify uronic acid saccharides was reported by 

Dische in 1946 when uronic acid was quantified by its hydrolysis with concentrated H2SO4 

for 20 minutes in a boiling water bath, followed by the addition of a 0.1 % alcoholic solution 

of carbazole. This colour reaction reached its maximum intensity after 2 hours [196]. In 1949 

Dische modified this procedure by decreasing the concentration of sulfuric acid used as well 

as the temperature and length of incubation [197]. In this way a difference between uronic 

acids (i.e. glucuronic vs. galacturonic acid) could be determined. In 1958, Bowness 

determined that 5–formylfuroic acid was responsible for the colour formation with carbazole. 

Another compound formed during hydrolysis: 2,5–diformylfuran also reacts with carbazole 

although this reaction gives rise to different absorption spectra (550 nm) under the same 

conditions and does not interfere with the absorption at 530 nm [298]. 
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Figure 3.2. Structures of 5–formylfuroic acid, the major colour contributor to the uronic acid–
carbazole colorimetric assay as well as 2,5–diformylfuran and hydroxymethylfurfural (HMF). 

 In 2007, Li et al. confirmed Bowness’ findings when it was demonstrated that 5–formylfuroic 

acid was the major contributor to the coloured complex with carbazole, however, it was also 

shown that another derivative of carbohydrates – hydroxymethylfurfural (HMF) – absorbed in 

the 530 nm spectrum when complexed with carbazole as shown in Figure 3.2 [299], this 

however is not a hydrolysis product of uronic acid and should not interfere in the analysis of 

Pn1. 

Bitter and Muir, 1962, published a modified method of the Dische carbazole reaction where 

borate was added to the concentrated sulfuric acid to increase the intensity of the colour 

change allowing for an increase in sensitivity to a concentration as low as 4 µg/ml [198].  

3.3.1.1 Assay optimisation 

According to the European Pharmacopeia, glucuronic acid (GlcA) is used as the reference 

standard to produce the standard curve [294]. However, in the development of the 

colorimetric assay it was determined that glucuronic acid produces a more intensely 

coloured complex than galacturonic acid (GalA) which is the major component of Pn1 [197, 

198]. This result indicated that GalA would result in a far more accurate calculation of the 

uronic acid concentration than GlcA. Therefore both uronic acid monosaccharides were 

subjected to the colorimetric assay and the absorbances compared. Figure 3.3 shows the 

difference in absorbance between GlcA and GalA. Both standards gave a linear response 

over the concentration range (0 – 50 µg/ml) with a correlation coefficient (R2) for the 

regression for Glc = 0.9996 and 0.9983 for GalA, however the GlcA standards produced on 

average a 71 % greater absorbance than those of the GalA standards. This proved the 

hypothesis that GalA gives a more accurate representation of the uronic acid concentration 

in Pn1 PS. 
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Figure 3.3. Comparison between glucuronic acid (blue) and galacturonic acid (red) for use as a 
standard in the uronic acid colorimetric assay. 

3.3.1.2 Correction factor 

As Pn1 is not solely constructed of GalA residues, a correction factor needed to be 

determined. The correction factor would account for the difference in the total mass of the 

polysaccharide not accounted for by the assay itself. Pn1 comprises of three sugars, two of 

which are galacturonic acid moieties and one modified amino sugar, and thus the theoretical 

uronic acid composition was determined by Equation 3.1. 

 
  c omposition  

∑  W  component
∑  W  repeating unit

  100 Equation 3.1 

Hence, the percentage composition of uronic acid residues in Pn1 is equal to  

[(240.14+198.10)/660.92] × 100 = 66.3 %. (Molecular weight of Pn1 repeating unit = 660.92 

taking into account two sodium counter–ions for the carboxyl groups and chloride counter–

ion for the amino grouping). The WHO state that Pn1 polysaccharide should theoretically 

consist of 55.17 % uronic acid [162, 300], with the European Pharmacopoeia suggesting a 

typical specification of above 45 % [294]. The value of 66.3 % far exceeds the recommended 

minimum value and corresponds to a purity of 68 %. To correct for the amino residue not 

accounted for by the uronic acid assay (total composition is 100 %), a correction factor is 

required. The correction factor for this assay was assessed by dissolving 5 mg pure Pn1 PS 

in 100 ml water (50 µg/ml) and performing a further two–fold serial dilution (from 50 µg/ml to 

6.25 µg/ml) of these solutions. The polysaccharide concentration was determined by the 

uronic acid assay. The data generated suggested that the uronic acid contribution to the total 

polysaccharide is 66.8 % (average uronic acid concentration for an accurately prepared 50 

µg/ml solution of Pn1 is 33.425 µg/ml). Hence, the correction factor for the assay was 

experimentally calculated using Equation 3.2 and determined to be 1.50.  
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 Theoretical correction factor   
100

  c omposition accounted for by uronic acid assay
 Equation 3.2 

This corresponded well with the theoretical uronic acid composition. Applying this calculated 

correction factor, the average Pn1 concentration was 50.32 with a standard deviation of 0.68 

(compared to the originally prepared concentration of 50 µg/ml) (Table 3.1). The calculated 

percentage relative standard deviation (RSD) for samples was all within specification limits 

of ≤ 2 % at 1.36 %. 

Table 3.1. Values for determination of the correction factor for Pn1 polysaccharide. 

Dilution Average Absorbance 
(530 nm) 

Calculated uronic acid 
concentration (µg/ml) 

Calculated Pn1 
concentration (µg/ml) 

1 0.415 33.02 49.53 

2 0.208 33.44 50.16 

4 0.104 34.12 51.18 

8 0.049 33.60 50.40 

3.3.1.3 Assay validation 

Linearity shows that the method can produce results that are directly proportional to the 

concentration of the analyte in samples within a given range. The linearity of the assay was 

assessed by preparing and analysing a number of standards including 0, 10, 20, 30, 40, 50, 

100, 200, 500 and 1000 µg/ml, in triplicate, and plotting the mean absorbance against 

concentration (µg/ml).  

The results were shown to be linear across the tested range of 0 – 50 µg/ml using D–

galacturonic acid as standard (Figure 3.4). The slope and intercept of regression line 

obtained were 0.0123 and –0.0011 respectively with correlation coefficient (R2) = 0.9954.  

Non–linearity was evaluated for the assay and found to be at concentrations greater than 

100 µg/ml. The slope and intercept of the regression line obtained were 0.0032 and 0.5325 

respectively with correlation coefficient (R2)   0.8435. It’s important to note that although 

linearity for this assay continues at concentrations greater than 50 µg/ml and up to 200 

µg/ml, standards 100 µg/ml and 200 µg/ml were excluded from the standard curve because 

the respective OD’s are above 1.000. Thus, 0 – 50 µg/ml was the working concentration 

range for the D–galacturonic acid standards. 
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Figure 3.4. Graph of absorbance vs. concentration of GalA to determine linearity and working range 
of the uronic acid colorimetric assay.  

The precision experiments were carried out using a standard Pn1 saccharide concentration 

of 50 µg/ml. Ten replicates of this standard were assessed resulting in an average 

concentration of 50.02 µg/ml and a standard deviation of 0.412. The relative standard 

deviation was calculated to be 0.82 %, well under the specification of ≤ 2 %. 

The accuracy of the assay was assessed by analysing a sample of known concentration at 

the lower, middle and upper level of the linearity curve. The percentage recovery was 

calculated as shown in Equation 3.3 and found to be within acceptable limits of 90 – 110 % 

as shown in Table 3.2. 

 
   ec overy 

Calculated concentration
Actual concentration

  100 Equation 3.3 

Table 3.2. Calculation of percentage recoveries to determine the accuracy of the uronic acid assay 
using different concentrations of Pn1 polysaccharide. 

Theoretical 
concentration (µg/ml) 

Experimental 
concentration (µg/ml) 

Percentage 
recovery (%) 

12.5 11.29 90 

25 23.86 95 

50 50.83 102 

100 103.15 103 

The limit of detection of this assay was determined to be less than 5 µg/ml and LOQ of this 

assay was calculated to be 10 µg/ml. Finally the specificity of the uronic acid colorimetric 

assay was evaluated by analysing for matrix interferences including buffers, reagents and 

water (Table 3.3). To this end, a reference standard was prepared by diluting 75 µl of a 50 

µg/ml Pn1 PS solution with 75 µl of purified water to yield a final sample volume of 150 µl 

(1:2 dilution; 25 µg/ml final concentration). Testing samples were prepared with 75 µl of the 
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interfering substance (analyte) and 75 µl of a 25 µg/ml Pn1 PS standard solution. The 

acceptance criterion was that no optical difference should be observed between the 

reference sample and the testing samples. 

Table 3.3. Analysis of potential interfering species in the uronic acid assay.  

Blank/Analyte Optical 
difference Blank/Analyte Optical 

difference 

Pn1 PS N/A 5 % EtOH in 0.05 M NaOAc N 

0.2 M NaCl N 10 % EtOH in 0.05 M NaOAc N 

10 mM PBS N 15 % EtOH in 0.05 M NaOAc N 

10 % CTAB N 30 % EtOH in 0.05 M NaOAc N 

Saturated ammonium sulfate Y 60 % EtOH in 0.05 M NaOAc N 

Saturated ammonium sulfate was the only reagent found to interfere in the uronic acid 

assay. Therefore, if saturated ammonium sulfate is used during any processing, it would 

have to be completely removed in order to ensure no interference when assaying for uronic 

acid content. 

3.3.2 O–Acetyl assay 

The Hestrin protocol is the preferred method for determining the concentration of O–acetyl 

groups present on a long–chain polysaccharide repeating unit [199, 301]. O–acetyl groups 

are released from the polysaccharide under alkaline conditions by hydroxylamine and 

converted to hydroxamic derivatives. These derivatives are reacted with ferric chloride to 

give a yellow complex that is detected using a spectrophotometer at 540 nm. In order to 

account for interferences, a correction blank is also employed. In this case, the 

polysaccharide is reacted with hydroxylamine under acidic conditions. As hydroxamic 

derivatives are only formed under alkaline conditions, the generation of colour from the 

addition of ferric chloride will be indicative of interfering substances which can be corrected 

for.  

3.3.2.1 Assay optimisation 

When first performing the colorimetric assay, absorbance values for the same sample 

changed over a short period of time. Upon further examination bubbles were visible in the 

solution. This was later determined to be due to the nitrous oxide gas released as 

hydroxylamine has the ability to reduce ferric ions into ferrous ions according to Equation 

3.4. The ferrous ions do not however complex with hydroxamic acids [200, 302]. 

 2NH2OH + 4Fe+3 → 4Fe+2 + N2O + 4H+ + H2O Equation 3.4 

Dissipation of the gas bubbles by means of shaking seemed to work over a short period of 

time but bubbles would continue to form. The time between the addition of ferric chloride to 
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the hydroxamic acid derivatives and the absorbance reading was investigated. Samples 

were mixed thoroughly after ferric chloride addition and allowed to stand for a maximum of 

60 min. Absorbance readings were taken at 0, 10, 20, 30 and 60 minutes and are plotted in 

Figure 3.5. It was determined that all bubbles had dissipated after 10 minutes but 

absorbance values only stabilised after a period of 20 minutes. This lag time between 

addition and absorption reading was taken into account for all further testing. 

 
Figure 3.5. Comparison of reaction time after the addition of the ferric chloride colour reagent. 

3.3.2.2 Assay validation 

There is no specific correction factor for the O–acetyl assay as the WHO specification is 

based on dry weight [162]; rather, the percentage O–acetylation on the polysaccharide is 

calculated. For this determination, the concentration of the polysaccharide in the solution 

must be confirmed using an appropriate colorimetric assay (For serotype 1 the uronic acid 

assay is employed) and the percentage O–acetylation determined using Equation 3.5. 

 
    acetylation   

concentration of   acetyl groups
concentration of the polysaccharide

   100 Equation 3.5 

In order to determine the linearity of the assay, standards containing a range of 

concentrations from 0 – 6000 µg/ml of acetylcholine were prepared in triplicate as per the 

method reported and the resultant mean absorbance against concentration of the standard 

were plotted. The results were shown to be linear across the test range of 0 – 500 µg/ml 

using acetylcholine as the standard as shown in Figure 3.6 The slope and intercept of the 

regression line obtained were found to be 0.0009 and –0.0024 respectively with a correlation 

coefficient (R2) value of 0.9998. Non–linearity was observed for concentrations greater than 

1000 µg/ml. The slope and intercept of the graph with these absorbances included change 

to 0.0005 and 0.1215 respectively with the correlation coefficient decreasing to 0. 3 82. It’s 
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important to note that although linearity for this assay continues at concentrations greater 

than 600 µg/ml and up to 1000 µg/ml (R2 = 0.9998) and even to 3000 µg/ml (R2 = 0.9981), 

standards 1000 µg/ml and above have been excluded from the standard curve because the 

respective OD’s are close to 1.00. Thus, 0 – 600 µg/ml is the working concentration range 

for the acetylcholine standards. 

 
Figure 3.6. Graph of absorbance vs. concentration of acetylcholine to determine linearity and working 
range of the O–acetyl colorimetric assay. 

The concentration working range of the acetylcholine standard was determined from the 

linearity testing, where after (i) assay precision; (ii) assay accuracy; and (iii) assay specificity 

was performed. The precision experiments were carried out using a 1 mg/ml Pn1 PS 

solution. The O–acetylation pattern of this standard was determined to be 23.74 %. Ten 

replicates of the 1 mg/ml Pn1 PS standard were analysed and returned an average            

O–acetylation percentage of 23.73 % with a standard deviation of 0.446. The range of these 

samples (calculated as ± twice the standard deviation) was determined to be within 22.84 – 

24.62 % and the relative standard deviation was calculated at 1.88 % that was within the 

acceptable specification limits of ≤ 2 %. 

The accuracy of the assay was assessed by analysing a sample of known concentration at 

the lower, middle and upper level of the linearity curve. The percentage recovery was 

calculated as shown in Equation 3.6 and found to be within acceptable limits of 90 – 110 % 

as shown in  

Table 3.4. 

 
   ec overy  

Calculated concentration
Actual concentration

   100 Equation 3.6 
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Table 3.4. Accuracy results used in the O–acetyl assay. 

Dilution O–acetylation groups 
on Pn1 (%) 

Percentage 
recovery (%) 

1 22.15 93 

1.67 22.77 96 

2.5 22.06 93 

5 22.91 97 

By calculating the ratio between the blanks and the samples the detection limit of this assay 

was determined to be 4 µg/ml and the limit of quantification was calculated at 15 µg/ml. 

The specificity of the test method was evaluated by analysing for matrix interferences 

including buffers, reagents and water. To this end, a reference standard was prepared by 

diluting 250 µl of a 1 mg/ml (polysaccharide) standard with 250 µl of purified water to yield a 

final sample volume of 500 µl (1:2 dilution; 500 µg/ml final Pn1 concentration). Testing 

samples were prepared with 250 µl of the interfering substance (analyte) and 250 µL of the 1 

mg/ml (polysaccharide) standard. The acceptance criterion is that no optical difference 

should be observed between the reference sample and the testing samples (Table 3.5). 

Table 3.5. Substances tested in determining assay specificity. 

Blank/Analyte Optical 
difference Blank/Analyte Optical 

difference 

Pn1 PS N/A 5 % EtOH in 0.05 M NaOAc N 

0.2 M NaCl N 60 % EtOH in 0.05 M NaOAc Y 

0.05 M sodium phosphate N 0.1 M MES Y 

10 % CTAB N Saturated Ammonium sulfate Y 

It should be noted that a high percentage of ethanol, saturated ammonium sulfate and MES 

buffer were found to interfere in the O–acetyl assay. Therefore, if any of these reagents are 

used during the process, they would have to be completely removed in order to ensure no 

interference when assaying for O–acetylation content.  

3.3.3  Summary of colorimetric methods 

Two colorimetric assays were optimised from the European Pharmacopoeia methods to 

enable the accurate quantification of Pn1 polysaccharide. The colorimetric assays were 

validated in terms of linearity, precision, accuracy, LOD, LOQ and specificity. The standard 

used in the uronic acid assay was changed to galacturonic acid, as it provided a better 

correlation to Pn1 PS than glucuronic acid. A correction factor to enable the accurate 

quantification of Pn1 PS was calculated to be 1.5 for the uronic acid assay. No correction 

factor was needed for the O–acetyl assay, and it was determined that in order to achieve 
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stable absorbance readings, the complexed solution had to be vigorously mixed and left to 

stand for 20 minutes for complete dissipation of any bubbles.  

3.4 Polysaccharide hydrolysis 

While colorimetric assays give an indication of the identification and quantitation of certain 

functional groups (uronic acids, methylpentoses, O–acetyl groups) they cannot accurately 

determine the identity and quantity of the total number of monosaccharides in the repeating 

unit without the use of a correction factor. For this, more sensitive and specific detection 

methods are needed. The conventional method of identifying and quantifying 

polysaccharides is first to hydrolyse the material and then separate and quantify the 

constituent monosaccharides on a chromatographic column.  

There are many different methods to hydrolyse a polysaccharide into its monosaccharide 

components. Both chemical and enzymatic approaches are commonly used for a variety of 

polysaccharides. Enzymatic methods make use of the specificity of enzymes to target their 

substrates present in complex mixtures. There are two main types of enzymes which 

promote the hydrolysis of polysaccharides: endohydrases which will hydrolyse the internal 

glycosidic linkages, and exohydrases which will hydrolyse terminal glycosidic linkages [303]. 

Enzymatic methods are fast, very sensitive and highly specific [304]. 

The most common chemical approach for polysaccharides is acid hydrolysis. The rate of 

hydrolysis of polysaccharides is dependent on many different factors including ring structure, 

anomeric configuration, type of glycosidic linkage, chain length and the type of 

monosaccharide residues contained in the polysaccharide [303]. Many different acids have 

been investigated for use in the hydrolysis of polysaccharides, including sulfuric acid 

(H2SO4) [305, 306], hydrochloric acid (HCl) [306, 307], hydrofluoric acid (HF) [308] and 

trifluoroacetic acid (TFA) [306, 309]. TFA has many advantages over the aforementioned 

acids. Reaction times are shorter with TFA and, due to its volatility, there is no need for 

neutralisation as TFA can be removed by evaporation [310, 311].  

The acid hydrolysis reaction can follow one of two different mechanisms. Both the ring 

oxygen as well as the glycosidic oxygen can be protonated. If the glycosidic oxygen is 

protonated, Figure 3.7, the glycosidic linkage is cleaved and a carbocation is formed on the 

anomeric carbon. This carbocation can react with water to give a mixture of both α and β 

anomers of the original ring form. If the ring oxygen is protonated, a ring conversion can 

occur yielding a mixture of α,β–pyranose and α,β–furanose ring forms [312]. However, 

different polysaccharides behave differently during hydrolysis due to their monosaccharide 

composition: on the Pn1 PS repeating unit the uronic acid and 2–acetamido saccharides will 

not be fully hydrolysed. 
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The carboxylic acid functional group on the uronic acid has an electron–withdrawing, 

inductive effect on the sugar. This group creates an electron deficient C1, slowing down 

hydrolysis reaction mechanism which produces a hydrolysis resistant sugar. The acetamido 

group will be deacetylated and then protonated in the acidic medium, this provides the 

functional group with a stronger electron withdrawing inductive effect than the carboxylic acid 

functional group. 

As with other deoxy–sugars, the 2–acetamido–4–amino–2,4,6–trideoxygalactopyranose 

residue of Pn1 was found to be very sensitive to acid hydrolysis and completely degraded 

during analysis [313].  

In 1992, Yu Ip et al. investigated acid hydrolysis of the pneumococcal serotypes 6B, 14, 18C 

and 23F with hydrofluoric acid (HF) followed by trifluoroacetic acid (TFA) and TFA on its own 

and separated and identified on HPAEC–PAD [308]. The hydrolysis with HF and TFA was 

found to be optimal in hydrolysing the pneumococcal serotypes that contained a 

phosphodiester bond (6B, 18C and 23F). For Pn14, optimal hydrolysis conditions were 

determined to be a 16 hour reaction at 98 °C with 2 N TFA.  

Methanolysis is an alternate method of cleaving glycosidic bonds and produces O–methyl 

glycosides. Methanolysis is less destructive than acid hydrolysis for neutral 

monosaccharides, acetamido–sugars, uronic acids and sialic acids as methyl glycosides are 

more stable than the open chain or reducing sugars formed by hydrolysis with acid [304, 

312, 314].  

While the reaction mechanism (Figure 3.8) is similar to the acid hydrolysis procedure, the 

methanol is a much stronger nucleophile than water. Protonation of the glycosidic oxygen is 

followed by the glycosidic cleavage and formation of the anomeric carbocation; the reaction 

with methanol results in a mixture of α– and β–anomers of a 1–O–methylated saccharide. 

The protonation of the ring oxygen may also occur which would result in the observed 

formation of mixtures of α and β anomers of both pyranose and furanose ring forms [312, 

315].  

Carboxyl groups can be converted into methyl esters and N–acyl groups are cleaved during 

methanolysis [312, 314]. The AAT sugar in the Pn1 PS is destroyed during the methanolysis 

procedure and hence a re–N–acetylation step is not needed. The resultant products can be 

directly analysed by HPAEC or derivatized and analysed on GC.  
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Figure 3.7. Simplified reaction mechanism of the acid catalysed hydrolysis of a model (β–1,4) – 
galactan [312]. 

 
Figure 3.8. Simplified reaction mechanism of the cleavage of a glycosidic linkage (model (β–1,4) – 
galactan) using the methanolysis procedure [312]. 
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Sweeley and Walker, in 1964, used methanolysis and GC to analyse a number of different 

glycolipids and gangliosides and determined that a 0.5 N methanolic HCl (HCl/MeOH) at    

75 – 80 °C for 24 hours was sufficient enough to form the methyl glycosides of hexoses, 

neuraminic acid and hexosamines [316]. It was Sweeley and Walker that determined in 

order to detect hexosamines, a re–N–acetylation step would need to be included in the 

procedure before derivatization. Chambers and Clamp, determined the stability of 

monosaccharides in HCl/MeOH and found them to be unstable in 4 M and 6 M HCl/MeOH at 

100 °C [307]. The methanolysis of glycopeptides and oligosaccharides was found to be 

complete within 3 hours at 85 °C. Bleton et al. studied the characterisation of neutral sugars 

and uronic acids with Sweeley’s methanolysis in 1  6  and determined their mass spectral 

fragments [263]. The methanolysis of hyaluronic acid [317], agarose [318], and pectins [319, 

320] amongst other polysaccharides have also been studied. 

Kim et al. investigated a GC method to quantify Streptococcus pneumoniae polysaccharides, 

activated polysaccharides and polysaccharide–protein conjugates (Table 3.6) [242]. The 13 

serotypes found in Prevnar–13 were subjected to methanolysis followed by re–N–acetylation 

and trimethylsilylation. Peaks were confirmed by comparing the retention times against 

monosaccharide standards as well as mass spectral analysis. Pn1 PS could not be fully 

hydrolysed due to the acid resistant glycosidic bonds which was first reported by Talaga et 

al. in 2002 [235]. Kim hypothesised that the extra peaks in the hydrolysed Pn1 

chromatogram shown in Figure 3.9 were due to disaccharides and trisaccharides that could 

not be hydrolysed (based on retention time comparison with model di– and tri–saccharides). 

The presence of these saccharide units was always reproducible and were used in 

conjugation with the GalA monosaccharide residues, to quantify the saccharide and 

compared well (102 %) with the colorimetric method. 
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Table 3.6. Summary of hydrolysis and methanolysis work performed on pneumococcal serotype 1 
polysaccharides. 

Author Serotype  Reagents Temperature 
(°C) 

Time 
(min) 

Talaga et al. 
[235] 1, 3, 4, 5, 6B, 7F, 9V, 

14, 18C, 19F, 23F 
a) 

2 N HCl/MeOH 
+ 2 M TFA 

80 
121 

24 hr. 
120 

 b) 2 M TFA 121 120 

  c) 
48 % HF 

+ 2 M TFA 
65 
121 

120 
120 

Kim et al. 
[242] 

1, 3, 4, 5, 6A, 6B, 7F, 
9V, 14, 18C, 19A, 

19F, 23F 
 

3 N HCl/MeOH 
MeOH, py, Ac2O 

TMS 

121 
RT 
80 

120 
30 
20 

 
Figure 3.9. GC chromatogram of hydrolysed Pn1 from Kim et al. [242]. 

The combination of methanolysis followed by hydrolysis with TFA has been successfully 

applied by both De Ruiter et al. and Talaga et al. [235, 311]. De Ruiter et al. investigated the 

hydrolysis of various polysaccharides from fungi, plants and animals that contained uronic 

acid residues [311]. Comparisons of methanolysis followed by TFA hydrolysis with H2SO4 

and TFA acid hydrolysis were made using HPAEC analysis. The method used a 16 hr. 

methanolysis at 80 °C followed by hydrolysis conditions of 2 M TFA, at 121 °C for 1 hour. In 

this way the polysaccharide was converted into methyl glycosides through the methanolysis 

and subsequently into the monosaccharide residues after hydrolysis. This resulted in the 

complete hydrolysis of most of the polysaccharides when compared to acid hydrolysis alone 

as shown in Figure 3.10 with respect to citrus pectin. Only monosaccharides could be 

detected from this method compared to the presence of oligomers in the TFA hydrolysed 

sample. 
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Figure 3.10. Chromatograms of citrus pectin after a) TFA hydrolysis and b) methanolysis followed by 
TFA hydrolysis [311]. 

Talaga et al. [235] applied a combination technique of acid hydrolysis and methanolysis to 

eleven pneumococcal serotypes and cell wall polysaccharide using three different methods; 

TFA hydrolysis, methanolysis followed by TFA hydrolysis and HF followed by TFA hydrolysis 

(Table 3.6). The hydrolysed samples were separated and identified by HPAEC–PAD. It was 

determined that the best results were achieved with the TFA hydrolysis for most of the 

polysaccharides. Serotypes 3, 5 and 9V which contained glucuronic acid (GlcA) were best 

hydrolysed with methanolysis followed by TFA hydrolysis. Pn1, however, proved difficult to 

fully hydrolyse as the AAT sugar is known to be destroyed during acid hydrolysis [292, 321] 

and the linked GalA disaccharide residue that remains after the AAT sugar had been 

destroyed was very resistant to acid hydrolysis. Although the methanolysis/hydrolysis 

method produced a superior hydrolysis of Pn1 PS, Figure 3.11, it was not suitable to be 

used as a quantitative method for Pn1 due to the low recovery of GalA. 

 
Figure 3.11. HPAEC–PAD chromatograms of hydrolysis of Pn1 PS by a) TFA hydrolysis and b) 
methanolysis and TFA hydrolysis. Fucose (Fuc) was used as the internal standard [235]. 
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The advantage of methanolysis and TFA hydrolysis over other hydrolysis methods is that 

both reactants can be removed by evaporation and thus both reactions can be performed in 

the same reaction vessel, eliminating major losses and improving the reproducibility of the 

reactions.  

3.4.1 Microwaves 

Due to the resistance of Pn1 PS to conventional hydrolysis, an alternate strategy was 

sought. Microwaves and microwave heating were investigated as the techniques have been 

applied to many different chemistry–related fields [322-331]: from protein and peptide 

analysis [332-335] to glycosylations [336, 337], methylation [338] and esterifications [339]. 

Microwaves have also been used to derivatize compounds for GC analysis [340]. Much work 

has recently been performed on the extractions and hydrolysis of compounds [341-350] as 

well as degradation studies on hyaluronic acid [351-353]. 

Microwave energy comprises of electromagnetic waves in the range 300 MHz to 300 GHz 

that corresponds to wavelengths of 1 cm to 1 m and is found between infrared and radio 

frequencies. They consist of oscillating magnetic and electric fields at right angles to each 

other (Figure 3.12). The fluctuation of the electric field causes liquids to heat when exposed 

to microwave energy. Liquid can be heated by two different mechanisms; polar molecules 

align their dipole moments to the changing electric field which cause them to rotate back and 

forth as well as colliding with the nearest molecules generating heat. The other mechanism 

is based on ions in solution that migrate to the oppositely charged side of the electric field. 

The consequence of this movement is collisions between the ions and other molecules in 

solution which again, generates heat. These two mechanisms contribute simultaneously to 

the rate of heating [332, 335, 354]. 

 
Figure 3.12. Schematic representation of a microwave [354]. 
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The use of microwaves in chemical synthesis became popular after published articles by 

Giguere and Gedye in 1986 [322, 355]. The authors identified that microwave heating results 

in faster reaction times of a few minutes, compared to the hours of traditional thermal 

heating. The difference between conventional thermal heating and microwave heating is the 

way in which the heat is transferred to the sample. In conventional heating the thermal 

energy must first heat the heating mantel which in turn heats the outer surface of the 

container. The hot outer surface of the container transfers the heat onto the reaction mixture. 

The heat transfer is very slow and inefficient, and can result in some parts of the reaction 

mixture heating up before the ideal temperature is reached.  When the heat source is 

switched off, the heat is still being transferred from the reaction container to the reaction 

mixture.  

The energy that comes with microwave heating, on the other hand by–passes the heating 

mantel and container as most mantels and containers are permeable to microwaves. The 

energy interacts directly with the reaction mixture. This allows for the heat to be transferred 

quicker and more evenly than thermal heating. Due to the by–passing of the reaction vessel, 

when the heat source is switched off, the reaction does not continue to heat and therefore 

reduces the risk of overheating. Figure 3.13 shows the difference between conventional and 

microwave heating. 

 

  
Figure 3.13. a) Conventional thermal heating compared to microwave heating [354] and b) inverted 
temperature gradient in conventional heating and microwave heating [323]. 

The use of microwaves in the hydrolysis of carbohydrates has been gaining popularity. The 

hydrolysis of starch was one of the first carbohydrates investigated and Yu et al. found that 

the microwave hydrolysis of starch in dilute acid was complete within 5 min instead of 60 min 

by conventional heating. The effects of salt on the acid hydrolysis of oligomers and glucose 

was also investigated and it was found that the addition of some inorganic salts could further 

decrease the hydrolysis time of starch [344, 356]. 

a) b) 
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Plant seed gums, consisting of galactomannans have also been the subject of microwave 

assisted acid hydrolysis. Hydrolysis was shown to be complete within two minutes using a 

very dilute (0.00625 N) sulfuric acid solution compared to the conventional acid hydrolysis of 

over 40 hours with either 2 N H2SO4 or 4 hr. with 1 M TFA solution [343]. This demonstrated 

the superiority of microwaves when compared to thermal conventional heating and resulted 

in the use of milder reaction conditions and reactants, higher yields, enhanced selectivity, 

faster reactions and purer products [325, 327, 342, 346]. 

Pn1 PS has not been the subject of microwave assisted hydrolysis investigations. As the 

monosaccharide components of Pn1 render it acid resistant it was thought that stronger 

conditions would be able to fully hydrolyse the sample. The two known methods of analysis 

of Pn1, namely TFA hydrolysis and methanolysis were investigated with microwave heating 

and analysed on both HPAEC and GC. Optimisations of reaction time, temperature, acid 

concentrations and power were investigated and the resultant method was compared to the 

classical heating methods. 

3.4.2 Chromatographic methods 

The two most widely used chromatographic methods in the structural identification and 

characterisation of polysaccharides are high performance anion exchange chromatography 

(HPAEC) and gas chromatography (GC). HPAEC makes use of the weakly acidic nature of 

monosaccharides to separate them at high pH using a strong anion exchange stationary 

phase [231]. GC is a much more sensitive method of analysis and is less susceptible to 

interferences from salts and proteins [303], however saccharides do need to be derivatized 

in order to be volatile enough to be used in this method. 

3.4.2.1 HPAEC–PAD 

There have been many different high performance liquid chromatographic systems used to 

analyse hydrolysed saccharides. However, it was only after the quaternary ammonium resin 

anion–exchange columns, with pulsed amperometric detection, were developed that the 

method was able to be applied to all carbohydrates [210, 212, 303, 314]. 

Carbohydrates are weakly acidic, at high pH these carbohydrates are partially ionised and 

can be separated with a strong anion exchange stationary phase (Table 3.7). In most cases, 

the sequence of elution is based on the pKa value of the monosaccharide, due to the acidic 

nature of uronic acids these residues are retained on the column the longest and need the 

help of acetate to enable its elution. 
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The detection of these separated saccharide residues is based on the electric current 

generated by their oxidation on a gold electrode [231]. The oxidation on the surface of the 

electrode slowly covers the electrode, decreasing its sensitivity. The electrode is therefore 

continuously regenerated by raising the potential on the surface so as to oxidise the gold. 

This in turn causes desorption of the carbohydrate oxidised products, and once this is 

accomplished the electrode potential is the lowered to reduce the surface back to gold [231, 

233, 314]. 

Table 3.7. Dissociation constants of common carbohydrates (in water at 25 °C) [231]. 
Sugar pKa 

Fructose 12.03 

Mannose 12.08 

Xylose 12.15 

Glucose 12.28 

Galactose 12.39 

Galacturonic acid 3.51 

The advantage of HPAEC–PAD over GC is that no derivatization is needed prior to injection 

and samples can be in aqueous solutions. The analysis run time is also shorter compared to 

GC. While the instrument itself is expensive, eluents such as sodium hydroxide and sodium 

acetate are relatively inexpensive. 

3.4.2.2 GC–FID 

Gas chromatography has been used in sugar analysis for many years due to its superior 

resolution and robustness. GC analysis requires very small amounts of sample and is a very 

sensitive technique, although the sample preparation is time consuming as samples need to 

be made volatile enough through derivatization [304, 315]. There are two main derivatization 

procedures; in the first a single derivative is produced from each saccharide (e.g. alditol 

acetates), the second procedure produces several derivatives (e.g. methyl glycosides) 

depending on the anomeric configuration of the saccharide [303]. The alditol acetate 

derivatives produce a simple chromatogram that is easy to quantify. Having a number of 

peaks is advantageous as the methyl glycoside peaks always form in the same ratios; this 

pattern is therefore reproducible and can be used as a ‘fingerprint’ for a specific compound 

[303].  

Sample loss due to derivatization must be taken into account and the use of an internal 

standard allows for this as the loss of sample and the loss of internal standard will be of the 

same proportion so the ratio of sample to internal standard will remain the same. Internal 

standards are also used to account for the difficulty to inject a reproducible proportion of the 
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sample onto the column [314]. Internal standards should be a compound similar to the 

analyte being investigated but should not normally be present in the sample and it should 

elute at a completely different time from the saccharide of interest. In these investigations, 

myo–inositol was used. 

The simplest detector used in carbohydrate GC analysis is a flame ionisation detector. The 

mobile phase delivers the separated components to the flame whose ionisation changes as 

the molecules pass through it, producing an electrical current. This detection method can be 

used for all carbohydrates however identification is based on the comparison of standards 

that are run separately. Another detector that is used in saccharide analysis is the mass 

spectral detector. This detector measures the mass to charge (m/z) ratio of the compound 

and is reproduced as a mass fragmentation pattern which is unique to each compound. Thus 

a comparison of the mass fragmentation patterns of the sample to a library of standards will 

help identify the saccharide without the need to run a separate standard. 

3.4.3 TFA hydrolysis of Pn1 

The microwave assisted acid hydrolysis technique has been compared to its conventionally 

heated hydrolysis in many investigations. A comparison of the TFA hydrolysis of bacterial 

cell carbohydrates using conventional and microwave heating was undertaken in 2008 by 

Zhao and Monteiro [346]. The 4 M TFA hydrolysis took 5 hours at 105 °C in a heating block 

(conventional) but only 5 min at 120 °C with the assistance of microwave heating. The 

qualitative results, in Figure 3.14, show that the peak area percentage of each 

monosaccharide obtained via conventional and microwave heating are comparable.  

 
Figure 3.14. Comparison of the data of TFA hydrolysis by conventional and microwave heating [346]. 
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As HPAEC–PAD was the analysis method of choice in literature for TFA hydrolysis, it was 

used to investigate the best conditions for hydrolysis of Pn1 polysaccharide with 

microwaves. Figure 3.15 illustrates the typical chromatograms resulting from the TFA 

microwave hydrolysis of Pn1 on the HPAEC–PAD where the internal standard fucose eluted 

at approximately 2.8 min and the peak corresponding to the GalA monosaccharide eluted at 

31 min. A peak, at approximately 10 min, was hypothesised to be due to the degradation of 

the AAT sugar and was detected in all hydrolysed Pn1 samples. Literature suggests that the 

response factor of GalA is a fraction of the response factor of fucose [235] and hence 

recoveries were determined relative to the fucose peak area.  

 
Figure 3.15. Representative chromatogram of hydrolysed Pn1 PS using HPAEC–PAD (microwave 
conditions: 2 M TFA, 150 W, 1 min). 

The concentration of TFA (2 M vs. 5 M), reaction times (1, 2, 5 min) and power output (100, 

150 W) of the microwave were determined on a 2 mg polysaccharide scale (Table 3.8). The 

temperature of the reaction is maintained automatically by the instrument and rises to a set 

point except when the pressure maximum is reached which causes a halt in the increase of 

temperature until the pressure is decreased to within the prescribed limits. This meant that 

the temperature of the reaction had to be monitored at all times but throughout the 

investigations, the temperature did not increase above 123 °C. 

As the same amount of polysaccharide was used for all microwave variations, a comparison 

between the internal standard and the resultant GalA peak areas were used to determine the 

optimised parameters. From the comparison, it was determined that 2 M TFA gave a better 

recovery of 46 % than the 5 M concentration (7 %). It was thought that the lower recovery of 

GalA was due to the destruction of the saccharide before hydrolysis could be achieved. This 

effect was confirmed when the results of the different hydrolysis times were compared. The 

highest recovery was found in the one minute hydrolysis and the recovery then decreased 
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and extra peaks detected as the reaction time increased which again suggested the 

destruction of the polysaccharide. A concentration of 2 M TFA, a reaction time of one minute 

and 2 mg Pn1 PS were subjected to different power outputs of 100 or 150 W. Lower 

recoveries of GalA occurred in the lower power setting. The 150 W samples did not show 

complete recovery of GalA and a higher microwave power was attempted but due to the 

volatility of the TFA, the reaction tube reached its maximum pressure and the sample could 

not be analysed.  

Table 3.8. Comparison of variables investigated for optimised microwave conditions. 
TFA 

conc. (M) 
Reaction time 

(min) 
Power setting 

(W) 
HPAEC–PAD peak 
area (%) of GalA 

5 1 100 7 

2 1 100 46 

2 1 150 55 

2 2 150 42 

2 5 150 18 

It was determined from the above investigations that the optimised hydrolysis method aided 

by microwave heating was 150 W power output, 2 M TFA and a reaction time of one minute. 

This was compared to the hydrolysis method which made use of conventional heating of 2 M 

TFA at 121 °C for 2 hours. The highest temperature reached during microwave analysis was 

123 °C.  

Figure 3.16 shows the superiority of the microwave method compared to the conventional 

heating method; a much smaller peak corresponding to GalA was found in the conventional 

method along with many extra peaks. This was either due to incomplete hydrolysis (peaks 

after the GalA at 29 min) or degradation of the saccharide residues found before the GalA 

elution. The GalA peak of the microwaved sample appeared much larger in the 

chromatogram as did the peak at 10 min which was hypothesised to be due to the degraded 

AAT sugar. The recovery of GalA using the microwave method was much higher at 76 % 

compared to the 8 % achieved with conventional heating (Table 3.9). This shows the 

superiority of the microwave method both in terms of recovery as well as reaction times.  

Table 3.9. Comparison of variables between microwave and conventional heating. 
Source of 

heat TFA (M) Temperature 
(°C) 

Reaction 
time (min) 

GalA peak 
area (%) 

Heating block 2 121 120 8 

Microwave 2 123 1 76 
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Figure 3.16. Chromatograms of hydrolysed Pn1 using conventional (black) and microwave (red) 
heating analysed on HPAEC–PAD. Microwave conditions: 2 M TFA, 150 W, 1 min. Conventional 
conditions: 2 M TFA, 120 min, 121 °C. 

3.4.4 Methanolysis of Pn1 PS 

There have been few reported investigations into the microwave assisted methanolysis of 

polysaccharides. Nakanishi et al. cleaved phenylbenzylsaccharides in 15 minutes using a 

household microwave instead of the overnight procedure that is usually employed [357]. In 

2004, Itonori et al. found that the methanolysis of carbohydrates from glycosphingolipids was 

complete in under two minutes [325, 358]. Microwave assisted methanolysis has also been 

used for fatty acids with complete esterification achieved in one minute compared to the 

traditional heating times of 6 – 8 hr. [359]. Two diterpene molecules extracted from green 

coffee oil underwent methanolysis by microwave and conventional means. A 99 % recovery 

of the diterpenes was achieved after 3 min at 100 °C compared to only a 26 % recovery after 

2 hours of conventional heating [360]. This demonstrates not only that microwave assisted 

methanolysis speeds up reaction times but that it results in higher recoveries when 

compared to traditional methods. 

In this investigation, GC–FID was used to determine the optimal microwave conditions 

including: acid concentration, reaction temperature, reaction time and power values. Figure 

3.17 displays the typical chromatogram of the trimethylsilyl– (TMS) derivatives of 

microwave–hydrolysed Pn1 PS, (the reaction to produce volatile derivatives is detailed in 

Figure 3.18). 
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Figure 3.17. Representative chromatogram of hydrolysed Pn1 PS using GC–FID (microwave 
conditions: 3 N HCl/MeOH, 100 W, 121 °C, 1 minute). 

The internal standard (myo–inositol) eluted at 27 min, and four peaks were detected for the 

GalA portion of Pn1. The peaks corresponded to the ɑ and β conformations of the furanose 

(17.4 and 18.5 min) and pyranose (20.8 and 21.2 min) methyl glycosidic ring forms of GalA; 

the order of which was β–furanose, α–furanose, α–pyranose, β–pyranose [361]. These 

peaks were confirmed with GC–MS (Figure 3.19). In determining the optimised microwave 

conditions and the comparisons with the conventional methods, the recoveries of GalA were 

determined as a percentage of the total area of peaks in the chromatogram relative to the 

internal standard.  

 
Figure 3.18. Derivatization procedure producing volatile derivatives for GC–FID analysis. 

The fragmentation patterns of the furanose and pyranose ring forms are very similar; both 

contain fragments of 73, 133, 147, 159, 217 and 234 m/z. The difference in the patterns, 

which is used to identify the furanose and pyranose ring forms is the 204 m/z fragment: in 

the pyranose ring form this fragment is the base peak and the ratio of 204:217 is greater 

than 1. In the furanose fragmentation pattern the 217 fragment is the base peak and the 204 

fragment peak is present only in trace amounts and the ratio of 204:21  is ˂˂˂1 [312, 362]. 

The fragments at 73, 89, 103 are all known TMS derivatives [312, 362]. 
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Figure 3.19. Mass spectral data for a) furanose (17.4 and 18.5 min) and b) pyranose ring forms (20.8 
and 21.2 min) of GalA from GC–MS. 

Two different power outputs: 100 W and 150 W were compared however, due to the high 

volatility of methanolic HCl, 150 W was too powerful which led to the upper pressure limit of 

the reaction vessel and microwave instrument being reached and the instrument terminated 

the reaction. The preferred concentration (2 N vs. 3 N) of methanolic HCl was determined 

when the 3 N HCl/MeOH produced the better results (1.8 fold increase in recovery) 

compared to the 2 N HCl/MeOH sample which revealed evidence of incomplete hydrolysis 

as the presence of disaccharides at 34 – 36 min (Figure 3.20) was identified, this has been 

described by Kim et al. when conventional thermal heating was applied [242].  

 
Figure 3.20. GC–FID chromatogram of Pn1 polysaccharide after microwave methanolysis (2 N 
HCl/MeOH, 121 °C, 100 W, 1 minute). 
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The reaction variables and resulting peak areas are collected in Table 3.10. The percentage 

of GalA as a total of the GC peak area was determined to be 21 % in the case of 2 N 

HCl/MeOH but increased to 60 % for 3 N HCl/MeOH. The percentage of peak area 

dominated by the disaccharides was 41 % in 2 N HCl/MeOH. This suggested that the 

stronger acid would be best suited to the hydrolysis of Pn1 PS. With a power output of     

100 W, the temperature reached a maximum of 121 °C, therefore two different temperatures 

were examined, 100 °C and 121 °C. The higher temperature again produced a better 

recovery of GalA. As most investigations into microwave assisted methanolysis suggested a 

maximum recovery of the components after 2 minutes, the optimal reaction time was also 

studied. In the case of Pn1 PS, the best recovery was determined after a one minute 

reaction (60 %) with only 38 % of GalA recovered after a two minute reaction.  

Table 3.10. Reaction variables tested in the optimisation of microwave assisted methanolysis of Pn1 
PS. 

Conc. 
HCl/MeOH (N) Temp (°C) Reaction 

time (min) Power (W) 
% GalA  

(% GC peak area) 

2 121 1 100 21 

3 121 1 100 60 

3 100 1 100 18 

3 121 2 100 30 

3 121 1 150 – 

The optimal conditions for microwave assisted methanolysis were found to be a 3 N 

concentration of methanolic HCl with a reaction time of one minute, reaction temperature at 

121 °C and a power output of 100 W. These optimised conditions were compared to the 

conventional methanolysis method and reaction conditions are detailed in  

Table 3.11. The reaction time for the conventional method was 2 hours compared to the 

much faster one minute reaction using microwaves. An increase in recovery was also found 

in the microwave sample, no peaks corresponding to disaccharides were detected and the 

chromatogram was relatively clean (Figure 3.21). Peaks were detected before 10 minutes 

but were superimposable to the conventional method; a number of these peaks were 

identified as plasticisers by their mass fragmentation patterns (not shown). The mass 

fragmentation of a few peaks suggested that they were of some carbohydrate origin and 

were hypothesised to be due to the degradation of the AAT sugar. The conventional method 

produced a chromatogram with peaks eluting in the region of 36 min which corresponded to 

disaccharides and a recovery of 26 % of GalA compared to the 61 % recovery from the 

microwave method was calculated.  
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Table 3.11. Comparison of conventional and microwave assisted methanolysis of Pn1 PS. 

Source of Heat Conc. 
HCl/MeOH (N) Temp (°C) Reaction 

time (min) % GalA 

Heating block 3 121 120 26 

Microwave 3 121 1 61 

 
Figure 3.21. Chromatograms of Pn1 after methanolysis using conventional (black) and microwave 
(red) heating analysed on GC–FID. Microwave conditions: 3 N HCl/MeOH, 100 W, 1 min, 121 °C. 
Conventional heating: 3 N HCl/MeOH, 120 min, 121 °C. 

3.4.5 Combination of methanolysis and TFA hydrolysis 

The Talaga et al. investigation [235] investigated the alternate method of hydrolysis during 

which methyl glycosides were created, followed by the use of TFA to hydrolyse the 

remaining glycosidic linkages. Although this did not lead to a quantifiable method for Pn1 in 

the literature, it did produce the best results and a comparative investigation was undertaken 

between the conventional and microwave assisted combination hydrolysis using both 

HPAEC–PAD and GC–FID analysis. 

3.4.5.1 HPAEC–PAD 

The reaction details were taken from the optimised methods in the GC analysis section and 

details of the reactions are given in Table 3.12. The order of methanolysis and acid 

hydrolysis was also investigated; whether the acid resistant glycosidic bond should be 

broken first with methanolysis followed by acid hydrolysis into the monosaccharide 

components or acid hydrolysis should first be performed and methanolysis should follow as 

a gentler method to break any remaining glycosidic linkages.  
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Table 3.12. Reaction conditions for comparison of a combination of methanolysis and hydrolysis 
using microwave and conventional heating. 

 Microwave Conventional 

 Methanolysis TFA hydrolysis Methanolysis TFA hydrolysis 

Concentration of reagents 3 N 2 M 3 N 2 M 

Reaction time (min) 1 1 120 120 

Reaction temperature (°C) 121 121 121 121 

Power (W) 100 150 – – 

The HPAEC–PAD comparison was made of the two methods as depicted in Figure 3.22. 

The first noticeable difference was determined with the appearance of extra peaks at 2.8 and 

3.4 min in the sample that underwent methanolysis first. These peaks were hypothesised to 

be due to the degradation of the AAT sugar as it has been shown that amino sugars are 

more sensitive to acid hydrolysis conditions after methanolysis [235]. 

 
Figure 3.22. HPAEC–PAD chromatograms comparing the order of methanolysis and acid hydrolysis 
of Pn1. 

Low recoveries were determined in both methods when compared to just TFA hydrolysis. 

Additional degradation products were also detected for these two methods. As microwave 

assisted TFA hydrolysis on its own was able to achieve a 76 % recovery on HPAEC–PAD, it 

was theorised that the additional step is not needed and causes destruction of the 

saccharides. These samples were repeated three times and compared to the conventional 

combination methods of both methanolysis followed by acid hydrolysis and the hydrolysis 

followed by methanolysis. The relative peak areas when compared to the internal standard 

show the two heating methods to be comparable for both combinations with the conventional 

heating producing an average of 15 % recovery of GalA which is in accordance with the 

values determined by Talaga et al. The microwave heating gave slightly higher recoveries 
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but these were not significant (Table 3.13). In this case, the advantage of the microwave 

method is purely one of reaction time. 

Table 3.13. Comparison of relative peak areas of GalA after methanolysis and TFA hydrolysis. 
Source of Heat MEOH–TFA TFA–MEOH 

Heating block 12 17 

Microwave 19 23 

3.4.5.2 GC–FID 

Whilst the combination literature methods were analysed on HPAEC–PAD, a derivatization 

step was added and the samples were analysed on GC–FID. Since the methanolysis with 

GC analysis had been optimised, the TFA hydrolysis was investigated. As before, reaction 

time, reaction temperature and microwave power were investigated, details of which can be 

found in Table 3.14. The concentration of TFA was kept constant at 2 M throughout the 

investigations. Reaction times of 20, 30 and 60 were compared with recoveries of GalA, 

based on peak area, increasing with increasing reaction time with a one minute reaction 

producing the highest recovery at 61 %. Power output levels were tested with 150 W 

showing an increase in recovery compared to that at 100 W. Finally, three different reaction 

temperatures were examined with the conventional temperature of 121 °C producing the 

highest GalA peak area of 65 % of the total peak area of the chromatogram, the higher 

temperatures led to the degradation of the GalA peaks as described in the literature [235, 

242]. From the data, the optimised conditions were found to be a 2 M TFA solution, at a 

temperature of 121 °C, a reaction time of one minute and a power output of 150 W. 

Table 3.14. Comparison of variables for the optimisation of TFA conditions in combination with 
methanolysis. 

Conc. TFA 
(M) Temp (°C) Reaction 

time (sec) Power % GalA 
(peak area) 

2 121 20 150 38 

2 121 30 150 44 

2 121 60 150 61 

2 121 60 150 65 

2 130 60 150 60 

2 150 60 150 51 

2 121 60 150 69 

2 121 60 100 27 

This method was compared to the combination method described by Talaga et al. in which 

conventional thermal heating was used. Whilst the concentration of the reagents, the 

temperature and the order in which the methanolysis and hydrolysis were performed 

remained the same when using conventional or microwave heating, the reaction time was 
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much faster with microwave heating only requiring one minute for the methanolysis and one 

minute for the TFA hydrolysis compared to two hours each for the conventional heating. The 

chromatogram (Figure 3.23) details much larger peaks for the microwaved sample in 

comparison to the conventionally heated sample. The relative peak area of the GalA peaks 

for the microwave sample was determined to be 64 % whereas the conventionally heated 

sample was only 17 %. Extra peaks were detected in the conventionally heated sample, 

which indicated that the product had degraded. Both the methanolysis procedure and the 

combination procedure performed better in the microwave heated sample than the 

conventionally heated samples in terms of reaction times and recoveries of GalA. 

 
Figure 3.23. Comparison of conventional (black) and microwave assisted (red) hydrolysis of Pn1 
polysaccharide. 

3.4.6 Summary 

The hydrolysis of Pn1 by conventional methods proved difficult due to the inductive effects of 

the carboxylic acid functional group. Alternate means of hydrolysis utilising microwave 

assisted heating were investigated with both methanolysis and acid hydrolysis yielding a 

greater recovery of GalA than the conventional hydrolysis. For HPAEC–PAD hydrolysis, the 

optimal hydrolysis method involved microwaving the Pn1 polysaccharide in 2 M TFA for one 

minute at 121 °C using 150 W power which produced a recovery of 76 % compared to only  

8 % with conventional thermal heating. Microwave–assisted methanolysis proved to be 

successful for GC–FID analysis with an increase in recovery from 26 % to 61 %. The 

optimum method to produce methyl glycosides consisted of 3 N MeOH/HCl microwaved at 

121 °C for 60 seconds, compared to 2 hours for conventional heating (with all other 

conditions kept constant). A combination of methanolysis and TFA hydrolysis was also 

investigated and was found to be successful with GC–FID analysis with a highest recovery 

of 69 % achieved.  
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3.5 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) is a technique widely used in analysing the structure of 

a polysaccharide including: the identity of the monosaccharides in the repeating units, their 

relative amount and their connectivities. In NMR analysis, the nuclear spin levels of an atom 

are split by a strong magnetic field and by inducing transitions between different energy 

levels a signal is formed and recorded. The nucleus of an atom behaves like a magnet when 

exposed to magnetic fields and has an inherent angular momentum which is also known as 

spin. Every elementary particle (electrons, protons etc.) has an associated spin quantum 

number that is either an integer or half integer for example, protons have a quantum number 

of one and electrons have a quantum number of ½. NMR spectroscopy can only be 

performed on nuclei if the total spin is not equal to 0. Table 3.15 lists the most common 

elements used in NMR spectroscopy. 

Table 3.15. List of abundance of most common elements used in NMR spectroscopy. 
Isotope Spin number Abundance (%) 

1H ½ 99.9 
13C ½ 1.1 
15N ½ 0.37 
31P ½ 100 

As organic molecules are mainly composed of carbon and hydrogen they are the two most 

common forms of NMR spectroscopy and since hydrogen is more abundant than 13C, it is by 

far the most common element monitored with NMR. 

Each proton in a molecule is affected by the chemical environment that surrounds it. Any 

change in the chemical environment can change the degree of shielding on the proton and 

hence its chemical shift. The electronegativity of a neighbouring group will reduce the 

electron density of the proton and the nucleus is therefore deshielded and can be found 

further downfield. The methyl protons on an acetate functional group can be shifted as much 

as 1 ppm due to the neighbouring oxygen or nitrogen atom. 

In this way 1H NMR can be used to elucidate the number of different environments that 

protons exist in. If, however, two or more protons are in the exact same chemical 

environment they have the same chemical shift, but the intensity of the peak will integrate for 

more than one proton. The chemical shift of the proton reflects its molecular structure and 

can be used in the clarification of a compound’s structure [195].  
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The proton NMR spectra of polysaccharides can often be complex with overlapping peaks 

especially in the ring proton region (3.5 – 4.5 ppm). Some characteristic signals can be 

identified; the most important of these are the anomeric protons (H1). Anomeric protons are 

usually found with a chemical shift of 4.4 – 5.5 ppm depending on their configuration (Table 

3.16). The number of signals in this anomeric region is indicative of the number of 

saccharides contained in the polysaccharide repeating unit. Other distinctive signals include 

the methyl protons of acetyl (O– and N–) functional groups (2.2 – 2.0 ppm) and the H6 

proton of 6–deoxysugars (1.15 – 1.35 ppm). 

Table 3.16. Proton chemical shifts and coupling patterns of commonly found resonances in the NMR 
spectra of polysaccharides [363]. 

 Chemical Shift 
range (ppm) 

Coupling 
pattern 

H1 of α sugars 5.5 – 5.0 d, 3 – 5 Hz 

H1 of β sugars 5.0 – 4.4 d, 8 Hz 

H1 of α–manno sugars 5.5 – 4.9 d, ˂2 Hz 

H1 of β–manno sugars 5.0 – 4.6 d, ˂2 Hz 

ManNAc H2 4.7 – 4.3 d, 3 – 5 Hz 

α–manno H2 4.4 – 3.9 d, 4 Hz 

α–GalA H5 5.0 – 4.6 d, ~1 Hz 

N–acetylamino sugar 
methyl 2.15 – 2.00 s 

H6 of 6–deoxysugars 1.35 – 1.15 d, 6 Hz 

The anomeric signals can be determined in the 13C NMR spectra with signals appearing 

between 90 – 110 ppm. 13C NMR has the added advantage of being able to distinguish 

between methyl (CH3), methylene (CH2) and methine (CH) carbon groupings through the 

Distortionless Enhancement by Polarization Transfer (DEPT) experiment. Three different 

DEPT spectra are needed in order to fully differentiate between the different carbon 

multiplicities: DEPT–45, DEPT–90 and DEPT–135 (where the number is indicative of the flip 

angle of the proton pulse). In a DEPT–45 experiment all three carbon groups are shown. In 

the DEPT–90 signal only CH groups are visible and in the DEPT–135 experiment the CH2 

groups are shown in a different phase to the CH3 and CH groups and therefore appear as 

negative peaks on the spectrum. Since methine groups are found in a different part of the 

spectra, using just the DEPT–135 experiment may allow for the identification of the three 

carbon multiplicities. Other distinguished signals can be identified in the carbon spectra, 

these are tabulated in Table 3.17. 
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Table 3.17. Common chemical shifts in the 13C NMR spectra of polysaccharides [363]. 
 Chemical shift, ppm 

Uronic acid C6 170 – 180 

N–acetylaminosugar carbonyl carbon 170 – 180 

Furanose sugar C1 (α,β) 101 – 111 

Pyranose sugar C1 α 
                              β 

91 – 101 
95 – 105 

Unsubstituted furanose ring carbons 70 – 85 

Unsubstituted pyranose ring carbons 65 – 75 

Glycosylated hydroxymethyl groups 65 – 68 

Unsubstituted hydroxymethyl groups 61 – 64 

C–N in amino sugars 48 – 55 

N–acetyl methyl carbons 23 – 25 

6–deoxyhexoses C6 15 – 19 

As ring protons in carbohydrates are often broad and overlap in the 1H NMR ring region and 

not distinguishable. Two dimensional NMR methods are used to identify these protons. The 

simplest of these 2D methods is 1H–1H correlated spectroscopy (COSY). COSY is used to 

identify neighbouring protons, however cross peaks are only seen with correlations due to 

geminal and vicinal coupling only. 

Protons in a single spin system can be assigned using 1H–1H Total Correlation Spectroscopy 

or TOCSY experiments [195]. Correlations can be made over five or six bonds in the same 

ring system as long the J couplings are large enough. Small or zero J couplings and the 

presence of heteronuclear atoms such as oxygen or nitrogen can disrupt this correlation. 

The Heteronuclear Single–Quantum Correlation (HSQC) spectrum is the heteronuclear 

equivalent of the COSY spectrum and consists of a plot of the 1D proton spectrum along one 

axis and the 1D carbon spectrum of the molecule along the other axis and hence linkages 

between protons and carbons can be determined [195]. This method is particularly useful if 

the proton spectrum of the molecule is very crowded and not well resolved. Correlating the 

carbon spectrum to the proton spectrum will also identify if or when two protons are attached 

to the same carbon.  

Heteronuclear Multiple Bond Correlations (HMBC) connects carbons and protons that are 

separated by two or three bonds and is thus considered a long–range correlation. For 

carbohydrates this is important as it allows for glycosidic linkages to be identified by 

comparing the chemical shifts of the carbons in the polysaccharide to that of the 

monosaccharide standard a difference is revealed. Glycosylation causes a large downfield 

shift in the α–carbons, in the range of 6 – 8 ppm and a much smaller upfield shift of between 
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1 – 2 ppm in the β–carbons [363]. Using this technique allows for the determination of both 

the attachment position on the sugar residues as well as the position of the sugar in the 

repeating unit as correlations can be seen from one saccharide to its neighbour through the 

glycosidic linkage. 

While many polysaccharides contain only protons, carbons and oxygens, many will also 

contain nitrogen (as amino or N–acetylated sugars) and phosphorus (phosphate group). 

These can be determined by recording either the 15N or 31P NMR and using 2D methods 

(e.g. HSQC or HMBC) to correlate the linkages to the protons. 

3.5.1 Cell wall polysaccharide contaminant 

The presence of phosphocholine in cell wall polysaccharide was determined in 1968 by 

Brundish and Baddily and confirmed by Watson and Baddily in 1974 [364]. Structurally wise 

it was thought to contain a single phosphocholine group on the repeating unit. Kulakowska 

et al. determined that there were two phosphocholines on the CWPS of a non–encapsulated 

S. pneumoniae strain [365] and in 1999 Karlsson et al. investigated the cell wall 

polysaccharide of one non encapsulated and three encapsulated (serotypes 18B, 32A and 

32F) strains of S. pneumoniae with proton, carbon and phosphorus NMR [366]. It was found 

that the non–encapsulated strain and serotype 18B contained CWPS with only one 

phosphocholine residue but both serotypes 32A and 32F were found to have two 

phosphocholine residues on their CWPS. Therefore the amount of phosphocholine found on 

CWPS seemed to be strain and serotype dependant. In 1980 Jennings et al. investigated the 

CWPS of Pn1 and found only one phosphocholine present, this was confirmed with proton 

and carbon NMR spectra [18] however Vialle et al. showed with 31P NMR that the CWPS of 

Pn1 contained two phosphocholine residues (Figure 3.24) [248].  

As Pn1 PS does not contain any phosphate groupings, the 31P spectrum should represent 

the CWPS and simply by counting the number of peaks found in this spectrum, the number 

of phosphocholine residues can be determined [248]. Three peaks were identified in the 31P 

spectrum (Figure 3.25) that corresponded to the one ribitol phosphate (1.3 ppm) on the 

CWPS, the other two peaks at –0.3 and –0.8 ppm confirmed the presence of two 

phosphocholine residues. This was confirmed with 1H–31P HMBC NMR experiment (not 

shown).  
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Figure 3.24. Structure of pneumococcal cell wall polysaccharide (CWPS), containing two 
phosphocholine groups as found for Pn1.  

 
Figure 3.25. 31P NMR spectrum of Pn1 polysaccharide detailing the peaks from the phosphocholine 
group on the CWPS molecule.  
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As cell wall polysaccharide is considered to be a contaminant it must be quantified. This was 

calculated from the proton NMR spectra. The methyl peak of the phosphocholine residue at 

3.23 ppm was integrated and compared to the methyl group of the AAT sugar at 1.30 ppm 

and the N–acetyl peak of the AAT sugar at 2.05 ppm. As there are two phosphocholine 

residues on the CWPS found in Pn1 this peak integrated for 18 protons. As CWPS also 

contains signals which overlap with the H6 methyl signal N–acetyl signal of the AAT sugar 

these must be corrected for before a calculation can be performed. The corrected methyl 

and N–acetyl peaks integrate for three protons each. Taking this into account the mol 

percent CWPS was determined using the following equation: 

 
  CW PS  

IPCho/18
INAc/3

x 100 Equation 3.7 

Where IPCho is the peak integration of the phosphocholine peak and INAc is the integration of 

the N–acetyl peak. The same equation can be applied when using the methyl peak of the 

amino sugar by substituting the integration of the methyl peak for the N–acetyl peak. An 

alternate method of comparison to calculate the percentage of CWPS contamination would 

be to use the anomeric signal for the unacetylated GalA residue. However due to the 

viscosity of the sample and the resultant broad spectral peaks, this cannot be achieved. The 

WHO has not released guidelines for the amount of CWPS contamination allowed in a 

purified batch of polysaccharide however Marburg et al. suggested a value of less than 3 % 

(w/w) [217, 367]. Whilst this was the initial limit suggested, all purified polysaccharides 

described were found to contain more than 3 % CWPS contamination and this was only 

decreased to below 3 % after hydrolysis was performed. 

3.5.2 Extent of O–acetylation  

The effect on immunogenicity of Pn1 PS by removing the O–acetyl functional group was 

shown in the very first studies of the polysaccharide, before the full structural 

characterisation of Pn1 was known [286, 288, 368, 369]. Due to the importance of the O–

acetyl group, the WHO determined specifications for the levels of O–acetylation on the 

polysaccharide. Already discussed is the colorimetric assay based on the Hestrin method 

[199], however NMR is also able to quantify the levels of O–acetylation. The advantage of 

using NMR to determine O–acetylation is that it can be used to determine the position(s) of 

the O–acetylation. 

The introduction of an O–acetyl group in any position on the saccharide will result in a large 

downfield shift on the α–proton in the 1H spectra but only small shifts in the 13C NMR spectra 

[363]. The proton which is linked to the acetylated carbon is shifted to such a degree that it 
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appears in the anomeric proton region and with the help of HSQC can be easily recognised 

and identified. 

Jansson et al performed an in–depth investigation into the shifts in the 13C NMR spectra in 

1987 [370]. The authors determined that the deshielding of the substituted carbon (α–

carbon) is between 0.7 – 3.5 ppm when an O–acetyl group is added in any position. The 

carbon next to the substituted carbon (the β carbons) experience a shift upfield of 1.2 – 2.8 

ppm with shift effects becoming smaller the further away the carbon is situated. D–

Galactopyranosyl derivatives show a greater shift in their ring protons due to the acetylation, 

than D–glucopyranosyl derivatives [370].  

As Pn1 PS is often O–acetylated on two different positions (C2 and/or C3 of GalA (residue 

B)) two peaks are identified in the 1H NMR spectrum. These two peaks were integrated and 

compared to the integration of the peak at 2.05 ppm corresponding to the N–acetyl peak and 

the ratio of the two (Equation 3.8) determined the percentage of O–acetylation of the 

polysaccharide. 

 
  acetylation  

IOAc

INAc
 x 100 Equation 3.8 

3.5.3 NMR structural analysis of Pn1 polysaccharide 

The structural analysis of Pn1 polysaccharide by NMR has been performed by Stroop et al. 

in 2002 [293]. The authors had difficulty assigning spectral peaks for the native 

polysaccharide due to the wide, poorly resolved lines – and thus removed the O–acetyl 

group resulting in the sharpening of the signals which allowed for assignment of the 1H and 
13C spectra. In order to assign the native polysaccharide it was degraded by periodate 

oxidation followed by treatment with base which lead to an oligosaccharide fragment of three 

repeating trisaccharide units. This treatment allowed for the location of the O–acetyl groups 

to be identified on the 2– and 3– position of the 4–linked galacturonic acid residue (residue 

B) of the polysaccharide. 

In this investigation, the structure of the polysaccharide produced by Streptococcus 

pneumoniae serotype 1 was investigated using both 1D and 2D NMR spectroscopic 

techniques.  

As reported by Stroop et al., the 1D proton spectra of native polysaccharide (Figure 3.26) 

produced very broad, overlapping peaks which made identification of the anomeric and ring 

regions impossible. Only the peaks with unique chemical shifts could be identified by 

inspection. These were the phosphocholine peak at 3.23 ppm of the CWPS contaminant, 

which was used as a reference for all other assignments. The N–acetyl peak of the AAT 

sugar was assigned at 2.05 ppm. Two peaks corresponding to the methyl peak (1.30 ppm) 
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of the AAT sugar and two peaks equivalent to the O–acetyl peak of the GalA sugar (2.20 

ppm) were also identified.  

 
Figure 3.26. 1D 1H NMR spectrum of Pn1 polysaccharide. 

Due to this complexity of the O–acetylation pattern on the polysaccharide, other peak 

assignments were not possible; therefore a de–O–acetylated Pn1 PS was first used to fully 

identify the structural backbone of the polysaccharide.  

3.5.3.1 De–O–acetylated Pn1 polysaccharide 

Removing the O–acetyl group on the GalA sugar residue provided NMR spectra with much 

narrower peaks and enabled further peak identifications (Figure 3.27a). Identification of the 

signals in the NMR spectra was made by comparison to the related saccharide monomer. 

Three peaks were identified in the anomeric region that corresponded to H1 of α–AAT and 

two α–GalA sugars at 5.00 (A), 5.08 (C) and 5.22 (B) ppm respectively. Further assignments 

for the AAT sugar could be made for signals at 2.05, 3.67 and 4.74 ppm analogous to the 

NAc group and H4 and H5 respectively. The absence of the O–acetyl grouping resulted in a 

single peak for the methyl group of the AAT sugar (1.27 ppm) which suggests that the O–

acetyl group of the GalA moiety has an influence on the methyl environment. Cell wall 

polysaccharide contamination was confirmed with the peak at 3.23 ppm in the 1H and 55 

ppm in the 13C spectra, corresponding to the methyl peak of the phosphocholine residue. 

The 13C NMR spectrum (Figure 3.28), whilst complex, did show the presence of the 

trisaccharide repeating unit with signals at 100.0, 97.9 and 100.1 ppm corresponding to C1 

of AAT, and the two GalA residues respectively. Characteristic signals at 16.6 ppm (NAc) 

and 23.3 ppm (C6) of the AAT sugar were also observed. There are two amino resonances 
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that are more upfield than the rest of the ring resonances which correspond to amino groups 

linked in the C2 and C4 position of AAT sugar. 

These assignments were confirmed by 2D 1H–1H (TOCSY) (Figure 3.29) and 1H–13C 

(HSQC) (Figure 3.30) correlation experiments and allowed for the full elucidation of the AAT 

and two GalA spin systems. The methyl to H5 coupling of the AAT sugar is clearly visible in 

the 2D TOCSY spectrum. From the expanded spectrum, the correlations of the de–O–

acetylated sugar could be identified from the anomeric protons of each sugar residue to the 

H2, H3 and H4. Additional cross peaks are labelled. The glycosylation linkages were 

identified by their change in chemical shift from the monomeric standards and confirmed the 

linkages as 3–linked AAT (residue A), 4–linked GalA (residue B) and 3–linked GalA (residue 

C). The complete assignments of the NMR signals are collected in Table 3.18 and were in 

close agreement with the literature assignments by Stroop et al. Unlabelled signals in the 

TOCSY spectrum correlating to near 4.6 ppm were attributed to the β–GalNAc and β–Glc 

spin systems of the CWPS. Other signals corresponding to CWPS were identified in the 

HSQC where the H1/C1 and H2/C2 of the phosphocholine (Cho–P–(O→) group were 

assigned at 4.33/59.9 ppm and 3.68/66.5 ppm respectively.  

 
Figure 3.27. 1D 1H pre–sat NMR spectra of a) de–O–acetylated and b) O–acetylated Pn1 
polysaccharide. 
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Figure 3.28. 1D 13C NMR spectra of a) de–O–acetylated and b) O–acetylated Pn1 polysaccharide. 

 
Figure 3.29. Expanded 1H–1H TOCSY spectrum of de–O–acetylated Pn1 polysaccharide. 
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Figure 3.30. Expanded 1H–13C HSQC spectrum of de–O–acetylated Pn1 polysaccharide. 

Table 3.18. Proton and carbon assignments for deOAc of Pn1 polysaccharide, (Underlined figures 
represent glycosylation shifts). Chemical shifts are reported in ppm. 

Residue 
H1 H2 H3 H4 H5 H6 NAc 

C1 C2 C3 C4 C5 C6  

3)–α–D–AAT–(1→    
(A) 

5.00 4.16 4.28 3.67 4.74 1.27 2.05 

100.0 48.6 74.2 53.5 63.8 16.4 23.3 

4)–α–D–GalA–(1→  
(B) 

5.22 3.92 4.06 4.40 4.58   

97.9 68.8 69.7 80.4 71.9   

3)–α–D–GalA–(1→   
(C) 

5.08 3.98 4.01 4.47 4.13   

100.1 66.7 76.9 68.9 73.3   

3.5.3.2 O–acetylated Pn1 polysaccharide 

The native polysaccharide was size reduced, which resulted in narrower, and better resolved 

peaks in the 1D 1H NMR spectra (Figure 3.27). The sharpness in resolution of the peaks 

was most prominent in the anomeric region where four or more anomeric peaks could be 

detected. The additional peaks in the anomeric region corresponded to new H1 signals due 

to the acetylation patterns. Signals, corresponding to the proton attached to the carbon at 

which acetylation took place, have shifted to the anomeric region due to the deshielding of 

the proton by the O–acetyl group. Further differences were observed due to the O–

acetylation on (B) GalA. Signals at 2.19 and 2.23 ppm corresponded to the O–acetyl group. 

Literature suggests that this O–acetylation can occur on either the C2 or C3 position [293]. 

This would then give rise to two different peaks for H1 of the residue. The other noticeable 

signal is an additional peak at 1.35 ppm which is assigned to H6 of the AAT residue due to it 

being in a different chemical environment when the repeating unit is acetylated. Due to the 

acetylation, the 13C was more complex and no further assignments could be made by 

inspection and hence 2D spectroscopic techniques were needed. 
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1D TOCSY experiments, using along mixing times, enabled the identification of all the 

protons belonging to an isolated spin system. This procedure was applied to certain peaks to 

determine the spin system connectivities and proved to be useful in identifying the O–

acetylation linkages on either C2 or C3 of GalA (structure B), as well as identifying the 

twinning phenomenon experienced by the methyl group of the AAT sugar due to the O–

acetylation pattern. The spin system associated with the methyl peak of AAT, with a shift of 

1.35 ppm, showed a strong correlation to H5 of AAT sugar (Figure 3.31). Negative peaks in 

the 1D TOCSY spectrums were assigned to dipolar coupling. It was therefore theorised that 

the O–acetyl peak at 2.23 ppm was acetylated to the C3 position. The anomeric signals of 

the AAT sugar and the GalA residue (structures A and C) were also subjected to 1D 

TOCSY. The anomeric signal from the AAT sugar correlated to H2, H3, and H4 of the AAT 

sugar. A small correlation to the N–acetyl protons as well as to certain protons on the GalA 

residues was identified. The anomeric signal from the C3 O–acetylated GalA residue 

showed correlations to H3 and H4 of GalA residue C and H2, H4 of the C3 acetylated GalA 

residue (Figure 3.32). 

 
Figure 3.31. 1D TOCSY spectrum of Pn1 PS from methyl protons on AAT residue showing 
correlation to acetylation position C3 (B) GalA. 
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Figure 3.32. 1D TOCSY spectrum of Pn1 PS from anomeric proton on (B) GalA acetylated at position 
C3. 

2D TOCSY of the acetylated Pn1 PS showed similar cross peak correlations to the de–O–

acetylated Pn1 (Figure 3.33). The (C) GalA residue can be traced from the anomeric proton 

at 5.08 ppm through to the H2, H3 and H4 residues. The polysaccharide is a mixture of de–

O–acetylated and O–acetylated at position C2 and C3 of the (B) GalA residue, and 

complicates not just this residue but also that of the AAT sugar. From the anomeric signal 

the AAT sugar can be traced to H2, H3 and H4, however cross correlations also occurred 

from two different H4 through to H5 as well as H2 and H3. It is theorised that the acetylation 

on the (B) GalA residue influences the peaks in the AAT sugar spin system. The (B) GalA 

residue with no acetate, acetate on C2 and on C3 brings up three unique spin systems, 

some of which could be correlated in the TOCSY spectrum. 

The acetylated HSQC was more complicated due to the three different acetylation patterns 

on the (B) GalA residue; however assignments made from the de–O–acetylated PS aided in 

the full spectral elucidation (Figure 3.34). As with glycosylation linkages, the position of O–

acetylation could be determined from the change in chemical shift when compared to the 

monomeric related saccharide. The acetylation on either the C2 or C3 of the residue caused 

a shift upfield in the spectrum with peaks at 5.04 and 71.7 ppm corresponding to the C2 

acetylated residue and 5.27 and 73.1 ppm corresponding to the C3 acetylated residue. For 

the acetylation on C2, the shift for the α–carbon (C2) was calculated to be a shift downfield 

of 2.  ppm and shifts of the β–carbons (C1 and C3) were upfield shifts of 2.8 and 0.7 ppm 

respectively. For the C3 acetylated GalA residue; a shift of C3 was determined to be 3.4 

ppm and for the β–carbons (C2 and C4) shifts upfield of 1.6 and 2.6 ppm were measured. 

Full spectral assignments for the polysaccharide acetylated on both positions are collected in 

Table 3.19 and Table 3.20. The assignments made in this study are similar to those 
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described by Stroop et al. however some differences were identified. The shifts for some 

atoms in the AAT sugar change with the addition of the acetylation, apart from the methyl 

group, other shifts have not been described in literature. C5 shifts from 4.74 ppm in the de–

O–acetylated polysaccharide to 4.62 ppm in the acetylated spectra. C4 and C3 of the AAT 

sugar also showed a shift in the O–acetylated spectra from 4.28 and 4.67 ppm to 4.19 and 

3.80 ppm respectively. The GalA on which the O–acetylation is found (residue B) showed a 

number of different chemical shifts than those seen in the de–O–acetylated spectra as well 

as the literature. The main changes in chemical shift observed in the O–acetylated HSQC 

spectrum were due to the points of attachment of the O–acetate groups. Literature identified 

these points as 4.99/70.4 ppm and 5.23/77.8 ppm, although this investigation showed similar 

chemical shifts for the acetylation on C2 of 5.04/71.7 ppm, different shifts of 5.27/73.1 ppm 

were determined for acetylation on C3. The proton chemical shift was found at 5.27 ppm 

compared to 5.23 ppm of the literature value, whereas a greater difference was noted for the 

carbon chemical shift values: 73.1 ppm compared to 77.8 ppm identified by Stroop et al. 

[293]. The change in chemical shift between the acetylated and non–acetylated carbon 

corresponds to 3.4 ppm for the present study and 8.3 ppm for the study by Stroop et al. The 

shift difference should be in the range of 0.7 – 3.5 ppm [370]; the large shift of 8.3 ppm is 

indicative of a glycosylation linkage rather than O–acetylation and hence may have been 

incorrectly assigned. 

Literature has not reported any other chemical shifts on residue B due to the acetylation 

however this investigation determined a number of shifts relating to the acetylation patterns 

as presented in Table 3.19 and Table 3.20. The anomeric signals for the acetylated 

polysaccharide shifted and were identified at 5.38/95.1 ppm for the PS with C2 acetylation 

and 5.29/97.5 ppm for the PS with C3 acetylation. The protons and carbons on either side of 

the acetylation point were also affected and experienced shifts. Residue C (GalA) was not 

affected by the O–acetylation. 
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Figure 3.33. Expanded 1H–1H TOCSY spectrum of O–acetylated Pn1 polysaccharide. 

 
Figure 3.34. Expanded 1H–13C HSQC spectrum of O–acetylated size reduced Pn1 polysaccharide. 
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Table 3.19. Proton and carbon assignments for Pn1 polysaccharide acetylated on C2 GalA (B). 
(Underlined figures represent glycosylation shifts; the bold figures represent points of O–acetylation). 
Chemical shifts are reported in ppm. 

Residue 
H1 H2 H3 H4 H5 H6 NAc OAc 

C1 C2 C3 C4 C5 C6   

3)-α-D-AAT-(1→    
 (A) 

5.02 4.16 4.19 3.80 4.62 1.35 2.05  

99.3 48.6 74.6 54.0 63.9 16.8 23.3  

4)-α-D-GalA(2OAc)-(1→  
(B) 

5.38 5.04 4.36 4.45 4.58   2.19 

95.1 71.7 69.0 60.7 71.9   21.3 

3)-α-D-GalA-(1→    
 (C) 

5.08 3.98 4.01 4.47 4.13    

100.1 66.7 76.9 68.9 73.3    

Table 3.20. Proton and carbon assignments for Pn1 polysaccharide acetylated on C3 GalA (B). 
(Underlined figures represent glycosylation shifts; the bold figures represent points of O–acetylation). 
Chemical shifts are reported in ppm. 

Residue 
H1 H2 H3 H4 H5 H6 NAc OAc 

C1 C2 C3 C4 C5 C6   

3)-α-D-AAT-(1→     
(A) 

5.02 4.16 4.19 3.80 4.62 1.27 2.05  

99.3 48.6 74.6 54.0 63.9 16.4 23.3  

4)-α-D-GalA(3OAc)-(1→  
(B) 

5.29 4.17 5.27 4.59 4.67   2.23 

97.5 67.2 73.1 77.8 71.8   21.6 

3)-α-D-GalA-(1→   
 (C) 

5.08 3.98 4.01 4.47 4.13    

100.1 66.7 76.9 68.9 73.3    

3.5.4 Summary 

Both 1D and 2D NMR techniques were employed to fully assign the proton and carbon 

spectra for the Pn1 polysaccharide. The native polysaccharide displays a poorly resolved 

spectrum with wide, overlapping peaks that made identification of any signals, apart from 

methyl and acetyl groups, very difficult. The possibility of two different points of O–

acetylation could be determined from this spectrum. De–O–acetylation of the polysaccharide 

produced a proton spectrum that allowed for the further identification of the anomeric protons 

as well as some protons on the AAT sugar. From the carbon spectrum, the anomeric signals 

were assigned by inspection but it was the 2D methods that allowed for full identification of 

the signals. The assignments from the de–O–acetylated PS were then used to assign 

signals for the fully acetylated spectrum. By size reducing the native polysaccharide, the 

proton and carbon 1D spectra became clearer however no extra assignments could be 

made. The advantage of size reducing the polysaccharide became apparent in the 1D 

TOCSY and 2 D methods where spectra was obtained that allowed for correlations and 

identifications to be assigned. The 1D TOCSY experiments allowed for the identification of 

the points of O–acetylation and definitely showed that the polysaccharide was a mixture of 

de–O–acetylated and O–acetylated (on either C2 or C3, residue B) GalA. For the first time in 
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the investigation, the HSQC of the now size reduced polysaccharide displayed crosspeaks 

that could be identified. Shifts seen at 5.04/71.7 ppm and 5.27/73.1 ppm were indicative of 

the O–acetylation points on C2 and C3 of the GalA residue B. The two signals 

corresponding to the methyl group of the AAT sugar on the de–O–acetylated and acetylated 

polysaccharide were also identified. By comparison with the monosaccharide standards and 

the literature on the Pn1 PS, the peaks relating to each different acetylated polysaccharide 

could be assigned and the full structural elucidation of Pn1 polysaccharide was achieved. 
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CHAPTER 4. PURIFICATION OF PN1 POLYSACCHARIDE 

4.1 Purification methodology 

Pneumococcal bacteria have a polysaccharide capsule surrounding each cell. This capsular 

polysaccharide is known to be a major virulence factor as it prevents antibodies from 

attaching to the cell and therefore blocks the immune system’s phagocytic response [13, 14]. 

The major component of the pneumococcal polysaccharide vaccine is the capsular 

polysaccharide whereas the pneumococcal conjugate vaccine contains the capsular 

polysaccharide conjugated to a protein. In order to utilise the capsular polysaccharide in a 

conjugate, it must be separated from the killed bacteria and cell debris and other 

contaminants such as proteins, nucleic acids and cell wall polysaccharide [371-373]. This is 

achieved through a purification process which must take into account the physical and 

chemical properties of the polysaccharide, and those of all the impurities. A sufficiently pure 

product is usually only achieved in a multi–step purification process. In the case of both the 

seven and thirteen valent Prevnar conjugate vaccines, the purification process for the 

polysaccharides contains 16 different steps including multiple different chromatographic 

systems and numerous membrane separations to obtain the pure polysaccharide [374].  

The purification procedure for pneumococcal serotype 1 polysaccharide used in this 

investigation makes use of a quaternary ammonium detergent (CTAB) to precipitate 

negatively charged polymers. This is useful as most bacterial polysaccharides are anionic 

(exceptions include pneumococcal serotypes Pn14 which is neutral and Pn1 which is 

zwitterionic), however, the structure of Pn1 has an unusual repeating motif. Each repeating 

unit has a minimum of one positive and one negative charge leading to the common three 

dimensional configuration characterised by a right–handed helix with negatively charged 

grooves, the positive charges being on the outer surface of the lateral boundaries [82]. 

Polysaccharides exhibiting this motif are referred to as zwitterionic capsular polysaccharides 

shown below in Figure 4.1. If it is assumed that one carboxyl and one amino moiety occupy 

the zwitterionic nature of Pn1, then there is a second carboxyl group available for the 

precipitation with CTAB. 
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Figure 4.1. Zwitterion capsular polysaccharide structural motif of Pn 1 with the negatively charged 
carboxyl groups shown in red and the positively charged amino sugar shown in blue. 

Once a precipitate has formed, Celite is added to the CTA+ precipitated polysaccharide 

solution in order to trap the insoluble polysaccharide. The solution is stirred at high speed to 

ensure complete mixing and trapping of the polysaccharide. Once the Celite slurry 

containing the trapped Pn1 PS in its CTA+ salt form has settled, the excess supernatant is 

removed and the Celite slurry is packed onto a chromatography column, in this case the 

 illipore VANTAGE™ Chromatography column.  

 
Figure 4.2. Schematic (not to scale) of the purification set–up including elution buffers, column and 
collection flask. 

The apparatus and arrangement for the purification is detailed in Figure 4.2. After the column 

has been loaded, the elution buffers are connected via a 4–way manifold and sequentially 

passed onto and through the column. The following buffers are used to elute the 

polysaccharide and fractions of elution collected: 

 0.05 % CTAB in 0.05 M NaOAc (pH 6.0): This is the first buffered solution and it is 

introduced to wash media components from the Celite cake whilst still maintaining a 

low level of CTAB to ensure that the polysaccharide remains in its insoluble CTA+ 

salt form. 

 5 % Ethanol (EtOH) in 0.05 M NaOAc (pH 6.0): As certain media components are 

only slightly soluble in aqueous solutions, a low concentration of ethanol was 

introduced to remove these components. 
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 10 % EtOH in 0.05 M NaOAc (pH 6.0): Small quantities of nucleic acids and proteins 

are removed in this step. 

 15 % – 30 % EtOH in 0.05 M NaOAc (pH 6.0): Increasing EtOH concentrations are 

used to elute the polysaccharide. As Pn1 PS is very viscous, once it starts to elute, 

the pressure on the column increases and the flow rate decreases. The 

polysaccharide elutes as a viscous, opaque solution and elution is terminated when 

the flow rate increases and the pressure decreases. 

The fractions collected are tested for the presence of Pn1 PS with the uronic acid 

colorimetric assay. A sample containing Pn1 polysaccharide changes from colourless to 

purple to indicate the presence of Pn1 PS. The positive fractions are pooled together. 

Solid NaCl is added to these pooled fractions in order to precipitate the polysaccharide. 

Sodium chloride is used to change the counter ion of the Pn1 PS from CTA+ to sodium, the 

polysaccharide is then insoluble in ethanol and will precipitate in an alcoholic solution. While 

a final concentration of 2 M NaCl is sufficient to allow for full counter ion exchange, the EtOH 

concentration of the solution must be maintained at a concentration of approximately 60 % in 

order to achieve complete precipitation. This is achieved with the addition of 96 % ethanol to 

the point where precipitation occurs. An equivalent volume of ethanol to the volume of the 

pooled fractions is sufficient for precipitation to occur. 

The precipitated polysaccharide is collected by centrifugation and re–dissolved in a minimum 

volume of water. In order to remove any excess ethanol and CTA+, the polysaccharide is 

diafiltered against seven volumes of 0.5 M NaCl followed by seven volumes of water using 

two 100 kDa MWCO membranes in parallel. The diafiltration set–up is shown in Figure 4.3. 

 
Figure 4.3. Diafiltration set–up for the final step in the purification of Pn1 polysaccharide. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

115 
 

Each batch of purified polysaccharide must be fully characterised with validated test 

methods to determine the identity, purity and molecular size of the polysaccharide. Whilst 

there are numerous analytical methods available, they only provide complementary 

information and thus a combination of methods must be applied to achieve a more complete 

description of the polysaccharide. There are combinations of colorimetric tests that 

characterise the polysaccharide in terms of total nitrogen, phosphorus, hexosamine, 

methylpentose, uronic acid and O–acetyl groups. NMR is also used to identify and 

characterise the polysaccharide as well as to check for any impurities [10, 375].  

The analytical tests used to characterise the purified Pn1 PS are summarised below and the 

WHO – accepted criteria is reported in Table 4.1: 

 Polysaccharide identity and composition – These tests include colorimetric 

assays and NMR that provide information on the identity and purity of the 

polysaccharide as well as any impurities, such as CWPS, that may be present. For 

the identity and composition to be confirmed the WHO have defined specifications for 

each serotype and colorimetric test. For Pn1 the theoretical value for the uronic acid 

colorimetric assay is 55.17 % and the O–acetyl assay should give a theoretical value 

of 5.47 % [162]. The CWPS impurity is best determined through NMR as described in 

Chapter 3, Section 3.5.1 and while there is no recommended limit on contamination, 

it must be kept to as low as possible. 

 Protein impurity – The protein content is determined using the Bradford Coomassie 

assay for Pn1 with bovine serum albumin used as a reference. According to the 

WHO, protein contamination should not be greater than 3 % by dry weight [14, 162].  

 Nucleic Acid impurity – Each batch of polysaccharide should contain, by the WHO 

recommendations, a nucleic acid contamination of not more than 2 %. This is 

calculated from the measurement of the absorbance of the polysaccharide solution at 

260 nm [162, 375]. 

 Molecular size distribution – This is used as a test of manufacturing between each 

batch of Pn1 PS purified. While the WHO does not set a limit on the distribution, as it 

is a strain and serotype dependant characteristic, it does suggest the use of size 

exclusion chromatography with a refractive index detector [162, 375]. 

Table 4.1. Defined criteria to determine Pn1 polysaccharide identity and purity. All values are based 
on mass percentage calculations. 

 Uronic acid O–acetyl Protein Nucleic acid 

Accepted criteria (%) 55.17 5.47  3 2 
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The general method for the purification of Pn1 PS is described in Chapter 2. To establish 

and optimise the process, the general method was applied to small scale cultivations to 

determine whether this purification process could be applied to Pn1. This process was 

optimised by investigations into the following areas: 

 The inactivation of the fermentation process was explored to determine whether 

phenol or DOC inactivation gave the best recoveries of high quality, high purity 

polysaccharide. 

 The optimal pH of the clarified fermentation broth was determined resulting in the 

maximum precipitation of the polysaccharide after the addition of CTAB. 

 The concentration of ethanol required to elute the pure polysaccharide from the 

Celite filtration compound packed into a chromatography column. 

Fermentation of Pn1 was performed 19 times; 14 of which were carried out in the fermentor 

and 5 in the WAVE bioreactor. Batch and fed–batch methodologies were evaluated and all 

batches were clarified and proceeded through to the purification downstream process. 

4.1.1 Purification optimisation 

4.1.1.1 Establishment of process parameters 

Three small scale cultivations of Pn1 were used to determine the optimum pH needed to 

achieve maximum CTA+ precipitation. All three batches were cultivated over 4 hours before 

inactivation with phenol. The initial pH was measured and the polysaccharide content was 

determined by ELISA. Differences in the cultivation such as optical density as well as the 

length of time used for inactivation account for the differences in polysaccharide content as 

the optimisation of the cultivation process occurred simultaneously. The pH of each batch 

was adjusted to 8.0, 7.8 and 5.5 in order to determine which pH would allow for maximum 

polysaccharide precipitation. Table 4.2 details the data for the three batches.  

The fermentation broth was clarified by centrifugation to remove any dead cells and 

particulates in the broth. A final concentration of 18 g/L CTAB for each batch was used to 

precipitate out all of the polysaccharide in solution. A sample was taken before as well as 5 

min after the CTAB was added and rate nephelometry was used to shown that only trace 

amounts of Pn1 PS were left in the supernatant after CTAB addition (Figure 4.4).  
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Table 4.2. Initial values for three cultivations of Pn1 to determine the optimum pH for CTAB 
precipitation. 

Batch Initial polysaccharide content (mg) Initial pH Adjusted pH 

1 595 7.65 8.0 

2 234 7.13 5.5 

3 340 7.15 7.8 

 
Figure 4.4. Rate nephelometry for the determination of PS concentration in the fermentation broth 
(blue) and the supernatant after CTAB precipitation (red). 

Celite was added to achieve a final concentration of 93 g/L. This ‘slurry’ was packed onto a 

column and washed with 0.05 % CTAB in 0.05 M NaOAc to elute all the remaining media 

components from the fermentation. Increasing concentrations of ethanol were passed 

through the column to elute out the polysaccharide. As it was not known when the 

polysaccharide would precipitate out, the first batch was eluted with only two different 

concentrations of ethanol (20 % and 30 %), but a more thorough examination of the optimal 

concentration to elute the polysaccharide was performed for batches 2 and 3. Fractions were 

collected and tested with the uronic acid assay for the presence of polysaccharide. The 

results of this assay, (Table 4.3), revealed that the polysaccharide eluted in ethanol 

concentrations of between 10 % and 30 % for all three batches.  

Fractions that tested positive for uronic acid were pooled together and sodium chloride was 

added in its solid form to obtain a final concentration of 2 M NaCl. NaCl precipitates the 

polysaccharide as a counter ion exchange takes place with the CTAB forming the sodium 

salt of the polysaccharide. This sodium form of polysaccharide is insoluble in ethanol and 

therefore precipitates out. This however, did not occur so an equivalent volume of 96 % 

EtOH was added to reduce the polarity sufficiently to enable precipitation. 
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Table 4.3. Results from the uronic acid assay in determination of the elution profile of Pn1 with 
increasing concentrations of EtOH. 

Batch 
Polysaccharide elution* (Y/N) 

0.05 % 
CTAB 5 % EtOH 10 % 

EtOH 
15 % 
EtOH 

20 % 
EtOH 

30 % 
EtOH 

60 % 
EtOH 

1 N n/a n/a n/a Y Y n/a 

2 N N Y Y Y N N 

3 N N N Y Y Y N 
*Uronic acid assay used to test for polysaccharide elution. Purple colour change suggests Pn1 elution. 

The precipitated polysaccharide was pelleted out by centrifugation, dissolved in 250 ml water 

and diafiltered against seven volumes of 0.5 M NaCl followed by seven volumes of water 

using a Labscale™ TFF system fitted with 2 x 100 K  WCO 50 cm2 membranes fitted in 

parallel. This purified Pn1 PS was analysed on the SEC–HPLC (Figure 4.5) as well as with a 

range of analytical assays to determine the amount of polysaccharide purified as well as the 

percentage O–acetylation (Table 4.4).  

 
Figure 4.5. SEC–HPLC RID chromatogram of a representative purified Pn1 polysaccharide (red, 
dashed). The profile of a reference Pn1 PS is shown (black, solid) for comparison. 

Table 4.4. Analytical results to determine identity and purity of the polysaccharide. 
Analytical calculations Batch 1 Batch 2 Batch 3 Acceptance criteria 

PS Content (UA assay) (mg)* 133 62 64 – 

O–acetylation (colorimetric 
assay) (mass %) 5.16 19.33 31.13 ˃5.47 

Nucleic acid (%) Not performed 0.65 0.69 ˂2 

Protein (%) Not performed 4.34 3.45 ˂3 

% Recovery 22 27 19  
*Based on dry weight 

The recoveries of the three batches (22 %, 27 % and 19 % for batches 1, 2 and 3 

respectively) were within the range seen in previous polysaccharide purifications, with the 
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lower pH range providing the higher recovery value. However, with Pn1 PS, the O–

acetylation value is important. The first batch was only analysed for uronic acid and O–acetyl 

percent and the results revealed only a small amount of O–acetylation. This could have been 

due to the adjusted pH of 8.0 which could cause de–O–acetylation. The other two batches 

were subjected to a full colorimetric assessment. The results confirm that Pn1 PS can be 

purified at both pH values (7.8 and 5.5). Cell wall polysaccharide and O–acetylation patterns 

were not determined with NMR for the three batches. A purification pH of 7.8 was 

determined to be the optimal pH for purification for allowing the CTA+ polysaccharide salt to 

form and precipitate out of solution. The ethanol fractionation range was determined to be 

between 10 – 30 % with low nucleic acid contamination; however, the levels of protein 

contamination were high and above the suggested range.  

4.1.1.2 Inactivation strategies 

Streptococcus pneumoniae is a Biological safety level (BSL) 2 pathogen and represents a 

particular hazard to health through infection by the respiratory route [162]. The bacteria is 

fermented under BSL2 conditions but must be killed before it can proceed to purification in 

an ungraded room, therefore the inactivation of Streptococcus pneumoniae is an important 

linkage between the upstream (fermentation) and downstream (purification). This inactivation 

step should be able to inactivate the bacterial cells and to aid in the release of the capsular 

polysaccharide into the fermentation media with minimum cell lysis, without affecting the 

composition and structure of the polysaccharide. 

Two different inactivation strategies were investigated where both phenol and sodium 

deoxycholate were compared as methods of inactivation. These two different strategies have 

been used to inactivate S. pneumoniae for the production of the two licensed conjugate 

vaccines [164, 376]. The DOC process has been shown to reduce protein contamination yet 

still preserves the integrity of the polysaccharide. DOC also facilitates the release of 

autolysin which is known to be responsible for cleaving the CWPS from the capsular 

polysaccharide [10, 13, 371]. 

Both cultivations were 4 hours long and reached the same optical density. Table 4.5 details 

the initial conditions of each batch. The fermentation broth was clarified by centrifugation and 

the pH of both batches was adjusted to 7.8 with 3.5 M NaOH. 
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Table 4.5. Initial conditions for two cultivations of Pn1 to determine the optimum inactivation strategy. 
Batch Inactivation method Initial PS content (mg) Initial pH 

1 1 % Phenol 187 7.3 

2 0.12 % DOC 197 5.3 

CTAB was added to each batch and rate nephelometry was used to determine if all the 

polysaccharide had precipitated. All of the polysaccharide had precipitated out when the final 

concentration of CTAB in the solution was at 18 g/L when phenol was used as the method of 

inactivation (Figure 4.6), this was not the result seen with DOC inactivation. The rate 

nephelometry showed that no polysaccharide had precipitated out of solution when 18 g/L 

CTAB was added. The amount of CTAB in solution was raised to 30 % and then 50 % 

however the rate nephelometry showed that the polysaccharide concentration increased 

when increasing amounts of CTAB were added. It was hypothesised that the sodium 

deoxycholate was interfering with the assay, by the co–precipitation between the CTA+ and 

DOC salts.  

  
Figure 4.6. CTAB precipitation monitored by rate nephelometry of a) the phenol inactivated batch – 
comparison between fermentation broth (blue) and the supernatant after CTAB addition (red) and b) 
the DOC inactivated batch – comparison between fermentation broth (blue) and the supernatant after 
CTAB addition of 18 g/L (red), 30 % (green) and 50 % (purple). 

Whilst the nephelometry result of the DOC inactivation was noted, purification of both 

batches continued. Celite was added and the polysaccharide was eluted with increasing 

concentrations of ethanol. The ethanol elution pattern for the phenol inactivation was similar 

to previous batches with elution taking place in 5 % – 30 % EtOH fractions. The uronic acid 

colorimetric assay was used to determine where the polysaccharide eluted (as shown in 

Table 4.6). For the phenol inactivated batch, the fractions that tested positive for PS were 

pooled together and solid NaCl added to precipitate out the polysaccharide. As before, the 

precipitation process was aided by the addition of the equivalent volume of 96 % EtOH, 

before centrifugation and diafiltration were performed to obtain the purified polysaccharide.  

a) b) 
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Table 4.6. Polysaccharide elution patterns with increasing concentrations of ethanol. 

Batch 
Polysaccharide elution* (Y/N) 

0.05 % 
CTAB 5 % EtOH 10 % 

EtOH 
15 % 
EtOH 

20 % 
EtOH 

30 % 
EtOH 

60 % 
EtOH 

1 N Y Y Y Y Y N 

2 N N N N N N N 
*Uronic acid assay used to test for polysaccharide elution. Purple colour change suggests Pn1 elution. 

No polysaccharide was found in any of the fractions collected from the DOC–inactivated 

batch. After this result, further literature investigations were performed and a publication on 

the optimisation of conditions for the PS production of Pn23F was found which suggested 

that in order to obtain polysaccharide from DOC inactivated cultivations, the fermentation 

broth was diafiltered and concentrated by tangential filtration to remove the excess sodium 

deoxycholate [373]. The supernatant that was left after CTAB/Celite precipitation was 

diafiltered against 1.5 volumes 0.2 M NaCl followed by 1.5 volumes of 5 M NaCl using a 

Labscale™ TFF system fitted with 2 x 50 K  WCO 50 cm2 membranes in parallel. 18 g/L 

CTAB was added to precipitate out the polysaccharide. Precipitation did not occur and was 

hypothesised to be due to the high levels of sodium in the solution, which prevented a 

counter ion exchange with the CTA+. An alcohol precipitation was attempted where 96 % 

EtOH was added to the solution until precipitation was seen. The precipitate was extracted 

by centrifugation, re–dissolved in water and diafiltered as performed in previous batches. 

The analytical results for both batches are tabulated in Table 4.7. 

Table 4.7. Analytical results of purified Pn1 after undergoing phenol or DOC inactivation. 
Analytical calculations Batch 3 Phenol Batch 4 DOC Acceptance criteria 

PS Content (UA assay) (mg)* 128.3 83.2 – 

O–acetylation    

Colorimetric assay (mass %) 23.8 32.7 ˃5.47 

 NMR (mol %) 87.7 – – 

Impurities  

Nucleic acid (%) 0.646 – ˂2 

Protein (%) 5.3 – ˂3 

CWPS (mol %)** 1.5* – – 

CWPS (mass %)** 3.0* – – 

% Recovery 69 42 – 
*Based on dry weight 
**Average of calculations with CH3 and NHAc groups of amino sugar as reference. 

The phenol inactivated batch gave a high recovery of 69 % compared to 42 % recovery of 

the DOC inactivated batch. Due to the potential loss of polysaccharide trapped in Celite, the 

DOC result may not be a true reflection of the purification process. The analytical results for 

the phenol inactivated batch confirmed the identity of the purified Pn1 PS which resulted in 
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an O–acetylation level of 24 % by colorimetric assay and approximately 88 % as determined 

by NMR. The CWPS contamination was determined to be 3.0 % (w/w) which is the limit 

suggested by Merck for their purified polysaccharide [217]. Protein contamination was found 

to be 5.3 % which is above the specified limit of 3 %. It was hypothesised that this was due 

to the inclusion of early eluted fractions with low polysaccharide concentrations but high 

protein concentrations. 

The proton NMR spectrum of the purified polysaccharide is shown in Figure 4.7. The purified 

polysaccharide was compared to a reference sample to confirm the identity of the 

polysaccharide. The CWPS contamination was confirmed with a peak at 3.23 ppm 

corresponding to the methyl groups on the phosphocholine residue [366]. All other peaks 

compared well with the reference spectrum. 

 
Figure 4.7. 1H NMR spectrum of purified Pn1 PS (black) with phenol inactivation. A reference Pn1 PS 
spectrum is shown for comparison (red). 

As the initial purification of the DOC inactivated batch did not prove successful, four batches 

were fermented with two inactivated using phenol and two with DOC. These four batches 

were used as a comparison for the optimal inactivation strategy. Preliminary data for the four 

batches before purification was performed are compiled in Table 4.8. 

All batches were clarified by centrifugation before CTAB precipitation. After clarification the 

pH of the phenol inactivated batches were adjusted to 7.8 using 3.5 M NaOH before CTAB 

was added. The DOC inactivated batches were first diafiltered against 7 volumes of 25 mM 

NaOAc using a 100 kDa MWCO Pellicon 2 membrane.  

CTAB and Celite precipitation, column loading and fractionation using ethanol was 

performed with the uronic acid assay used to determine PS elution as shown in Table 4.9. 

Purification continued as previously described. 
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Table 4.8. Initial conditions for two cultivations of Pn1 to determine the optimum inactivation strategy. 

Batch Inactivation 
strategy Volume (L) Initial PS 

content (mg) 

Initial PS 
concentration 

(mg/L) 
Initial pH 

5 1 % phenol 6 924 154 6.44 

6 1 % phenol 4 720 180 6.84 

7 0.12 % DOC 2 310 155 5.31 

8 0.12 % DOC 4 608 152 5.30 

Table 4.9. Polysaccharide elution patterns with increasing concentrations of ethanol. 

Batch 
Polysaccharide elution (Y/N) 

0.05 % 
CTAB 

5 % 
EtOH 

10 % 
EtOH 

15 % 
EtOH 

20 % 
EtOH 

30 % 
EtOH 

60 % 
EtOH 

5 N N Y Y Y Y N 

6 N N Y Y Y Y N 

7 N N Y Y Y N N 

8 N N Y Y Y N N 
*Uronic acid assay used to test for polysaccharide elution. Purple colour change suggests Pn1 elution. 

For the phenol batches, elution of the polysaccharide took place between 10 – 30 % EtOH 

and elution in the DOC batches was completed within the ethanol concentration range of   

10 – 20 %. The purified polysaccharides were diafiltered using 100 kDa MWCO regenerated 

cellulose membranes with 7 volumes of 0.5 M NaCl followed by 7 volumes of water. Full 

analysis to determine the purity of the polysaccharide was performed (Table 4.10).  

The phenol batches produced an average of 463 mg Pn1 PS compared to the 221 mg from 

the DOC batches, however the fermentation volumes were different in each case and thus, 

simply comparing polysaccharide amounts do not give a clear indication of superiority. The 

average recovery for the phenol batches was calculated at 56 % compared to 46 % for the 

DOC inactivated batches. It must be noted that as the fermentation volume increased so did 

the PS content which was expected, but the recovery also increased with increasing 

volumes: the recovery from the 2L batch was only 40 % whereas 59 % of the PS in the 6 L 

fermentation batch was recovered. This is a known occurrence as the same amount lost in 

the 6 L and 2 L batches would have a different impact on the recoveries for the two batches 

with the smaller batch impacted the most and hence revealed a lower recovery.  
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Table 4.10. Analytical results of purified Pn1 after undergoing phenol or DOC inactivation. 

Analytical calculations Batch 5 
Phenol 

Batch 6 
Phenol 

Batch 7 
DOC 

Batch 8 
DOC 

Acceptance 
criteria 

Initial fermentation volume (L) 6 4 2 4 – 

UA content (%) 71.6 70.1 78.8 67.8 ˃ 55.17 

PS Content (UA assay) (mg)* 548.2 378.1 126.2 315.5 – 

O–acetylation 

Colorimetric assay (mass %) 23.6 23.4 22.4 23.7 ˃ 5.47 

NMR (mol %) 90 75 89 70 – 

Impurities 

Nucleic acid (%) 0.69 0.53 1.22 0.61 ˂2 

Protein (%) 5.15 0.94 13.7 0.97 ˂3 

CWPS (mol %)** 2.0 2.7 2.6 2.5 – 

CWPS (mass %)** 4.0 5.4 5.2 5.0 – 

% recovery 59 53 40 52 – 

*Based on dry weight. 
**Average of calculations with CH3 and amino groups of amino sugar as reference. 

The analytical results show that the levels of O–acetylation were approximately 23 % for 

both inactivations according to the colorimetric assay. Nucleic acid and protein 

contamination were all within the acceptable limits. CWPS contamination was determined to 

be within the range of 4 – 5.5 % (w/w). The NMR of each batch confirms the identity of the 

purified polysaccharide as being pneumococcal serotype 1 as shown in Figure 4.8 and 

Figure 4.9. It was interesting to note that both batches of Pn1 PS that were inactivated with 

DOC show O–acetylation mainly on C2 of the middle GalA residue (75 %) whereas the 

batches inactivated with phenol show a more evenly spread O–acetylation pattern between 

C2 (60 %) and C3 (40 %). This was theorised to be due to the fermentation pH, an increase 

in the pH brings about a migration of the O–acetyl group from C2 to C3 of the GalA residue. 

This also suggested that the bacteria may acetylate at only one position (C2) and not at both 

as previously suggested [293]. The mechanism for the O–acetyl migration is intramolecular 

via an ortho–ester intermediate as depicted in Figure 4.10 [164]. 

Small traces of acetate buffer were identified in the phenol inactivated batches but apart 

from CWPS, no other contaminants were found in the NMR analysis. The chromatograms 

from the SEC–HPLC data of each purified batch show that the molecular weight range of the 

batches were approximately 1000 kDa compared to Pullulan standards (Figure 4.11). 
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Figure 4.8. 1H NMR overlays of batches inactivated with a) phenol and b) DOC. 

 
Figure 4.9. 1H NMR overlays of batches inactivated with phenol (blue, top) and DOC (black, bottom). 

 

 
Figure 4.10. Migration of O–acetyl group from C2 to C3 on GalA residue in Pn1 PS. 

a) b) 
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Figure 4.11. Size comparison of four batches of either DOC (red and green) or phenol (blue and 
purple) inactivation. A known Pn1 PS (black) is shown for reference. 

From the last four batches the results confirm the phenol inactivation to be superior to DOC 

in polysaccharide yield and O–acetyl content. The phenol inactivated batches were purified 

to a greater extent in terms of protein, nucleic acid and CWPS contaminants. It is important 

to note that the protein contamination was reduced significantly by not collecting the 10 % 

EtOH fractions (which is high in nucleic acid contaminants). The PS produced from both 

phenol batches were within WHO specification for protein, nucleic acid and CWPS. Thus, 

phenol was chosen as the preferred inactivation method for future fermentation and 

purification batches.  

4.1.2 Large scale fermentation batches 

With an inactivation strategy and purification process parameters established following the 

small scale cultivations; the next step was to scale up the fermentation volume. The 

purification volumes were 6 L, 15 L or 30 L: the 15 and 30 L batches were fermented in a 

fermentor and the 6 L batches were fermented using disposable technology, namely a Wave 

Bioreactor. The results of all these purifications can be found in the Appendix. Three batches 

are explained in some detail; Pn1–007 was fermented using disposable bag technology, 

Pn1–019 is included as a representative sample and the Pn1–018 provided a unique 

outcome. Before purification commenced, initial PS content was determined (Table 4.11).  
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Table 4.11. Initial conditions for three cultivations of Pn1 using disposable technology and traditional 
fermentation methods. 

Batch No: Pn1–007 Pn1–018 Pn1–019 

Fermentation mode Wave Fermentor Fermentor 

Fermentation volume (L) 6 15 15 

Method of inactivation phenol phenol phenol 

Initial pH 7.91 7.05 7.09 

Initial PS content (g) 2.40 9.04 5.12 

Initial PS concentration 
(mg/L) 400 602 341 

As with previous batches, the fermentation broth was first clarified to remove any cell debris 

and insoluble media components. Following clarification the pH of the solution was adjusted 

to 7.8 followed by CTAB/Celite addition. Again, rate nephelometry was used to confirm that 

the polysaccharide had precipitated in the CTA+ salt form. The purification continued with the 

ethanol elution of the polysaccharide from the Celite column. During the purification 

investigation, it was decided to reduce the number of EtOH concentrations to three; the 5 % 

EtOH which elutes out the nucleic acids and proteins, the 15 % and 30 % which elutes off 

the polysaccharide and 60 % EtOH was added as a final wash to remove any remaining 

polysaccharide trapped in the Celite. Table 4.12 details the fractions that tested positive in 

the uronic acid assay for the presence of polysaccharide and Figure 4.12 shows graphically 

the percentages of polysaccharide and CWPS eluted in each ethanol fraction. Nucleic acid, 

protein and aggregate percentages are also shown for each fraction. The positive fractions 

were pooled; NaCl and EtOH added to promote precipitation, and subsequent centrifugation 

and diafiltration were carried out. Full analysis of each batch was performed and detailed in 

Table 4.13. 

Table 4.12. Polysaccharide elution patterns with increasing concentrations of ethanol. 

Batch 
Polysaccharide elution 

0.05 % 
CTAB 5 % EtOH 15 % 

EtOH 
30 % 
EtOH 

60 % 
EtOH 

Pn1-007 N N Y Y N 

Pn1-018 N N Y Y Y 

Pn1-019 N N Y Y N 
*Uronic acid assay used to test for polysaccharide. Purple colour change suggests Pn1 
elution. 

The Pn1–018 purified batch produced the highest levels of Pn1 polysaccharide out of all the 

fermented and purified batches in this study; however the recovery from batch Pn1–007 was 

much higher at 69 % compared to approximately 51 % for Pn1–019 and only 43 % for Pn1–

018. The O–acetylation assays gave an unusual result for Pn1–018 which was that no O–

acetylation was present on the polysaccharide after purification. The results from the 
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colorimetric assay were confirmed by NMR analysis (Figure 4.13), however it was not known 

why this would have occurred as fermentation proceeded as per previous batches and no 

contamination was seen. The NMR gave an acetylation level of 67 % for both Pn1–007 and 

Pn1–019. The pattern of O–acetylation between the two batches was different with Batch 

Pn1–019 showing a position ratio between C2 and C3 of 65:35 where Pn1–007 gave a 

position ratio of 49:51 C2:C3. The difference in position of O–acetylation was hypothesised 

to be due to the pH of the inactivated fermentation broth. From the NMR it was concluded 

that the bacteria acetylates at the C2 position of the GalA residue and an increase in pH 

causes a migration to the C3 position, the extent of migration depends on the pH of the 

fermentation batch, the temperature and the time since fermentation to analysis. 

 
Figure 4.12. Total amounts of nucleic acid, protein, aggregates, CWPS and PS during EtOH fractions 
on a representative purification. 

The nucleic acid contamination in Pn1–007 was not significant but was found to be 

approximately 1 % in Pn1–018 and Pn1–019, which was still within acceptable limits. The 

protein contamination of Pn–018 was higher than acceptable limit at 3.1 % whilst the other 

two batches were within specification. This high value for Pn1–018 could be attributed to the 

inclusion of the 60 % ethanol fraction in the pool. This fraction tested positive for a large 

amount of polysaccharide and hence was included in the pooled fractions but since each 

fraction was not tested for protein, it was possible that this fraction may have been 

contaminated with a large amount of protein.  
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Table 4.13. Analytical results of three purified Pn1 polysaccharide batches. 
Analytical calculations Pn1-007 Pn1-018 Pn1-019 Acceptance criteria 

UA content (%) 66.6 70.2 74.1 ˃ 55.17 

PS Content (UA assay) (g)* 2.3 7.6 4.0 – 

O–acetylation     

Colorimetric assay (mass %) 23.7 0 23 ˃5.47 

NMR (mol %) 67 0 67 – 

Impurities     

Nucleic acid (%) 0.004 1.2 1.1 ˂2 

Protein (%) 0.6 3.1 1.7 ˂3 

CWPS (mol %)** 2.2 1.2 1.9 – 

CWPS (mass %)** 4.4 2.4 3.8 – 

% recovery 69 43 51 – 
*Based on dry weight 
**Average of calculations with CH3 and NHAc groups of amino sugar as reference. 

 

 
Figure 4.13. 1H NMR overlays of three batches of purified Pn1 polysaccharide, a) Pn1–019 and b) 
Pn1–018 and c) Pn1–007. 

4.1.3 Summary 

A strategy for the purification of Pn1 was successfully implemented. The inactivation strategy 

developed was based on a patent by Liveyns et al. and it was determined that phenol 

inactivation provided the optimum amount of polysaccharide when compared to DOC 

inactivation. The inactivated fermentation broth was transferred to downstream processing 

after clarification. The CTAB/Celite “slurry” was generated and packed into a column and 

washed with a low concentration of CTAB to remove excess media components before the 

polysaccharide was eluted with increasing concentrations of ethanol. Polysaccharide 

fractions eluted with low ethanol concentrations were not included as the levels of protein 

and nucleic acid were too high. Counter ion exchange with NaCl was followed by 
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precipitation with 96 % ethanol before final separation by centrifugation and diafiltration to 

obtain the purified Pn1 PS. Figure 4.14 details the final process flow for the purification of 

Pn1 along with all analytical tests performed throughout the process. This polysaccharide 

conformed to all specifications determined by the World Health Organisation in terms of 

identity, structural integrity and purity. The polysaccharide was deemed sufficiently pure to 

be further conjugated to a carrier protein in the preparation of a conjugate vaccine for animal 

testing.  
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Figure 4.14. Final process flow for the purification of Pn1 polysaccharide including diafiltration steps as well as all analytical assays performed. 
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4.2 Polysaccharide size reduction 

There are two different molecular weight distributions for polysaccharides that are used in 

commercially available vaccines: 

1. Full sized or size–reduced bacterial polysaccharides that are randomly activated at 

various sites along the chain with or without a linker. A cross linked, lattice–like 

structure is formed when the polysaccharide is coupled to a protein [107, 164, 377]. 

These conjugates have a very high molecular mass, and are difficult to characterise 

on a molecular level.  

2. Shorter polysaccharide fragments (oligosaccharides) that are either attached to the 

protein at one singular point that generally corresponds to their terminal or cross–

linked to the protein [107, 378-380]. 

There is evidence that shows that the shorter chain fragments of polysaccharides are able to 

elicit a greater T cell–dependent antibody response than the longer chain PS; they optimise 

T cell help by bringing antigen specific B cells and helper T cells into a more favourable 

physical relationship for cell–cell interactions [381]. Conjugates that contain saccharides as 

small as a disaccharide have been shown to elicit antibodies to some bacterial 

polysaccharides or the corresponding bacteria itself [380]. However, the size of the 

saccharide must be sufficiently large to be effective in raising antibody immunity by 

expressing the complete epitope of the native antigen [10, 107, 380, 381].  

The relationship between immunogenicity and polymer chain length has been shown for a 

variety of polysaccharides in both animal and human studies [382-385]. The studies have 

provided direct evidence that a reduction in the polysaccharide size below a certain 

minimum can result in a reduced immunogenicity. These studies [383, 384] formed the 

historical basis for the introduction of molecular size specifications that would provide 

confidence that the potency of pneumococcal polysaccharides used in vaccine formulations 

remains, however these were based on polysaccharide vaccines and not conjugate vaccines 

[385]. 

Anderson et al. carried out detailed studies of the effects of oligosaccharide chain length on 

the immunogenicity of PRP for Hib conjugate vaccines [380, 381]. The investigations 

compared conjugates containing saccharides with 8 and 20 ribose–ribitol phosphate 

repeating units. The conjugate containing the 20 repeating units was found to prime infants 

for a secondary response better than the 8 repeating unit conjugate. However, a later study 

of conjugates with 4–, 6– and 12– repeating unit conjugates showed no difference in animal 

antibody response [381]. 
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Despite the opposing thoughts with respect to immunogenicity and chain length, an 

advantage of size reduction is a reduction in the viscosity of the polysaccharide in solution. 

Due to the number of hydroxyls and other functional groups in the polysaccharide, inter– and 

intra–molecular forces, including hydrogen bonding and van der Waals forces, are present 

which gives the polysaccharide a very high apparent hydrodynamic size. By interrupting 

these forces, the viscosity of the polysaccharide in solution decreases, making the solution 

easier to work with and allowing a more efficient conjugation.  

Table 4.14 best describes the variability of polysaccharide size and size reduction methods 

of some licensed conjugate vaccines. Synthetic (Quimi–Hib), full length (ActHIB) and size 

reduced (HibTITER) PRP has been used in conjugate vaccines against Hib. Both chemical 

and mechanical means of size reduction have been applied to different serotypes in 

pneumococcal conjugate vaccines with GlaxoSmithKline making use of microfluidization as 

described in this chapter. The conditions used in the GSK process are a maximum of 50 

passes through a M110S Microfluidics machine for a period of two minutes at a maximum 

pressure of 12 328 psi [386]. 

Table 4.14. Currently licensed vaccines using various polysaccharide sizes. 

Serotype Conjugate 
Vaccine 

Method of polysaccharide 
size reduction Manufacturer 

Hib conjugates 

B HibTITER® Periodate oxidation Pfizer 

B ActHIB® Native PS used Sanofi Pasteur 

B Quimi–Hib® Synthetically produced Heber Biotech 

Meningococcal conjugates 

A MenAfriVac® Periodate oxidation Serum Institute of 
India Limited (SIIL) 

C NeisVac–C® Periodate oxidation GlaxoSmithKline 

Tetravalent Menveo® Acid hydrolysis Novartis 

Pneumococcal vaccines 

7 valent Prevnar® Acid hydrolysis and periodate 
oxidation Pfizer 

10 valent Synflorix® Microfluidization GlaxoSmithKline 

13 valent Prevnar13® Acid hydrolysis and periodate 
oxidation Pfizer 

The traditional methods of size reduction are: 

1. Acid and base catalysed hydrolysis where either an acid or base is added to the 

sample to be hydrolysed and the sample is heated to a desired temperature over a 

period of time. 
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2. Chemical manipulation of a reactive group on the polysaccharide that leads to 

fragmentation, e.g. oxidation of the diols on the ribitol chain of PRP to form 

aldehydes and resulting in fragmentation of the polysaccharide. 

The use of chemical size reduction has distinct disadvantages, including: 

 Many of the pneumococcal polysaccharides are unstable at extreme pHs. For 

example Pn1 contains a very labile O–acetyl grouping that will be removed at a basic 

pH (above 8.0). 

 The ability to obtain and control the size of the polysaccharide is very difficult using 

traditional methods and even if the desired size is achieved it is very difficult to 

reproduce. 

 As they are chemically selective, these methods may break susceptible bonds and 

leave the more resistant bonds intact. 

 It is specific to certain groups of saccharide and not generally applicable to all 

polysaccharides. 

 Side reactions may occur. 

Alternatives to the use of chemicals are sonication and microfluidization. Although these 

methodologies require specialised instrumentation, they have the advantage of yielding 

suitable fragmentation that: (i) is reproducible, (ii) requires minimal post fragmentation work–

up (iii) is relatively quick to perform and; (iv) does not require additional chemicals or 

reagents. 

4.2.1 Mechanical size reduction 

Two different types of mechanical size reduction were investigated in this study, namely 

sonication and microfluidization.  

Sonication is a process by which an electrical signal is converted into a mechanical vibration. 

This vibration, in the case of polysaccharides, causes the glycosidic bonds between the 

different saccharides to break. The essential component of a sonicator is the generator: it 

creates an ultrasonic electrical signal that powers a transducer which, in turn, changes the 

electrical signal to a mechanical vibration using piezoelectric crystals. This mechanical 

vibration is amplified to the required power output before transferring it to the probe which 

vibrates through the solution when placed in the sample. The amplitude or power output 

(that controls the rate of vibration) and the time a sample is sonicated can be controlled 

depending on the sample requirements [387].  

Sonication works by creating an effect known as cavitation that occurs as a result of liquids 

not moving as fast as the movement of the probe, so the vibrations create a series of 

microscopic bubbles in the solution, pockets (cavities) of space wedged between the 
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molecules form and collapse again under the weight of the solution, sending out tiny 

shockwaves into the surrounding substance. Thousands of these bubbles forming and 

collapsing constantly create powerful waves of vibration that cycle into the solution and 

break the polymeric chains [387].  

One consequence of high power output focused in the tip of a probe is that sonication can 

generate substantial and rapid heat. A burst of a sonicator probe for just a few (1 – 2) 

seconds can cause water to boil. Consequently, when heat labile samples are processed, 

the samples must be kept cold and the sonication must be performed in short bursts 

interspersed with cooling periods. A further consequence of the high power output is that the 

tip itself disintegrates posing a contamination issue. Although particles can be removed by 

introducing a filtration step post–sonication, this potential contamination issue renders the 

method not suitable for manufacturing processes. An alternative method for size reduction, 

namely microfluidization, allows for the control and reproducibility of the sonication without 

the contamination. 

Microfluidization involves the use of an interaction chamber containing fixed geometry 

micro– channels and a pump. The pump in the instrument amplifies hydraulic pressure to the 

selected level which, in turn, imparts this pressure to the sample. The pressure is 

controllable in the range of 2 500 to 30 000 psi that the pump delivers at a constant rate to 

the sample. As the pump travels through its pressure stroke it drives the sample through the 

interaction chamber. The sample travels at a very high velocity through the micro–channels 

that are designed to create high shearing and impact forces that disrupt (break) any non–

branching glycosidic bonds in the polysaccharide. As the pump completes its pressure 

stroke it reverses direction and draws through the next volume of sample. At the end of the 

intake stroke it again reverses direction, drives the sample into the interaction chamber and 

the process is repeated. This allows for the processing of large volumes of sample in a 

repeatable procedure. The sample can be recirculated through the chamber if the desired 

size is not achieved from the first pass [388].  

In order to investigate the application of microfluidization the M–110PS model was acquired 

that permits a minimum sample volume of 25 ml. By utilising the specifically designed fixed 

geometry diamond interaction chamber technology, and a ceramic (Zirconia) plunger, the M–

110PS is capable of processing a wide variety of applications such as particle size–reduction 

and cell disruptions including the most difficult yeast and plant cells in as few as 1 – 2 

passes. The process is repeatable and scalable to pilot and/or production volumes. The 

microfluidizer has a pressure operating range of 0 – 30 000 psi and the return coil has to be 

cooled to between 2 – 6 °C to avoid the sample heating up. 
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Two different methods; namely sonication and microfluidization, were investigated in order to 

initiate and develop a simple and general fragmentation strategy that could be applied to a 

wide variety of polysaccharides, irrespective of their chemical structure. 

4.2.2 Sonication 

During the investigation into the sonication technique, Pn1 polysaccharide was in limited 

supply and a model compound was sought. Hyaluronic acid (HA) (Figure 4.15) is composed 

of a disaccharide repeating unit of glucuronic acid and N–acetylglucosamine, which is 

structurally similar to the galacturonic acid and the AAT amino saccharide of Pn1 and was 

thus chosen as a model compound for the initial sonication investigations. 

The main objective of the experiments described below was to determine if the degree of 

depolymerisation could be consistently controlled by changing time or power variables, 

without altering the structure of the polysaccharide. The targeted molecular size range post 

sonication was 50 – 100 kDa for all polysaccharides. 

 
Figure 4.15. Structures of a) HA and b) Pn1. 

10 ml of an HA solution in water (at 5.00 mg/ml concentration) was placed in a 50 ml beaker 

and cooled in an ice bath before the sample was subjected to sonication with varying power 

outputs as described in Table 4.15. 
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Figure 4.16. SEC–HPLC RID chromatograms of hyaluronic acid samples. Comparison of full size 
(black) HA with 85 kDa HA1 (red), 67 kDa HA2 (blue) and 56 kDa HA3 (green). 

Table 4.15. Summary of sonication conditions and the resultant size distribution of HA. 

Sample Time (min) 
Power output 

(kJ) 
Retention time 

(min) Size (kDa) Size reduction 

HA 0 0 12.868 3360 – 

HA1 30 71.64 17.792 85 39.5 fold 

HA2 60 37.77 18.101 67 50 fold 

HA3 45 104.58 18.332 56 60 fold 

The HA samples were significantly reduced in size with the molecular size decreasing from 

3000 kDa to 50 – 100 kDa, a 40 – 60 fold size reduction when the higher power outputs 

were applied. Higher power outputs were required due to the larger size of the native 

polysaccharide (Figure 4.16). Both HPAEC and NMR analysis were performed on sample 

HA2 to investigate if the integrity of the sample had been maintained after sonication and 

that no epimerization occurred.  

The resulting HPAEC–PAD chromatograms (Figure 4.17) before and after sonication both 

display a peak eluting at 16 min, corresponding to N–acetylglucosamine. With this 

chromatographic method the glucuronic acid moiety was not seen. A peak that eluted at 9.0 

min was due to the presence of glycerol; this was expected due to the filtering of the sample 

to remove any traces of metal shavings. As the GlcA peak was not observed NMR was 

needed to confirm that the structural integrity of the polysaccharide remained in place. 
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Figure 4.17. HPAEC analysis of HA a) full length and b) HA2: sonicated – 67 kDa. 

Figure 4.18 details the proton (1H) and carbon NMR spectra respectively of the sonicated 

sample (HA2). The fully characterised 2D proton–carbon correlation (HSQC) spectrum is 

displayed in Figure 4.19. The anomeric signals of both N–acetyl glucosamine and glucuronic 

acid in the 1H NMR were found with chemical shifts of 4.56 and 4.46 ppm respectively. The 

methyl peak at 2.02 ppm corresponded to the acetate peak of N–acetyl glucosamine. Peaks 

due to the presence of glycerol were seen in the proton spectrum (insert in Figure 4.18) and 

confirmed in the 13C spectrum. All peaks identified in both the 1H and 13C spectra confirmed 

that no epimerization had taken place during sonication. 

 

  
Figure 4.18. 1H and 13C NMR spectra of sonicated HA. The insert in the 1H NMR is of a glycerol 
overlay confirm the presence of the impurity.  

a) b) 
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Figure 4.19. Expanded proton–carbon correlation spectrum (HSQC) of sonicated HA.  

The 2D HSQC spectrum (Figure 4.19) further confirmed the identity of the hyaluronic acid 

with all peaks from the proton and carbon spectra correlated and identified. No epimerization 

had taken place as the peaks identifying both glucuronic acid and N–acetyl glucosamine 

were confirmed.  

With the knowledge that the structural integrity of the polysaccharide is maintained after 

sonication, attention turned to the size reduction of Pn1 PS by means of sonication. 

Pneumococcal polysaccharide serotype 1 was made available from two sources: 

1.  Chengdu Institute of Biological Products (CDIBP). 

2.  Pn1 fermented and purified at The Biovac Institute, (Biovac).  

20 ml of Pn1 from both sources were separately solubilised in water (at 5 mg/ml 

concentration), placed in a 50 ml beaker and cooled with an ice bath. Pn1 was subjected to 

various power outputs for between 30 and 60 min. The data generated from the analysis of 

the polysaccharide is presented in Table 4.16 and the SEC–HPLC chromatograms are 

displayed in Figure 4.20. 
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Figure 4.20. SEC–HPLC RID chromatograms of full length (grey) and sonicated (purple) Pn1 Biovac 
batch sample, as well as the chromatograms of CDIBP full length (black), CDIBP–1 (blue), CDIBP–2 
(red) and CDIBP–3 (green) samples. 

Table 4.16. Summary of sonication conditions and the resultant size distribution of Pn1 from CDIBP 
as well as a sample from TBI. 
Source Sample Time 

(min) 
Power 

(kJ) 
Retention time 

(min) 
Size 
(kDa) 

Size 
reduction 

CDIBP 

Pn1 0 0 12.823 1188 – 

1 45 68.22 15.400 178 6.7 fold 

2 60 77.74 15.485 169 7.0 fold 

3 60 98.24 16.166 110 10.8 fold 

Biovac 
Pn1  0 0 12.947 1061 – 

1 30 54.32 16.060 118 9.0 fold 

A reduction in size was achieved with all samples of Pn1 that underwent sonication. A small 

power output of 54.32 kJ produced a size reduction to 118 kDa from 1061 kDa (9 fold 

reduction) for the Biovac sample, whereas a CDIBP sample was subjected to a 68.22 kJ 

power output yet a size reduction from 1188 kDa to only 178 kDa (7 fold reduction) was 

achieved. While the reduction in size of the two different samples are similar (7 vs. 9 fold 

reduction) differences between the levels of size reduction could be explained in two ways. 

Firstly, due to the shedding of the metal tip on the sonicator, the size reductions of the 

samples will never be completely reproducible, the same power and time could be used for 

different samples, and the outcome will not be exactly the same. Secondly, the purity of the 

samples should be taken into account when comparing size reduction. It was thought that 

the Pn1 from CDIBP contained more contaminants (protein and nucleic acid) than that 

purified at Biovac. Therefore, more energy may have been used to break up the 

contaminants than the actual polysaccharide. 
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Proton NMR spectra were recorded for the native (full sized) and sonicated (size reduced) 

Pn1 from both CDIBP and Biovac. The CDIBP sample contained an extra peak at 1.91 ppm 

corresponding to the methyl group of free acetate from trace amounts of acetate buffer. It 

was observed that the NMR spectrum for both samples (Figure 4.21) were sharper post 

sonication, especially in the ring proton and anomeric region. The observed broad lines in 

the parent NMR spectrum were due to the lack of molecular motion. Increasing either the 

temperature, or in this case, reducing the size of the polysaccharide resulted in an increase 

in the molecular motion and therefore a better resolved spectrum with sharper peaks.  

Figure 4.21. 1H NMR analysis from (a) CDIBP and (b) Biovac detailing the full sized and sonicated 
Pn1 polysaccharide. (c) 1H–13C HSQC of sonicated Pn1 polysaccharide (CDIBP sample). 

The anomeric region revealed four proton signals post sonication corresponding to the 

acetylation at two different positions. The sharper signals were possibly due to the disruption 

of the intramolecular forces (hydrogen bonding) in the polysaccharide. The most labile bond 

on Pn1 is the O–acetyl bond on the GalA residue. It is thought that the O–acetyl functional 

group is important for the polysaccharide’s immunogenicity and therefore needs to remain 

attached to the polysaccharide. No loss of the O–acetyl peak was observed after size 

reduction as the O–acetyl peak can still be seen at 2.20 ppm. The N–acetyl peak of the 

amino saccharide was identified at 2.05 ppm and was seen before and after size reduction. 

The peak at 3.23 ppm corresponded to the cell wall polysaccharide (CWPS) which was 

  

 

a) b) 

c) 
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present in small quantities in all samples. The methyl peak of the amino saccharide at 1.29 

ppm along with the O– and N– acetyl peaks confirmed that the conformation Pn1 remained 

intact after sonication. The HSQC spectrum was used to fully characterise the 

polysaccharide (Figure 4.21c).  

4.2.3 Microfluidization 

The microfluidizer technology was investigated with the pneumococcal polysaccharides Pn1, 

Pn6B and Pn14. The primary aim of this investigation was to achieve a reduction in 

polysaccharide size to the smallest size possible without affecting the integrity of the 

polysaccharide or its polydispersity. Pn14 polysaccharide was used to further evaluate 1) the 

conservation of area under the peaks before and post microfluidization and 2) the 

polydispersity of the polysaccharide peaks in the chromatograms to quantitate the 

heterogeneity of molecular size. Molecular weights under 200 kDa for Pn6B and Pn14 and 

under 400 kDa for Pn1 were the size targets decided upon at the beginning of the 

investigation. 

4.2.3.1 Pn6B 

To investigate the reduction in size that the microfluidizer can induce on a molecule, 25 ml of 

Pn6B, solubilised in water (at 10 mg/ml concentration), was loaded into the sample reservoir. 

The polysaccharide was exposed to 15 000 psi for an increasing number of passes, 2, 4, 6 

and 8, through the chamber. After the desired number of passes a sample was taken and 

analysed on SEC–HPLC, with the remainder of the solution returned to the glass reservoir 

for more passes.  

 
Figure 4.22. SEC–HPLC RID chromatograms of Pn6B full length (black) and after microfluidization at 
15 000 psi and 2 cycles (red), 4 cycles (green), 6 cycles (blue) and 8 cycles (purple). 
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Table 4.17. Summary of the resultant size distribution of Pn6B whilst increasing the number of passes 
through the microfluidization chamber. 

Number of Passes Retention time (min) Molecular weight (kDa) Size reduction 

0 12.958 1050 – 

2 13.556 635 1.7 

4 14.033 443 2.4 

6 14.684 283 3.7 

8 14.862 248 4.2 

The results in Table 4.17 and Figure 4.22 illustrate the effect on size reduction that the 

increasing number of passes at a specific pressure had on the polysaccharide. The 

polydispersity of the PS increased with the amount of times the polysaccharide was 

subjected to microfluidization. The decrease in molecular weight was most noticeable during 

the first pass, with additional passes having less and less impact on the apparent molecular 

weight and it was hypothesised that the pressure exerted on the sample would have greater 

size reducing power than the number of times the sample is exposed to microfluidization. 

The Pn6B sample was exposed to 22 000 psi for 3 and 4 passes, and the size of the PS 

reduced from 1050 kDa to 206 kDa and 196 kDa after 3 or 4 passes respectively. A 

summary of the results for Pn6B is shown in Table 4.18. 

Table 4.18. Summary of the microfluidization variables and the resultant size distribution of Pn6B.  
Initial molecular 

weight (kDa) 
Pressure 

(psi) 
Number of 

passes 
Final molecular 

weight (kDa) Size reduction 

1050 

15 000 

2 635 1.7 

4 443 2.4 

6 283 3.7 

8 248 4.2 

22 000 
3 206 5.1 

4 196 5.4 

The sample subjected to a pressure of 22 000 psi and 4 passes through the instrument was 

found to be in the required size range. This sample was subjected to full proton, carbon, 

phosphorus and 2D HSQC analysis for structural confirmation. The structure of Pn6B 

polysaccharide is shown in Figure 4.23. 
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Figure 4.23. Structure of serotype Pn6B. 

 

  
Figure 4.24. 1H and 31P spectra of full length (blue) and microfluidized (black) Pn6B polysaccharide. 

 

 
Figure 4.25. Expansion of 1H–13C HSQC spectrum of microfluidized Pn6B. 

The Pn6B microfluidized sample was less viscous than the native polysaccharide and 

yielded well–resolved spectra containing the same proton, carbon and phosphorus 

resonances as the parent polysaccharide which was indicative that microfluidization had no 

impact of the structural integrity of the Pn6B saccharide. The three alpha anomeric protons 

a) b) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

145 
 

from galactose (Gal), rhamnose (Rha) and glucose (Glc) were detected at 5.67, 5.16 and 

5.15 ppm respectively (Figure 4.24). One signal for a methyl group at 1.32 ppm 

corresponded to C6 of Rha. The 31P spectra confirmed that the ribitol phosphate structure 

was retained after size reduction with a single peak at 1.09 ppm [389]. The 2D HSQC 

(Figure 4.25) again confirmed that structural integrity was maintained after size reduction. 

4.2.3.2 Pn14 

Pneumococcal serotype 14 was subjected to the same conditions as described for Pn6B. 

The sample was solubilised in water at a concentration of 10 mg/ml and exposed to 2, 4 and 

6 passes through the microfluidizer at 10 000 psi. After each set number of passes, a 

sample was taken and analysed on SEC–HPLC. The pressure employed for the Pn14 

polysaccharide was slightly lower than that used for Pn6B (10 000 instead of 15 000psi) due 

to the relative initial size of the polysaccharide. During the Pn6B investigations it was seen 

that the polydispersity of the polysaccharide increased significantly after 8 passes so the 

maximum number of passes that Pn6B was subjected to was 6 passes. The results of these 

investigations can be seen in Figure 4.26. Elution times and corresponding molecular 

weights can be found in Table 4.19. 

Table 4.19. Changes in Pn14 molecular weight as the number of passes through the microfluidizer is 
increased, the pressure remained constant at 10 000 psi. 

Number of Passes Retention time (min) Molecular weight (kDa) Size reduction 

0 13.128 904 – 

2 13.549 639 1.4 fold 

4 13.843 509 1.8 fold 

6 14.509 290 3.1 fold 

 
Figure 4.26. SEC_HPLC RID chromatograms of Pn14 full length (black) and after microfluidization at 
10 000 psi with 2 cycles (red), 4 cycles (blue) and 6 cycles (green). 
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As with Pn6B, the results demonstrated the effects of an increasing number of cycles at a 

constant pressure to which the polysaccharide was subjected. The molecular weight 

decreased from 904 kDa before size reduction to 290 kDa after 6 passes at 10 000 psi. 

Table 4.19 details the increase in elution time and hence the decrease in size dependant on 

the number of passes through the system. Molecular polydispersity was seen to increase 

with increasing number of passes which was in agreement with the findings of the Pn6B 

study. The results in Figure 4.26 also illustrated that the area under the curve remained 

constant and there was no apparent loss in molecular mass irrespective of the number of 

passes the sample was exposed to. This was expected using the microfluidizer processor as 

the interaction chamber has a very small void volume and the system loop is also of low 

volume, thus losses should be low.  

As with Pn6B, the molecular weight of the polysaccharide was not reduced to within the 

desired range. By increasing the amount of times that the solution is passed through the 

machine, it is the polydispersity, and not the size, of the polysaccharide that changes. Thus 

a change in the pressure applied throughout the microfluidizer was increased to determine 

whether it would elicit a decrease in the polysaccharide size. The pressure was increased to 

16 000 and to 22 000 psi, and the sample was subjected to 3 and 4 passes through the 

instrument. The reduction in molecular weight of this sample is shown below in Table 4.20. 

Table 4.20. Summary of the changes in variables and the resultant change in molecular weight for 
Pn14. 

Initial molecular 
weight (kDa) 

Pressure 
(psi) 

Number of 
passes 

Final molecular 
weight (kDa) Size reduction 

904 kDa 
 

10000 

2 639 1.4 fold 

4 509 1.8 fold 

6 290 3.1 fold 

16 000 
3 271 3.3 fold 

4 238 3.8 fold 

893 kDa 22 000 
3 192 4.7 fold 

4 173 5.2 fold 

With a pressure of 16 000 psi, a size reduction to under 200 kDa was not achieved. The 

increase in pressure to 22 000 psi was able to reduce the size of Pn14 to 192 after 3 passes 

and 173 kDa after 4 passes. 
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Figure 4.27. Structure of Pn14. 

The structure of Pn14 is depicted in Figure 4.27. The Pn14 microfluidized samples were less 

viscous than the native polysaccharides and yielded well–resolved NMR spectra, Figure 

4.28, containing the same proton and carbon resonances as the parent (full length) 

polysaccharide, indicating that microfluidization had no impact of the structure of Pn14 

saccharide. Less CWPS and no peak corresponding to the acetate buffer could be detected 

in the microfluidized spectrum as ultrafiltration was performed after microfluidization. A single 

peak at 2.05 ppm in the proton spectrum was identified as the N–acetyl peak from the N–

acetylglucosamine (GlcNAc) saccharide residue. It was presumed that the 4 peaks would be 

seen in the anomeric region of the NMR spectrum due to the four saccharide residues found 

in Pn14. This, however, was not the case as only three clear signals could be seen. These 

three peaks at 4.75, 4.50 and 4.40 were identified as the anomeric protons of GlcNAc, a 

mixture of one Gal and the Glc residue and the remaining Gal residue respectively. 

Confirmation of the four saccharides was determined with the HSQC spectra recorded in 

Figure 4.29.  

 
Figure 4.28. 1H NMR analysis of Pn14 a) full length and b) microfluidized. 
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Figure 4.29. Expanded 1H–13C HSQC analysis of Pn14.  

4.2.3.3 Pn1 

Pn1 PS, that was fermented and purified at The Biovac Institute was solubilised in water at a 

concentration of 5 mg/ml and loaded into the microfluidizer reservoir. Following the 

experience gained from Pn6B and Pn14 investigations, Pn1 was exposed to a high pressure 

of 20 000 psi for a maximum of 4 passes. Samples were taken after 3 and 4 passes and 

analysed on SEC–HPLC. 

 
Figure 4.30. SEC–HPLC RID chromatograms of Pn1 microfluidization (20 000 psi) of three (red) and 
four (blue) passes. A Pn1 (full size) chromatogram is shown (black) for reference. 

As seen in both Figure 4.30 and Table 4.21, a 2.8 fold decrease in molecular weight from 

1137 kDa to 400 kDa occurred after 4 passes at 20 000 psi. The size reduction after 4 

passes was within the required molecular weight of 400 kDa.  
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Table 4.21: Microfluidization variables resulting in molecular weight changes in Pn1. 
Initial 

molecular 
weight (kDa) 

Pressure 
(psi) 

Number of 
passes 

Retention time 
(min) 

Final molecular 
weight (kDa) 

Size 
reduction 

1137 20 000 

0 12.888 1137 – 

3 13.881 495 2.3 fold 

4 14.178 400 2.8 fold 

 
Figure 4.31. 1H NMR spectrum of microfluidized Pn1. 

The proton NMR spectrum was recorded for the microfluidized Pn1 (Figure 4.31) and a 

comparison was made with a reference Pn1 PS (a full set of spectra can be found in Chapter 

3, Section 3.5). The O–acetyl signals at 2.2 ppm were present, as well as the N–acetyl peak 

at 2.05 ppm. Three anomeric signals corresponding to the H1 of the ATT (amino) saccharide 

as well as the two GalA residues could be seen at approximately 5.0 ppm. As with the 

previous samples, a peak at 3.23 ppm corresponded to the CWPS. The methyl peak of the 

amino saccharide at 1.3 ppm along with the O– and N– acetyl peaks confirm that Pn1 had 

not changed in any way after sonication. HSQC (not shown) confirmed the structural identity 

of the polysaccharide. 

4.2.4 Consistency 

Pn1 was used to determine consistency of the microfluidization process. Three different 

batch samples of Pn1 were exposed to 22 000 psi for four cycles. The results are 

summarised in Table 4.22.  
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Table 4.22: Results for 3 batches of Pn1 before and after microfluidization at 22 000 psi for 4 cycles. 

Pn1 batch 
Before Microfluidization After Microfluidization 

Retention 
time (min) 

Molecular 
size (kDa) 

Retention 
time (min) 

Molecular 
size (kDa) 

Size 
reduction 

1 12.723 1305 14.497 320 4.1 fold 

2 12.888 1120 14.339 357 3.1 fold 

3 12.847 1162 14.260 377 3.1 fold 

From the table it can be seen that microfluidization can produce consistent size reduction 

from 1100 – 1305 kDa to achieve sizes of between 320 and 380 kDa using the same 

microfluidization conditions.  

4.2.5 Summary 

Size reduction using sonication was achieved for two polysaccharides. The experiments with 

HA demonstrated that the degree of depolymerisation could be controlled by sonication 

conditions such as time or power output. For HA, a decrease a 40 – 60 fold reduction was 

achieved with a power output of over 100 kJ. This proof of concept was applied to Pn1 to 

yield a decrease in size of 6.7 – 10.8 fold. 

Size reduction using microfluidization was achieved for three different pneumococcal 

polysaccharides. Investigations with Pn6B and Pn14 showed that an increase in pressure, 

rather than an increase in the number of passes through the microfluidizer, produced an 

increase in the size reduction. For Pn1 to achieve a reduction in size as specified, it was 

determined that 22 000 psi was required. Pn1 PS from three different batches (and hence 

three different molecular weights) was subjected to the same conditions in order to 

determine consistency. A size reduction to less than 400 kDa was achieved. A comparison 

of the reduction in size between the two techniques is detailed for Pn1 in Table 4.23.  

Table 4.23. Comparison of size reduction between sonication and microfluidization for pneumococcal 
serotypes 6B and 1. 

Polysaccharide Sonication Microfluidization 

Pn1 6.7 – 10.8 fold 2.3 – 2.8 fold 

A simple and general fragmentation method was developed using mechanical means that 

has been applied to a variety of polysaccharides irrespective of their chemical structure. Size 

reduction using methods such as sonication and microfluidization, described above, have 

been shown to be successful in creating polysaccharide fragments for conjugation. The 

polysaccharides were analysed by chromatographic and spectroscopic means to determine 

that the structural integrity was maintained. No epimerization was seen in any of the 

samples. Table 4.24 compares the two techniques.  
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Table 4.24. Comparison of sonication and microfluidization.  
 Sonication Microfluidization 

Polysaccharide recovery √ √ 

Scalability X √ 

Polydispersity √ X 

Degree of size reduction √ X 

Preservation of integrity √ √ 

Control X √ 

GMP X √ 

Time X √ 
*a tick is indicative of a superiority, a cross indicates an inferiority 

Polysaccharide recovery as well as the integrity of the samples is maintained with both 

techniques. The advantages of the sonicator are that the polydispersity of the sample is 

maintained throughout size reduction and much smaller sizes are achievable. Due to the 

shedding of metal particles on the sonicator probe, the sonication results are not repeatable 

and it is therefore not able to be used in a good manufacturing practice (GMP) environment. 

The control and consistency of the microfluidizer as well the scalability and use in a GMP 

process makes the microfluidizer the preferred method. 
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CHAPTER 5. PROTEIN DERIVATIZATION FOR CONJUGATION 
A carrier protein is a protein used for coupling with saccharides or peptides that are not 

sufficiently large or complex on their own to induce an immune response and produce 

antibodies [120]. Ideally, a carrier protein induces a strong helper effect to a conjugated B 

cell epitope without inducing an antibody response against itself. Many proteins can be used 

as carriers and are chosen based on safety, immunogenicity, solubility, and availability of 

useful functional groups through which conjugation with the desired molecule can be 

achieved [120, 175, 390]. 

There are many suitable proteins available that can function as carrier proteins. The earliest 

and most widely used group of proteins are the bacterial toxoids which are toxins that have 

been altered either by chemical or genetic means to be non–toxic. Proteins can be isolated 

from natural sources, or produced by recombinant or synthetic means. Inactivating a toxic 

protein, which could be as simple as substituting one amino acid in the sequence for another 

or chemically inactivating the toxin with formaldehyde or heat, provides a non–toxic protein 

that retains its interactive binding capacity and effectiveness [391-395]. Examples of 

chemically inactivated bacterial toxins include; diphtheria toxoid (DT), tetanus toxoid (TT), 

and the genetically inactivated cross–reactive material CRM197. Bacterial outer membrane 

proteins such as outer membrane complex C (OMPC) (derived from Neisseria meningitidis 

b) and pneumococcal adhesion protein (PsaA) can also be used. In general the albumin 

protein class, consisting of ovalbumin, human serum albumin (HSA), bovine serum albumin 

(BSA), could be used as protein carriers although issues with autoimmune responses have 

resulted in this class of proteins only being used in laboratory testing. Carrier proteins need 

to be non–toxic, non–reactogenic and should be available in large amounts at high purity 

[390, 396-398].  

5.1 Background to derivatization strategies 

Whilst the concept of attaching saccharides to proteins was first developed in 1929 by Avery 

and Goebel [109, 110] whereby p–aminophenol β–glucoside and p–aminophenol β–

galactoside were synthesised and conjugated to serum albumin, it took until 1980 before 

Schneerson et al. [114] made use of this technology to prepare Hib conjugates by first 

derivatizing four different proteins, BSA, HSA, hemocyanin and DT with a 6 carbon spacer 

adipic acid dihydrazide (ADH) in the presence of 1–[3–(dimethylamino)propyl]–3–ethyl 

carbodiimide hydrochloride (EDC) (Table 5.1) and subsequently chemically linking the 

derivatized proteins to the PRP capsular polysaccharide. The polysaccharide was also 

activated as most saccharides do not have the necessary functional groups (aldehydes, 
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carboxyl groups) to form direct, covalent linkages with the amino groups of the proteins. 

While the conjugation was successful, the conjugate showed solubility problems, and hence 

this method was modified in 1986, so that the polysaccharides (Hib and pneumococcal 

serotype 6A) were first activated with the addition of cyanate groups on the hydroxyls of the 

saccharide followed by conjugation to TT (not derivatized) with the addition of ADH in the 

presence of EDC [115]. This modification (using non derivatized TT and activating in situ 

with the activated polysaccharide) improved the conjugation efficiency and the stability of the 

product. Derivatization of the carboxyls on the carrier protein to hydrazides is needed for a 

number of reasons. Firstly, the hydrazide groups have a lower pKa (pKa = 4 – 5) than the 

lysine amino groups (pKa = 10.5) [390, 399] which makes the protein more reactive at the 

neutral/mildly acidic conditions used in conjugations, this pH is also required to prevent the 

protein from aggregating and cross reacting with other protein molecules. Secondly, 

toxoiding a protein blocks the amino groups; the toxoids would therefore contain a limited 

number of lysine groups available for conjugation [390]. 

Table 5.1. List of reaction conditions for derivatization of protein. 

Author Protein ADH EDC pH Reaction 
time (hr.) Temp. Dialysis 

Schneerson 
et al.[114] 

BSA, 
HSA, DT 3.45 (w/w) 0.1, 0.3, 

0.6 (w/w) 4.7 3 RT 0.2 M NaCl, 

Lee, Frasch 
[390] TT 0.42 M* 20 mM 6.5 4 RT NaCl/Na2CO3 

(pH 10.5) 
*Hydrazine could also be used at the same concentration as ADH. 

Lee and Frasch, in 2005, modified the derivatization procedure to use with the tetanus toxoid 

protein by adjusting the concentration of the reagents, the pH as well as the dialysis 

conditions [390]. 

The novelty of the Schneerson et al. publication, modified by Lee and Frasch in 2005 is 

based on derivatization of the carboxylic groups on acidic amino acids of toxoid protein 

carriers ADH (or hydrazine) in the presence of EDC to form hydrazide–derivatized proteins 

(Figure 5.1) with the reaction conditions compiled in Table 5.1 [114, 390]. This approach to 

derivatizing proteins relies on the carbodiimide molecule reacting with the carboxyl group of 

the aspartic and glutamic acids on the protein. The electron deficient carbon atom in EDC is 

attacked by the carboxylate and a highly reactive O–acylisourea is formed, which reacts with 

nucleophiles, such as the hydrazine functional grouping on ADH or hydrazine itself, to form a 

hydrazone bond. If no nucleophile is present, the carbodiimide will rearrange to form a stable 

N–acylurea. The reaction is performed in aqueous solutions at room temperature, which is 

especially important for manipulations with biological molecules. An acidic environment is 

needed to catalyse the reaction, presumably through the protonation of the carbodiimide 
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nitrogen. In this acidic environment, coupling to hydrazide is advantageous over primary 

amines due to the low pKa of hydrazides in comparison to other primary amines.  

In the patent by Lee and Frasch, after derivatization, the reaction is quenched with sodium 

hydroxide to hydrolyse any unreacted EDC or its stable by–product, N–acylurea [400]. EDC–

catalysed proteins have a propensity to polymerize or precipitate: this is due to the change of 

the protein’s isoelectric point (pI) after derivatization. Proteins carry positive, negative and 

zero net electrical charges depending on the pH of the surrounding environment. The net 

charge of a protein is the sum of all its positive and negative charges which are determined 

by the acidic and basic side chains of the amino acids of the protein. If the protein contains 

more acidic than basic groups the isoelectric point of the protein is found at a low pH value, 

hence the protein is classified as acidic. A basic protein will thus contain more basic groups 

and will therefore have a higher pI. Most pIs of proteins are found in the pH range of 4 – 7. 

By derivatizing the carboxyl groups on the protein with hydrazide groups, the pI and hence 

the solubility of the protein will change. 

This aggregation and subsequent precipitation of the protein is largely due to its pH 

environment. Through controlling the pH by buffer exchanging the solution after 

derivatization, the derivatized protein will remain soluble and stable until needed for 

conjugation [400]. The derivatized protein is diafiltered against a sodium carbonate/sodium 

chloride (Na2CO3/NaCl) buffer at pH 10.7 using a 50 KDa MWCO membrane; the high pH 

keeps the protein (in this case, TT) soluble and stable for conjugation. The diafiltration step 

also removes residual hydrazine/hydrazide, EDC break–down products and salts which 

would all affect the pH of the solution.  
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Figure 5.1. Schematic representing the mechanism of protein derivatization. 
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Table 5.2. Licensed conjugate vaccines that make use of DT, TT, OMPC or CRM197 as protein carriers [175, 375, 386, 390, 401-405]. 
Serotype Licensed Name Date licensed WHO prequalified [406] Protein Manufacturer 

Haemophilus influenzae type b 

 ProHIBIT® 1987 – DT Sanofi Pasteur 

 HibTITER® 1988 – CRM197 Pfizer 

 PedvaxHIB® 1989 2003 OMPC Merck 

 Vaxem–Hib® 1990 1997 CRM197 Novartis 

 ActHIB® 1993 1998 TT Sanofi Pasteur 

 Quimi–Hib® 2003 (Cuba) 2010 TT Heber Biotech 

 Sii HibPro® 2007 (India) 2008 TT Serum Institute of India Ltd  

Combination Hib and meningococcal 

C Menitorix® 2009 – TT GlaxoSmithKline 

C, Y MenHibrix® 2012 – TT (Hib) GlaxoSmithKline 

Meningococcal 

C Meningitec® 1999 (UK) – CRM197 Pfizer 

C NeisVac–C® 2000 (UK) – TT Baxter International* 

C Menjugate® 2000 (UK) – CRM197 Novartis 

A MenAfriVac® 2009 (India) 2010 TT Serum Institute of India Ltd 

A, C, W–135, Y Menactra® 2005 – DT Sanofi 

A, C, W–135, Y Menveo® 2010 (FDA) – CRM197 Novartis 

A, C, W–135, Y Nimenrix® 2012 (EU) – TT GlaxoSmithKline 

Pneumococcal 

4, 6B, 9V, 14, 18C, 19F, 23F Prevnar® 2000 (FDA) – CRM197 Pfizer 

1,4,5,6B,7F,9V,14,18C,19F,
23F Synflorix® 2009 2010 Protein D, TT–

18C, DT–19F GlaxoSmithKline 

1, 3, 4, 5, 6 (A&B) 7F, 9V, 
14, 18C, 19(A&F), 23F Prevnar13® 2010 (FDA) 2010 CRM197 Pfizer 

*Used under licensed for distribution by GlaxoSmithKline. 
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5.2 Protein carriers in conjugate vaccines 

Of all the protein carriers mentioned, only five; TT, DT, CRM197, OMPC and Protein D have 

been licensed for use in vaccines (Table 5.2) [407, 408]. Pneumococcal, meningococcal and 

Hib licensed conjugate vaccines all make use of protein carriers either in their native or 

derivatized form. 

5.2.1 Hib vaccines 

A summary of the four licensed Hib conjugate vaccines is given in Table 5.3 and are 

explained in the subsequent sections. 

Table 5.3. Characteristics of the four Hib conjugate vaccines. Modified from Eskola [409]. 
 PRP-DT PRP-TT PRP-CRM197 PRP-OMPC 

Carbohydrate length sized Full sized Oligosaccharide Full sized 

Carbohydrate dose 
(µg) 25 10 10 15 

Protein DT TT CRM197 OMPC 

Protein dose (µg) 18 24 25 250 

Conjugation chemistry ADH/EDC ADH/EDC reductive 
amination 

bigeneric 
space 

5.2.1.1 Native protein carriers 

The first conjugate vaccine was licensed in 1987 by Sanofi Pasteur to protect against 

Haemophilus influenzae type b (ProHIBIT) and employed DT as the carrier protein [390, 

409]. This was followed in 1 88 by Pfizer’s (then Wyeth) conjugate HibTITE  which 

employed CRM197 as the carrier protein. HibTITER used the reductive amination conjugation 

method to couple the polysaccharide of Hib directly to the CRM197 protein. Sanofi Pasteur 

released another Hib conjugate vaccine onto the market in 1993 where they changed the 

protein carrier from DT to TT in ActHIB. This conjugate vaccine employed the modified 

Robbins conjugation chemistry where the ADH spacer was first added to the polysaccharide 

followed by conjugation with the underivatized TT in the presence of EDC. This vaccine 

improved the conjugation efficiency as well as the product stability compared to the Hib–DT 

conjugate [390, 409].  

5.2.1.2 Derivatized protein carriers 

Merck licensed their Hib conjugate vaccine, Pedvax, in 1989 where OMPC was used as the 

carrier. Both the polysaccharide and the protein were derivatized separately before 

conjugating the two via a bigeneric spacer, i.e. a spacer molecule that is made from parts of 

the derivatized protein and polysaccharide (Figure 5.2). The protein was derivatized with a 

thioether (N–acetylhomocysteine thiolactone) and the polysaccharide was separately 
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activated with carbonyldiimidazole to form an imidazolylurethane (I) which was susceptible to 

nucleophilic substitution with a 1,4–butanediamine producing a stable urethane with pendant 

amine is produced (II). The final activation step was to bromoacetylate the polysaccharide 

with p–nitrophenyl bromoacetate before conjugation under nitrogen (6hr, RT) to the 

derivatized protein could be achieved [217, 410]. 

 
Figure 5.2. Modified representation of the formation of a bigeneric spacer conjugate as used in the 
conjugate vaccine against Hib (Merck) [410].  

Comparison studies on the four main Hib conjugates (Table 5.4) showed that the ProHIBIT 

conjugate (PRP–DT) was found to be the least immunogenic of the four vaccines [73, 411-

413] however, it was found to be highly immunogenic in Finnish children (7 – 24 months old) 

[414]. The Merck Pedvax vaccine that used OMPC as the carrier protein, was found to 

stimulate the highest antibody concentration of the four with a 94 % reduction of Hib related 
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diseases after just a single dose in infants [411, 413]. A study by Schlesinger and Granoff 

compared the TT, CRM197 and OMPC conjugated vaccines and showed that the CRM197 

vaccine elicited the most antibodies, followed by the vaccine with TT as the carrier protein 

with the least antibodies against the OMPC conjugated Hib vaccine [415], this was 

confirmed in 1995 by Lucas and Granoff in rat models where the CRM197 vaccine showed a 

10–fold higher bactericidal and protective activity than Merck OMPC vaccine [412, 416]. The 

Hib–TT vaccine gave the highest mean antibodies after 3 doses as well as a greater booster 

response and higher antibody concentrations in children 2.5 years after immunisation [417].  

Table 5.4. Immunogenicity comparison of Hib conjugate vaccines in children at 7 and 15 months 
(Finland) [409]. 

Vaccine GMT (µg/ml) 

 7 months 15 months 

PRP–DT 0.68 33.73 

PRP–TT 10.59 29.26 

PRP–OMPC 1.68 11.16 

PRP–CRM197 4.12 58.29 

This study showed that it is not only the carrier protein, the type of conjugation chemistry, or 

the size of polysaccharide that is important in producing an immunogenic conjugate vaccine, 

rather a combination of many different factors; however there is a clear superiority of the 

vaccines using TT and CRM197 as the carrier proteins. 

5.2.2 Meningococcal vaccines 

5.2.2.1 Native protein carriers 

The second type of conjugate vaccines that employ DT, TT and CRM197 as carrier proteins 

are those that protect against disease caused by Neisseria meningitides. In the late 1990s, 

two CRM197 conjugate vaccines, Meningitec, (Wyeth Pharmaceuticals) and Menjugate, 

(Novartis Vaccines) were developed against meningococcal disease caused by serogroup 

C. Baxter International licensed the NeisVac–C in 2000 that made use of TT as the protein 

carrier, also against serogroup C. Both Meningitec and NeisVac–C made use of the same 

general conjugation chemistry where the polysaccharide was first activated using periodate 

oxidation and with subsequent coupling directly onto the carrier protein via reductive 

amination without the need for derivatization [375]. However NeisVac–C was first de–

acetylated as it was found that the de–O–acetylated conjugate produced higher antibody 

titres than the acetylated conjugate [418-420]. Menjugate followed a different path with the 

use of a spacer molecule (N–hydroxysuccinimidodiester) between the activated 

polysaccharide (via acid hydrolysis) and the CRM197 protein molecule [375]. 
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A tetravalent vaccine against meningococcal serogroups A, C, W–135, and Y conjugated to 

DT was first licensed in 2005 (Menactra). CRM197 was used in the meningococcal vaccine 

licensed in 2010 by Novartis (Menveo) and Nimenrix, the tetravalent meningococcal 

conjugate vaccine licenced by GlaxoSmithKline in 2012 contains TT as the carrier protein. 

As Menactra was the first licensed tetravalent vaccine, both Menveo and Nimenrix used 

Menactra as the comparison for non–inferiority in order to be granted licensure.  

Non–inferiority was achieved for Menveo in comparison to Menactra where all four 

serogroups showed higher immunogenicity levels in adolescents and adults when 

vaccinated with Menveo [421, 422]. The immunogenicity of Nimenrix was compared to 

Menactra in terms of the percentage of subjects that produced antibody titres above a 

certain level, with three of the serotypes (MenA, MenW–135 and MenY) showing a 

superiority with Nimenrix with no statistical difference seen with MenC when compared to 

Menactra [423]. The comparison, in terms of immunogenicity, of all three tetravalent 

conjugate vaccines has not yet been published. 

5.2.2.2 Derivatized protein carriers 

To date there is only one commercially available monovalent conjugate vaccine against 

meningococcal serogroup A. This vaccine made use of TT as the protein carrier and 

received WHO prequalification in 2010. The protein was first derivatized with hydrazine in 

the presence of 20 mM EDC and 0.1 M 2–morpholinoethanesulfonic acid (MES) at a pH of 

6.5 [404].  

5.2.3 Pneumococcal vaccines 

5.2.3.1 Native protein carriers 

Until the introduction of Protein D, CRM197 held the market share as a protein carrier for 

Streptococcus pneumoniae conjugate vaccines. In 2000, Pfizer developed the first conjugate 

vaccine protective against Streptococcus pneumoniae, Prevnar (PCV7). PCV7 is a 

conjugate vaccine that consists of the capsular polysaccharide of seven different serotypes 

individually conjugated to CRM197 via reductive amination. In 2009, GSK licensed a 10–

valent conjugate vaccine with additional serotypes 1, 5 and  F  to Pfizer’s seven valent. All 

but one of the serotypes was conjugated to the native Protein D via polysaccharide 

activation with CDAP [386]. The following year, Pfizer licensed the 13-valent vaccine 

(serotypes 3, 6A and 19A additional to the 10 serotypes of GSK) Again, CRM197 was the 

choice for protein carrier and the reductive amination conjugation methodology was used 

[175].  
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5.2.3.2 Derivatized protein carriers 

Of the 10 serotypes found in the GSK conjugate vaccine, only serotype 18C was conjugated 

to TT (all other serotypes were conjugated to Protein D except 19F which was conjugated to 

DT). The TT was first derivatized using the ADH/EDC procedure and conjugated to Pn18C 

using CDAP technology. TT was chosen as the carrier protein for 18C instead of Protein D 

as the immune response was shown to be much stronger in mice with TT as the protein 

carrier compared to Protein D (for the same reason, Pn19F was conjugated to DT) [164]. 

5.2.4 Immune response interference among carrier proteins 

In recent years, the efficacy of TT as a protein carrier has been brought into question. TT is 

itself used as a vaccine against tetanus (lockjaw) as well as being used as a carrier protein 

in vaccines for Hib, MenC, and pneumonia. Its frequency of use and large dosage amount 

may overload the immune system, which could result in a higher occurrence of adverse 

reactions due to pre–existing antibodies in targeted populations [160, 397, 407, 424-426]. 

Simultaneous immunisations of PRP–TT and pneumococcal–TT vaccines were tested 

following the standard American infant schedule. As the dosage of the pneumococcal 

vaccine was increased, the immune response to the Hib vaccine showed decreasing levels 

that suggested immune interference of the polysaccharide, possibly because of the protein 

carrier [426]. 

TT and CRM197 were compared for safety and immunogenicity in 2 year old children in the 

form of a tetravalent pneumococcal conjugate vaccine (making use of serotypes 6A, 14, 19F 

and 23F). The vaccines used identical conjugation chemistries (reductive amination), and 

the protein to polysaccharide ratios remained the same at 0.50 ± 0.18. The final vaccine 

formulation consisted of 50 µg of the carrier protein and approximately 20 µg of total 

polysaccharide. The children were injected with a mixture of the two vaccines (25 µg of each 

protein) or either of the two vaccines (containing 50 µg of the carrier). This was followed 2 

months later by an identical secondary injection. Sera were taken before each injection as 

well as 1 month after the second injection and the ELISA IgG serum responses were 

determined. The results showed that the differences were based on serotypes rather than 

protein carrier, however the children immunised with the mixture of the two carrier protein 

vaccines showed higher ELISA responses than those immunised with a single protein carrier 

[426]. 

In order to develop an affordable and effective Pn1 conjugate vaccine a suitable protein 

carrier would have to be determined. The objective of this investigation was to activate a 

protein carrier, that, when conjugated to pneumococcal serotype 1, would form a conjugate 

vaccine that could be tested in vivo in an animal model. The proteins investigated were BSA, 
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TT, CRM197 and pneumolysoid (PLD). The BSA protein was used as a model carrier protein 

to investigate whether the conjugation methods were successful as it was readily available, 

cost effective and of a similar size to the CRM197 and PLD proteins. Due to the potential 

interference of the immune response, TT was investigated as a carrier protein for use in a 

monovalent conjugate vaccine. As PCV7, PCV13 and PCV15 (in development) make use of 

CRM197 as a carrier protein, conjugation methodologies would have to be performed with 

CRM197 to allow for a direct comparison with the commercially available multivalent vaccines. 

The added protection offered by PLD (described in Section 5.6) made it an attractive protein 

carrier to study as a carrier for pneumococcal conjugate vaccines. The relative molecular 

weights (Mw), number of carboxyls as well as the approximate isoelectric points of each 

protein investigated are compiled in Table 5.5.  

Table 5.5. Comparison of proteins used in this study.  

Protein Molecular 
Weight (kDa) 

Number of amino 
acid residues 

Number of 
carboxyl groups* 

pI 
(approximate) 

BSA 67 606 99 4.7 

TT 150 1314 160 5.8 

CRM197 58 535 65 5.8 

PLD 53 471 64 5.2 
*Carboxyl groups from aspartic acid and glutamic acid. 

The general derivatization method was modified to suit each of the four proteins tested. The 

derivatization levels were investigated as each protein would have an optimal level of 

derivatization for successful conjugation to occur. It was thought that the smaller protein 

carriers would not have to be derivatized to the higher levels of the larger proteins as too 

many derivatization sites would result in cross reactions on the protein that would decrease 

the solubility of the protein in aqueous solutions. Before derivatization, the isoelectric points 

of the carrier proteins are all below the pH used in subsequent conjugations however 

derivatization leads to an increase in the pI of the protein. This level of derivatization and 

ensuing pI change must be monitored as solubility will become an issue if the pI of the 

derivatized protein corresponds to the pH at which conjugation takes place. 

5.3 Bovine Serum Albumin 

Bovine serum albumin (BSA) belongs to the class of serum proteins called albumins, which 

make up about half of the protein in plasma and are the most stable and soluble proteins in 

plasma. BSA has a molecular weight of 67 kDa and contains 99 carboxyl groups and it is 

these that are targeted in the derivatization procedure [427, 428]. 

BSA is one of the most commonly used protein carriers in the laboratory due to its stability, 

low cost, wide availability and its non–reactivity in a wide range of biochemical reactions. 
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However, BSA has been known to cross–react immunologically with other serum albumin 

proteins (found in human serum) and thus is no longer used in vaccines [429-431]. Another 

reason for not using BSA in clinical trials and vaccines is due to the fact that most albumins 

are sourced from either human or bovine serum which presents regulatory concerns over 

blood borne contaminants (mycoplasma, viruses and prions). BSA is generally utilised as a 

model protein to set up immunoassays in the lab as well as to test the chemistry and 

biochemistry of a reaction. 

According to literature, BSA has been used in conjugations in both its native, underivatized 

form as well as its ADH derivatized form. Table 5.6 details the reaction conditions used when 

derivatizing BSA with ADH and EDC. In 1980, Schneerson and Robbins derivatized different 

proteins, including BSA, with ADH in one of the first licensed uses of a protein carrier in 

vaccines when they conjugated the derivatized protein to Hib polysaccharide PRP. These 

conjugates showed an increase in immunogenicity in both mice and rabbits. The proteins 

were solubilised at a concentration of 25 mg/ml. To these solutions, ADH was added 

followed by varying concentrations of EDC. The reaction proceeded at room temperature for 

3 hours at a constant pH of 4.7 ± 0.2. The derivatized protein was dialysed at 3 – 8 °C 

against 0.2 M NaCl [114, 432].  

In 1997, Kossaczka et al. used ADH derivatized BSA as a protein carrier in the conjugation 

with the Vi polysaccharide of Salmonella typhi. Different EDC to protein ratios were tested 

for the derivatization of BSA but it was found that concentrations of EDC above 0.2 mg per 

mg of protein did not result in a higher final ratio of ADH to protein [433]. In 2000, the 

derivatization of BSA with ADH was again published, this time by Shafer et al. [434] This 

derivatized BSA was used to test the 1–cyano–4–methylaminopyridinium tetrafluoroborate 

(CDAP) conjugation methodology and conjugated to various polysaccharides.  

Table 5.6. Hydrazide derivatization details for BSA. 

Author 
ADH 

(mg/mg 
protein) 

EDC 
(mg/mg 
protein) 

pH Reaction 
time Dialysis Derivatization 

levels 

Schneerson et 
al. [114]  3.45  0.1, 0.3, 

0.6  4.7 ±0.2 3 hr. 0.2 M NaCl n/a* 

Kossaczka et 
al. [433] 3.5  0.1  4.9 –5.1 1 hr. 0.15 M NaCl 2.3 

Shafer et al. 
[434]  1.8 0.96 5.5 overnight saline 15.9 

*Not available. 
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5.3.1 Derivatization of BSA 

BSA was used as a model protein in developing a proof of concept to test the derivatization 

chemistry before it was applied to other proteins. BSA was first derivatized with ADH and 

EDC over a period of four hours and the derivatization levels measured as a percentage of 

the carboxylic acid substitution (% CS) using the TNBS colorimetric assay (Table 5.7). The 

derivatized protein was analysed on SEC–HPLC and compared to the native form as shown 

in Figure 5.3. 

 
Figure 5.3. SEC–HPLC UV 280 nm chromatogram of BSA (black) and derivatized BSA (red). 

A shift in retention time, for the derivatized BSA that eluted at 18.9 min was compared to that 

of the underivatized protein eluting an apparent smaller molecular weight protein at 18.2 min. 

It is hypothesised that the free hydrazide group from the ADH molecule interacted with the 

polyhydroxymethacrylate stationary phase of the columns, resulting in prolonged interaction 

and retention within the column, and hence a shift to an apparent lower molecular weight 

was observed.  

Table 5.7. Summary of derivatization results of BSA with ADH. 

Reaction Reaction 
time (hr.) 

Protein concentration 
(mg/ml) 

Hydrazide 
concentration (mM) 

Carboxylic acid 
substitution (%) 

1 4 17.94 3.81 20 

2 4 10.80 3.61 22 

3 1.5 12.25 2.58 14 

The pH of the derivatized protein was lowered to 6.5 to determine if the protein was stable at 

the pH used for conjugation. Aggregation occurred at this pH and was theorised to be due to 

over derivatization of the protein resulting in a shift of the protein’s pI causing the protein to 

be insoluble at this pH. The derivatization levels of the protein were investigated to see if 
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lower levels of derivatization would prevent this precipitation occurring at the pH needed for 

conjugation. This lower level of derivatization was achieved by lowering the reaction time 

whilst keeping the reactant ratios the same.  

By halving the reaction time from 3 hours to 1.5 hours, a decrease was seen in the levels of 

derivatization from 20 and 22 % to only 14 %. This showed that derivatization levels could be 

controlled to some effect by controlling the amount of time the reaction is allowed to 

proceed. However a linear relationship was not found between the levels of derivatization 

and the reaction time.  

5.4 Tetanus Toxoid 

Tetanus toxoid is a non–toxic, chemically detoxified (with formaldehyde) tetanus toxin. 

Tetanus toxin is produced from Clostridium tetani bacterium and is composed of 1314 amino 

acid residues and has a molecular weight of approximately 150 kDa [394]. The toxoid form 

has been shown to maintain a high degree of secondary and tertiary structure when 

compared to the native toxin [393]. There are 160 carboxyl groups from the aspartic and 

glutamic acid residues of the toxoid that are available for derivatization with ADH.  

As tabulated in Table 5.2, TT has been used as a carrier protein in conjugate vaccines 

licensed for a variety of diseases. It has mainly been applied in its underivatized form, 

although vaccines against meningococcal and pneumococcal diseases have utilised 

derivatized tetanus toxoid in preparation of conjugates. Underivatized TT was used in the 

early 1980s by Beuvery et al. in the investigation into conjugate vaccines against 

meningococcal group C [435-437].  

TT has been conjugated in its derivatized form as a protein carrier. In 2000, Pawlowski et al. 

used an alternative derivatization method for TT via a bromoacetylation pathway (Figure 5.4) 

with the N–hydroxysuccinimide ester of bromoacetic acid (0.7 mg ester/mg TT). The pH 

remained at 8.3 and the reaction proceeded for 2 hours at room temperature. This 

derivatized TT was conjugated to previously thiolated pneumococcal serotypes 14 and 23F 

[438]. 
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Figure 5.4. Alternative derivatization of TT, via bromoacetylation, described by Pawlowki et al. [438].  

The majority of the conjugates that utilised derivatized TT as the carrier protein, summarised 

in Table 5.8, followed the method of Lee and Frasch [390]. The MenA vaccine, licensed in 

2009, made use of this chemistry when TT was derivatized with hydrazine and EDC followed 

by conjugation to an oxidised MenA polysaccharide. GSK also made use of the Lee–Frasch 

method in their 10 valent pneumococcal vaccine; however it was modified by reacting the 

protein with ADH for an hour [386]. In 2007, Silveira et al. derivatized TT using the hydrazine 

technology, conjugated it to MenC polysaccharide using reductive amination and tested it in 

mice [439]. The conjugate gave a 10 to 20–fold rise in immunoglobulin G (IgG) response in 

mice compared to the pure polysaccharide.  
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Table 5.8. Reaction conditions for the derivatization of TT for use in conjugate vaccines. 

Author Source of 
hydrazide  

EDC 
(mM) pH Reaction 

time (hr.) Dialysis 

Lee et al. [404]  Hydrazine (0.42 M) 20 6.5 4 30 mM NaCl, 3 mM 
Na2CO3 (pH 10.5) 

Biemans et al. [386] ADH (0.2 M) 20 6.2 1 n/a 

Silveira et al. [439]  Hydrazine (0.42 M) 20 6.1 4 
0.02 M PBS  

(pH 7.4) 

5.4.1 Derivatization of TT 

Results from the derivatization of BSA indicated that a decrease in reaction time led to a 

decrease in derivatization levels. This change in reaction time was applied to TT to 

determine if these results could be repeated. In previous studies, a 4 hour reaction time led 

to TT derivatization levels of between 18 and 23 % [440]. Reaction times were decreased 

from the usual 4 hours to 1.5 hours, before the reaction was quenched with NaOH. Post 

diafiltration (to remove excess ADH), hydrazide concentration and carboxylic substitution 

levels were assayed (Table 5.9) and chromatographic profiles were obtained before and 

after derivatization.  

Table 5.9. Summary of derivatization results of TT with ADH. 
Reaction 
time (hr.) 

Protein concentration 
(mg/ml) 

Hydrazide 
concentration (mM) 

Carboxylic acid 
substitution (%) 

4 9.26 2.06 21 

4 15.81 3.11 18.6 

4 17.49 4.26 23 

1.5 17.40 1.75 13.4 

1.5 17.49 3.07 16.6 

1.5 23.48 4.02 16.2 

1.5 27.84 4.75 16.1 

The UV chromatogram illustrated a shift in retention time between the native and the 

derivatized TT (Figure 5.5). As with the derivatization of BSA, a shift to an apparent lower 

molecular weight compound occurred. The derivatization studies confirmed that decreasing 

the reaction time from 4 hours to 1 hour decreased the derivatization levels; however this 

decrease was not as large as the difference realised with BSA. Due to Pn1 containing both 

reactive amino and carboxylic functional groups, it was hypothesised that a lower 

derivatization level for TT would be more appropriate in order to minimize cross linking and 

subsequent precipitation.  
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Figure 5.5. SEC–HPLC, UV 280 nm chromatograms of TT (black) and derivatized TT (red) in water. 

5.5 CRM197 

Different mutant forms of the diphtheria toxin were isolated during the 1  0 ’s, including the 

cross–reactive material 197 (CRM197). CRM197 is a non–toxic DT mutant that resulted from a 

single substitution of glycine to glutamic acid at position 52 in the amino acid sequence 

(Figure 5.6). CRM197 shows no enzymatic activity, is therefore nontoxic to humans, and is 

known to function as an exceptional carrier for polysaccharides in conjugate vaccines [407, 

441]. CRM197 has a molecular weight of 58 kDa and contains 65 carboxyl groups available 

for derivatization with ADH [442].  

 
Figure 5.6. Structures of DT (left) and CRM197 (right). The accessible lysine residues are highlighted 
(purple spheres) for CRM197 that are available for conjugation. The mutation of the glycine residue in 
position 52 of DT to the glutamic acid residue at position 55 on CRM197 is also depicted [443]. 
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As CRM197 is non–toxic, it escapes the need for chemical detoxification that is required for 

DT (TT is also detoxified, usually by formaldehyde). Chemical detoxification can cause 

extensive cross linking and epitope modification and may interfere with the immunogenicity 

of the vaccine [391, 392]. Since detoxification is not required, the lysine residues on the 

protein are accessible and therefore no derivatization is needed for successful conjugation. 

At present no conjugate vaccines have been licensed make use of derivatized CRM197, 

however, as previously described, there are licensed vaccines that contain CRM197 as the 

carrier protein in its native form [443]. 

A conjugate vaccine against Salmonella Typhi under development uses derivatized CRM197 

as the carrier protein. The derivatization was performed at a higher pH than used with TT in 

order to minimise protein precipitation, otherwise the method used to derivatize the protein 

was as per previously described [444].  

As the main objective of the investigation was to compare the conjugation chemistries 

developed against the commercially available conjugate vaccines; a head to head 

comparison was to be performed. To reduce the number of variables in the comparison, the 

carrier protein should be kept constant. The decision to investigate the derivatization of 

CRM197 was due to the successful use of the protein in PCV7 and PCV13.  

5.5.1 Derivatization of CRM197 

The known ADH/EDC method used to activate proteins such as TT and BSA was employed. 

The derivatization procedure was modified by raising the pH to 6.2 as described by Micoli et 

al. (2011) in order to prevent potential protein aggregation [444]. Reaction times were 

investigated to provide a range of derivatization levels for evaluation in conjugation 

reactions.  

CRM197 was purchased from Pfenex by the Program for Appropriate Technology for Health 

(PATH) and made available for use in these experiments. A vial of CRM197, containing 20 mg 

of lyophilized CRM197 protein, (other additives included sucrose, sodium phosphate and 

polysorbate 80), was dissolved in a 60 mM MES buffer, solution pH 6.2, to give a final 

concentration of 10 mg/ml (0.345 µM). The sample was dialysed against 60 mM 2–(N–

morpholino)ethane–sulfonic acid (MES) buffer in order to remove the additives. The 

derivatization reaction procedure followed was the same as previously described (Chapter 2, 

Section 2.8.1), where ADH was added in a 3.5 mg ADH/mg protein excess at room 

temperature. Once dissolved, EDC was added to the reaction mixture as an aqueous 

solution containing a 55 fold molar excess (0.15 mg EDC/mg protein). The reaction 

proceeded for a defined period of time (Table 5.10) after which the reaction solution was 
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dialysed against 3 x 2 L solutions of 0.2 M NaCl / 10 mM MES buffer at pH 7.2 using 10 kDa 

MWCO dialysis cassettes. The derivatized protein was assayed for hydrazide concentration 

and protein concentration, as well as analysed by SEC–HPLC.  

Table 5.10. Summary of derivatization results of CRM197 with ADH/EDC. 

Reaction Reaction 
time (hr.) 

Protein 
concentration 

(mg/ml) 

Hydrazide 
concentration (mM) 

Carboxylic acid 
substitution (%) 

1 1 2.13 0.060 2.5 

2 3 2.61 0.176 5.9 

3 16 2.84 0.710 24.5 

4 16 2.58 0.797 27.1 

5 24 2.96 0.802 27 

 

  
Figure 5.7. SEC–HPLC a) RID and b) UV chromatograms of CRM197 before (black) and after (red) 
derivatization. 

Representative chromatograms (Figure 5.7) show the elution time for the native and 

derivatized protein. No significant shift was seen in either the RID or UV280 signals. The 

article by Micoli et al. also showed that no real difference in retention time was seen before 

and after derivatization [444]. While Micoli et al. used mass spectrometry to determine the 

level of derivatization, the TNBS assay, was employed in this investigation. By increasing the 

reaction time from 60 minutes to 3 hours the carboxylic acid substitution more than doubled. 

However, this percentage derivatization was still low and hence an additional derivatization 

of 16 hours was performed to increase derivatization levels. An increase in reaction time 

from 3 hours to 16 hours to 24 hours achieved an increase in percentage carboxylic acid 

substitution from 6 % to 25 % to 27 % respectively. While 27 % may be over derivatized 

when using TT as a protein carrier, it was not known what effect this would have on the 

conjugation of CRM197 to polysaccharide.  

a) b) 
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5.6 Pneumolysoid 

Pneumolysin (PLY), a sulfhydryl–activated cytolytic toxin, is produced by all serotypes of S. 

pneumoniae and is assumed to be a virulence factor in pneumococcal infections. Patients 

with pneumococcal pneumonia have been reported to elicit an antibody response to PLY. 

Therefore, pneumolysin itself is a potential vaccine candidate to induce species–specific 

anti–pneumococcal immunity based on anti–PLY antibody and, more importantly, may be a 

useful protein carrier for the preparation of the conjugate vaccine [445]. 

The genetically toxoided form of PLY; pneumolysoid (PLD) is used as a carrier protein. 

Investigations of this protein have been performed extensively with Pn19F polysaccharide. 

Table 5.11 and Table 5.12 summarise the use of PLD in its native and derivatized form in 

conjugate investigations. Paton et al., 1991, conjugated activated Pn19F to PLD using EDC 

coupling through the use of linker, 6–aminocaproic acid [446]. When tested in animal 

systems, the anti–polysaccharide and anti–pneumolysin titres were significantly higher in 

immunised mice than non–immunised mice. When the mice were challenged with Pn19F 

bacteria, the bacteria were eliminated more efficiently from the immunised mice. Survival 

rates in mice were also higher for the immunised mice [446]. 

In 1996, Kuo et al. patented the conjugation of pneumococcal serotypes Pn14 and Pn18C to 

PLD [447]. Serotype 14 was first oxidized and conjugated to either ADH–derivatized or non–

derivatized PLD. Pn18C was first size–reduced followed by oxidation and conjugated to both 

underivatized and ADH–derivatized PLD. All conjugations employed reductive amination 

methodology with cyanoborohydride. PLD was derivatized in 0.1 M potassium phosphate 

buffer (pH 5.5) by adding a 676 molar excess of ADH, followed by a 614 molar excess of 

EDC and leaving the solution to react for 3 hours. The derivatized protein was dialysed with 

0.1 M potassium phosphate buffer (pH 7.0) to remove any traces of unreacted ADH before 

being characterised and stored at 4 °C until use [447].  

Table 5.11. Use of underivatized PLD in conjugate vaccines. 

Author Pneumococcal 
serotypes Modification Conjugation to PLD 

Paton et al. 
[446] 19A Cyanogen bromide or 

6-aminocaproic acid EDC coupling 

Kuo et al. [447] 18C Periodate oxidation Reductive amination  

Michon et al. 
[445]  6B,14,19F,23C Periodate oxidation Reductive amination  
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Table 5.12. Use of derivatized PLD in conjugates. 

Author ADH 
(w/w) 

EDC 
(w/w) 

Reaction 
time (hr.) Dialysis % CS 

Kuo et al. [447]  2.2 2.2 3 0.1 M potassium 
phosphate (pH 7.0) n/a* 

Michon et al. conjugated four different pneumococcal serotypes, namely 6B, 14, 19F and 

23F, to non–derivatized PLD via reductive amination. The four polysaccharides required 

derivatization with periodate oxidation prior to protein coupling. Mice studies were performed 

with the monovalent, as well as multivalent conjugates, at two different doses. The lower 

dose and the multivalent conjugate gave the best responses in the mice. When compared to 

a TT conjugate vaccine, produced using the same conjugation methodology, the PLD 

conjugate elicited equivalent or better capsular polysaccharide–specific response. The mice 

produced high levels of pneumolysin–specific IgG antibodies which have been shown to 

neutralise pneumolysin induced haemolytic activity in vitro [445].  

PATH purchased PLD from St Jude’s Children’s  esearch Hospital in the United States and 

supplied it to The Biovac Institute for investigation as a protein carrier for Pn1. Due to a 

limited supply of PLD; small–scale (20 mg) derivatizations were performed. The established 

ADH/EDC derivatization method was applied to PLD, although small changes in ratios and 

buffers were made according to the Kuo et al. [447] paper due to the large difference in the 

pI between PLD (5.2) and CRM197 (5.8) or TT (5.8). 

5.6.1 Derivatization of PLD 

As it was not made known what additives, if any, were present in the lyophilised 

pneumolysoid sample, a dialysis step was employed prior to derivatization to remove any 

excipients that may have been introduced. Two different buffers were tested, namely: 0.1 M 

potassium phosphate (KH2PO4) (pH 5.4) and 0.1 M MES (pH 6.0) as described in Table 

5.13. A sample of PLD was dialysed extensively using 5 K MWCO membranes against both 

buffers before the general method for protein derivatization was applied, i.e. 3.5 mg ADH / 

mg protein was added followed by 0.11 mg EDC / mg protein. The reaction proceeded for 3 

hours at room temperature after which it was extensively dialysed in either 0.1 M KH2PO4 

(pH 7.0) or 3 mM Na2CO3/30 mM NaCl (pH 7.2).  

Table 5.13. Dialysis buffers used before and after derivatization of protein PLD. The pH of the buffers 
is shown. 

Reaction Dialysis buffer before 
derivatization 

Buffer 
pH 

Dialysis buffer after 
derivatization Buffer pH 

1 0.1 M KH2PO4 5.4 0.1 M KH2PO4 7.0 
2 0.1 M MES 6.0 3 mM Na2CO3/30 mM NaCl 7.2 
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Figure 5.8. SEC–HPLC UV 280 nm chromatograms of a) PLD before (black) and after (red) dialysis 
with 0.1 M MES buffer and b) PLD before (black) and after (red) derivatization. Dialysis buffer used: 3 
mM Na2CO3/ 30 mM NaCl. 

The derivatized PLD was found to be very unstable in the diafiltration buffer, KH2PO4 (pH 

7.0), and precipitated out during the three hour reaction. The protein was stable in the 

Na2CO3/NaCl buffer and a sample was analysed on SEC–HPLC as well as being assayed 

for protein concentration and derivatization levels. 

The results of the SEC–HPLC analysis in Figure 5.8 demonstrate that the PLD may have 

contained an impurity, detected in the UV280 chromatogram, which was removed by means 

of dialysis. Post derivatization, there seems to be no significant shift in the PLD profile on 

UV280 which confirmed the findings presented by Kuo et al. [447]. Employing the Kuo 

method for derivatization of PLD gave consistent results of 24 % carboxylic acid substitution 

with greater than 80 % recoveries.  

5.7 Electrophoretic comparison of protein carriers 

Three of the four carrier proteins used in the course of the investigation were subjected to 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) under denaturing 

conditions to determine the molecular weight of the proteins, and whether the molecular 

weight of PLD had been maintained post–derivatization. The gel was loaded and run with a 

two–fold dilution of: (1) BSA, (2) CRM197 and (3) PLD (pre–/post–derivatization), starting with 

a concentration of 400 µg/ml. The gel was stained to allow visualization of the proteins 

(Figure 5.9). 

a) b) 
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Figure 5.9. SDS–PAGE (reducing) gel with molecular weight marker (Lane 1); BSA protein (Lane 2, 
3); PLD protein (Lane 5, 6); derivatized PLD (Lane 8, 9); and CRM197 protein (Lane 11, 12). 

The SDS–PAGE gel shows the PLD to be slightly smaller than the BSA and CRM197 carrier 

proteins (56 kDa compared to 64 and 66 kDa respectively). The observed size distribution of 

the various native proteins is in order with literature. The PLD protein post–derivatization 

was slightly larger in size than the native PLD and showed no dimerization or trimerization to 

have occurred during the derivatization process.  

5.8 Summary 

All four carrier proteins were successfully derivatized using the ADH/EDC derivatization 

method. For BSA and TT, the SEC–HPLC 280 nm chromatogram revealed a shift in 

retention time post–derivatization to a lower molecular weight which was hypothesised to be 

a result of the hydrazides interacting with the column packing. No shift in elution time was 

seen for either the derivatized CRM197 protein or the derivatized PLD protein. Derivatization 

for all four proteins was confirmed with the colorimetric TNBS assay. Table 5.14 shows the 

deviations from the Lee, Frasch patent that were successfully used in this investigation. As 

shown in the BSA experiments, derivatization levels were lowered by decreasing the 

reaction time of the derivatization procedure. This was confirmed with TT. The reaction times 

for CRM197 had to be extended due to low levels of derivatization seen (below 10 %) after 4 

hrs. To achieve derivatization levels of approximately 20 %, a reaction time of between 16 

and 24 hours was required. Both derivatizations of PLD gave consistent results with a 24 % 

carboxylic acid substitution, however the PLD derivatized in KH2PO4 (pH 7.0) buffer was 

found to be unstable and this was substituted with a Na2CO3/NaCl buffer at neutral pH. This 

was shown to stabilise the protein and prevent any aggregation. 
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Table 5.14. Deviations from the original method for different carrier proteins investigated. 

Protein ADH 
(w/w) EDC (w/w) pH Reaction 

time (hr.) Dialysis Dialysis 
pH % CS 

Model 3.5 0.15 4.75 4 30 mM NaCl/   
3 mM Na2CO3 

10.7 N/A 

BSA 3.5 0.15 4.75 1.5 NaCl/Na2CO3 10.5 14 

TT 3.5 0.15 4.75 1.5 NaCl/Na2CO3 10.5 13–17 

CRM 3.5 0.15 6.2 16–24 NaCl/ MES 7.2 24–27 

PLD 2.5 0.11 6.0 3 NaCl/Na2CO3 7.2 24 
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CHAPTER 6. CONJUGATION 

6.1 Introduction 

Pn antigens can be converted from a T–cell independent antigen to a T–cell dependent 

antigen by covalently linking the polysaccharide to a protein. There are many considerations 

to take into account when producing a conjugate vaccine that is immunogenic: the chemistry 

used to couple the saccharide to the protein is amongst the most important. The size and 

functional groups of the saccharide and protein, the type of carrier protein, and the amount 

of saccharide conjugated to each protein carrier are also aspects that need to be considered 

to produce a successful conjugate [375, 448, 449].  

Conditions such as the time, temperature and pH of the reaction need to be carefully 

monitored in order to maintain the structural chemistry of the polysaccharide as the creation 

or destruction of epitopes and the chance of unwanted depolymerisation may lead to a 

destruction of the saccharide’s immunogenicity. The optimised conditions would also prevent 

cross linking within the saccharide or carrier protein or cross reactivity between conjugates 

[10, 375, 400]. 

There are different approaches to the preparation of conjugates, two of which are shown in 

Figure 6.1. The polysaccharide (either full length or size reduced) can be i) randomly 

activated, ii) activated at only one terminal, or iii) partially degraded to form activated groups 

at both terminals. The former is mainly used for the conjugation of large polysaccharides 

with the latter two being used for oligo– or shorter polysaccharides. The final structure of the 

conjugate depends on which approach is chosen [375].  

Three main functional groups are available for conjugation on the saccharide: the hydroxyl 

(OH), carboxyl (COOH) and amino (NH2) groups. However, aldehyde functional groups can 

be generated via periodate oxidations as well as acid hydrolysis.  
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Figure 6.1. Various conjugate structures can be formed depending on how the polysaccharide is 
activated. I) random activation of the polysaccharide leads to a cross linked lattice type conjugate 
whereas II) terminal activation produces a single carrier protein with attachment points for each 
activated polysaccharide. 

There are approximately seven different functional groups on a protein that can be 

considered for conjugations, however due to the number of each of these groups on a 

protein, the first two groups are the most widely used in conjugation reactions. The seven 

different groups are: 

 Amino groups (lysine) which can be conjugated directly to the carboxyl groups on the 

saccharide. 

 Carboxyl (via aspartic or glutamic acid) which can be conjugated either directly to 

amino groups or first derivatized with ADH followed by conjugation to the carboxyl 

groups on the saccharide. 

 Hydroxyl groups (threonine, serine tyrosine). 

 Sulfhydryl groups (cysteine). 

 Imidazole groups found on histidine residues. 

 Indole functional groups on tryptophan. 

 Guanidine groups found on arginine amino acids [166]. 

While there are many different chemistries available for conjugations of polysaccharides and 

proteins only a few different approaches have been used in licensed pneumococcal 

conjugate vaccines – using the hydroxyl and amine functional groups on the polysaccharide 

and protein respectively. The general approaches that are used by the manufacturers for the 

pneumococcal vaccine are based on the same procedures that achieved success with the 
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licensed Hib conjugate vaccines. In doing so, the manufacturers have a chemistry that has 

been well defined and they also retain ownership of the proprietary information so as to 

avoid any intellectual property disputes. 

Pfizer used reductive amination chemistry for both the seven and thirteen valent conjugate 

vaccines [120, 175]. In order for reductive amination to be successful, aldehyde functional 

groups are needed on the polysaccharide. As the pneumococcal polysaccharides do not 

contain aldehydes, the saccharides need to be modified; this is usually achieved by oxidising 

any available diols with sodium periodate (Figure 6.2A). This oxidation usually results in ring 

opening and could also lead to cleavage of the polymer thus providing simultaneous size 

reduction and activation of the polysaccharide. In the case of Pn1, there are no available 

diols so a de–O–acetylation step must first take place to remove the O–acetyl functional 

group on the GalA residue to create the diol. Once the aldehydes have been created, they 

are reacted with the amines on the CRM197 carrier protein to form an imine linkage (Figure 

6.2B). This process is slow and reversible and an in situ reduction with sodium 

cyanoborohydride to a secondary amine must occur for a stable linkage to form (Figure 

6.2C). Any unreacted aldehydes are subsequently reduced with sodium borohydride. 

GSK’s pneumococcal conjugate vaccine is based on the activation of the hydroxyl groups of 

the saccharide with 1–cyano–4–dimethylaminopyridium tetrafluoroborate (CDAP) forming a 

cyanate ester [386]. This activated saccharide can be coupled directly or through a spacer 

group to the amino group on the carrier protein. Hydroxyl groups themselves do not react 

spontaneously with CDAP as they have pKas of approximately 12, thus a strong base is 

needed to transform the stable hydroxyl groups into more reactive alkoxide ions (–O-). These 

alkoxide ions are more nucleophilic and are able to react with CDAP. However, the use of a 

strong base has a negative effect as both CDAP and the resultant active cyanate esters are 

rapidly hydrolysed to inert carbamates, resulting in a lesser amount of active intermediates 

to efficiently couple to the desired compound. It was determined that instead of increasing 

the nucleophilicity of the hydroxyl groups; it was more useful to enhance the electrophilicity 

of CDAP with the addition of a “cyano–transfer” reagent. To this end, as an alternative to 

NaOH, triethylamine (TEA) was utilised; it reacts with the CDAP forming a N–cyanotriethyl–

ammonium (CTEA) complex that is more electrophilic than CDAP by itself and is therefore 

more susceptible to attack by the hydroxyl functional groups (Figure 6.3) [450]. The use of 

TEA also allowed for the reaction to occur at neutral pH thus avoiding the formation of the 

inactive carbamate compounds. Table 6.1 shows a comparison of the two conjugation 

chemistries for Prevnar and Synflorix. 
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Table 6.1. Comparison of the conjugation chemistries of the three commercially available 
pneumococcal conjugate vaccines. 

 Pfizer GlaxoSmithKline 

Licensed vaccine(s) Prevnar7 and Prevnar13 Synflorix 

Carbohydrate activation Periodate CDAP 

Conjugation 
Reductive amination via 

Schiff’s base with sodium 
cyanoborohydride 

Cyanylation via isourea 

Quenching sodium borohydride glycine 

There are many different analytical tools available to show conjugate formation. Size 

exclusion chromatography can indicate a variance in elution time between the unconjugated 

and conjugated material due to the shift in molecular weight. SDS–PAGE is another method 

for depicting conjugate formation and works in a similar fashion to SEC. The large molecular 

weight conjugate is generally shown as a smear in the high molecular weight region as 

opposed to the lower molecular weight neat bands seen for most unconjugated proteins [10]. 

The solution containing conjugate often contains unconjugated polysaccharide and protein 

present in varying amounts [451]. As it is the conjugate that will directly contribute to the 

immune response, the unconjugated polysaccharide, protein and any remaining reagents 

must be removed or at least minimised. This is achieved through conjugate purification. 

There are various methods available to purify the conjugate including ultrafiltration, 

chromatographic and precipitation methods. Whilst saccharides can be a few hundred 

kilodaltons in size, they have an extended structure in solution and thus a large 

hydrodynamic volume. This apparent large size makes it difficult to separate from the 

conjugate vaccine using conventional chromatographic techniques, however, by taking 

advantage of the carrier protein, a method involving the selective precipitation of the 

conjugate with ammonium sulfate can be utilised [452]. After this separation, the free sugar 

still present in the conjugate can be quantified by further selective precipitation of the 

conjugate with deoxycholate [255, 256] followed by either colorimetric or HPAEC–PAD 

analytical methods [10, 235, 256].  
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Figure 6.2. Conjugation method used for the production of PCV13. A) Periodate oxidation followed by 
the formation of a Schiff’s base (B) and subsequent reduction (C) to an amine (reductive amination). 
R1, R2, R3 = remainder of polysaccharide, R4 = protein. 
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Figure 6.3. Reaction mechanism for CDAP activation of a polysaccharide and subsequent 
conjugation to a protein. 

Both Pfizer and GSK have taken the conjugation approach used for their preparations of the 

Hib vaccine and applied it to the pneumococcal serotypes, by making use of the hydroxyl 

and amino groups on the polysaccharide and protein respectively. Several potential issues 

arise with these conjugation methodologies when applied specifically to the Pn1 PS. The 

Pfizer conjugation requires diol functional groups available for periodate oxidation to oxidise 

to aldehydes, hence the Pn1 would need to be de–O–acetylated. However, literature 

indicates the importance of the O–acetyl group in terms of its immunogenicity [286, 368, 

369], thus modification of this group could potentially lead to a decrease in immunogenicity. 

GSK’s CDAP conjugation methodology activates the hydroxyl functional groups on the 

polysaccharide; however, the amino group on the AAT saccharide has a greater propensity 

to react with CDAP than the hydroxyl groups, thus resulting in modification of the amine 

group. The addition of a strong base in the CDAP conjugation reaction may lead to a loss of 

the labile groups such as the O–acetyl group of the GalA residue which is important for 

immunogenicity. 
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As both Pfizer’s PCV13 and GSK’s PCV10 have only recently been introduced into 

vaccination programs around the world, information on the efficacy of these vaccines is still 

being gathered and comparisons cannot yet be determined. It has been revealed in an 

article by Prymula and Schuerman, in 2009, that the OPA activity against Pn1 had the lowest 

recorded value at 65.7 % compared to all other serotypes contained in the 10 valent vaccine 

[164, 165]. The OPA results for Prevnar13 also show Pn1 to have the one of the lowest 

responses (along with Pn3) [178, 453]. 

The modification of the O–acetyl and amino groups on Pn1 polysaccharide may play a role 

in the reduced immunogenicity of the serotype in the conjugate vaccines, however, this can 

only be concluded if a conjugate, prepared using an alternate functional group, resulted in 

higher immunogenicity levels when compared to the commercial vaccines. One of the 

unique features of Pn1 PS is the more reactive carboxyl function groups on the GalA 

residues. With two carboxyl groups available for conjugation on each Pn1 PS repeating unit, 

random activation of either of these groups and subsequent coupling to a carrier protein 

could produce a conjugate that is immunogenic in mice studies by virtue of ELISA and OPA 

assay results. To activate the carboxyl group, the most common reagent 1–ethyl–3–(3–

dimethylaminopropyl)carbodiimide (EDC) was investigated. Alternate methods of activation 

of the carboxyl group were also determined that applied activators; namely HOBt and 

triazine mediated activation. This activated polysaccharide would subsequently be 

conjugated to the hydrazide–derivatized protein carriers. The successful conjugates would 

then be formulated and the chemistries and protein carriers compared to commercial 

conjugate vaccines. 

6.2 EDC Chemistry 

Carbodiimides are used to mediate the formation of linkages between amines and either 

carboxylates (amides) or phosphates (phosphoramides) [454, 455]. Carbodiimides are one 

of the most widely used zero length cross linkers as they are efficient in forming conjugates 

between two protein molecules, between a peptide and a protein, between an 

oligonucleotide and a protein, between a biomolecule and a surface or particle, or any 

combination of these with small molecules. There are two basic types of carbodiimides: 

water–soluble and water–insoluble. The water–soluble carbodiimides are the most common 

choice for biochemical conjugations, because most macromolecules of biological origin are 

soluble in aqueous buffer solutions. Not only is the carbodiimide itself able to dissolve in the 

reaction medium, but the by–product of the reaction, an isourea, is also water–soluble, 

facilitating easy purification [400].  
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Figure 6.4. Molecular structure of EDC.  

EDC (or EDAC; 1–ethyl–3–(3–dimethylaminopropyl)carbodiimide hydrochloride) shown in 

Figure 6.4 is the most common carbodiimide used for conjugating biological substances 

containing carboxylates and amines [456]. EDC is water–soluble, which allows for its direct 

addition to a reaction without prior organic solvent dissolution. Both the reagent itself and the 

isourea formed as the by–product of the crosslinking reaction are water–soluble and may be 

easily removed by dialysis or gel filtration [457, 458]. The reagent is, however, labile in the 

presence of water and therefore the bulk chemical should be stored desiccated at –20 °C. A 

concentrated solution of EDC in water may be prepared to facilitate the addition of a small 

molar amount to a reaction, but the stock solution should be dissolved rapidly and used 

immediately to prevent extensive loss of activity [400]. A variety of chemical conjugates may 

be formed using EDC, provided one of the molecules contains an amine and the other a 

carboxylate group. N–substituted carbodiimides can react with carboxylic acids to form 

highly reactive, O–acylisourea intermediates (Figure 6.5). Consequently this active species 

can react with a nucleophile such as a primary amine to form an amide bond [459]. 

Other nucleophiles are also reactive – oxygen atoms, such as those in water molecules, may 

act as the attacking nucleophile. In aqueous solutions, hydrolysis by water is the major 

competing reaction, cleaving off the activated ester intermediate, forming an isourea, and 

regenerating the carboxylate group [460]. Nakajima and Ikada (1995) investigated EDC 

amide bond formation in aqueous solution using hydrogels of acrylic acid– or maleic acid–

containing polymers and ethylenediamine or benzylamine. Their results indicated that 

carboxylate activation occurred most effectively with EDC at pH 3.5 – 4.5, while amide bond 

formation occurred with the highest yield in the range of pH 4 – 6. When working with 

proteins and peptides, experience indicates that EDC–mediated amide bond formation 

effectively occurs between pH 4.5 and 7.5. Beyond this pH range, however, the coupling 

reaction occurs more slowly with lower yields. Most references to the use of EDC describe 

the optimal reaction medium to be at a pH from 4.7 to 6.0 [461]. However, the carbodiimide 

reaction occurs effectively up to at least pH 7.5 without significant loss of yield [400]. 

Conjugations performed under mildly alkaline pH conditions (e.g. pH 8.5) may be conducted 

to limit the polymerization of proteins, while still facilitating the coupling of a carboxylate–

containing molecule at a low substitution level per protein [462]. Some procedures 

recommend the use of water as the solvent in an EDC reaction, while the pH is maintained 
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constant by the addition of HCl. Buffered solutions are more convenient, as the pH would not 

have to be monitored during the course of the reaction.  

Table 6.2 details a summary of some of the reactions that make use of EDC as the method 

of conjugation. Beuvery et al., in 1983, prepared Neisseria meningitidis group C 

polysaccharide–tetanus toxoid conjugates by using high molecular weight polysaccharide 

and purified tetanus toxoid with EDC as a coupling reagent. It was determined that the 

composition of the conjugate was not homogeneous and at least 10 % unconjugated 

polysaccharide was present. The conjugation was performed by the slow addition of a 

solution of EDC in water to a solution of polysaccharide and protein in equal mass ratios. 

The EDC was used as the zero length linker between the carboxyl groups on the 

polysaccharide and the amine functional groups on the carrier protein. The pH was 

maintained at 4.7 with the addition of HCl and the reaction was stopped after 4 hours with 

the addition of ethanolamine. The conjugate was dialysed against PBS buffer [435]. 

Table 6.2. Summary of some conjugations in literature that make use of EDC as a conjugation 
method. 

Author PS PS 
activation Protein 

Protein 
derivatized 

(Y/N) 
EDC reaction 

conditions 

Beuvery et 
al. [435] 

Meningococcal 
group C None TT N 

2.5 mM, 4 hr.,  
pH 4.7 

Schneerson 
et al. [115] Hib, Pn6A CNBr TT N 

0.1 M, 3 hr.,  
pH 5.0 

Hale et al. 
[463] Vi None rP40 Y 

5 mM, 3 hr.  
pH 5.6–5.9 

Cabrera et 
al. [68] 

Meningococcal 
group A, B,C NaOH TT N 

0.1 M, 4 hr.  
pH 5–6 

Biemans et 
al. [386] Pn22F CDAP/ADH Protein D N 

1 mg/mg PS, 2.5 hr.,  
pH 5–7 
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Figure 6.5. Mechanism of the reaction between a carboxyl and an amino functional group with EDC 
to form a stable amide linkage. A) Reaction between carboxylate functional group with EDC to form 
active ester intermediate. B) Reaction between active ester intermediate with amine functional group 
to form amide bond and isourea by–product. Modified from Hermanson [400]. 

Schneerson et al. (1986) used the EDC methodology to couple Pn6A to TT that was injected 

into human adult volunteers. The hydroxyls on the polysaccharide were first activated with 

cyanogen bromide (CNBr) and ADH to form the activated PS–ADH compound that was 

conjugated to TT with EDC at a final concentration of 0.1 M EDC for 3 hours at pH 5.0, 

before extensive dialysis with 0.2 M NaCl. The Pn6A–TT conjugate elicited an 8 fold 

increase in antibodies after one injection. A Hib–TT conjugate, produced with the same 

carbodiimide method was introduced concurrently with the pneumococcal conjugate. A cross 

reaction was noted with the Pn6A conjugate eliciting Hib antibodies in 13 of 20 volunteers, 

however, only 4 of 59 volunteers injected with the Hib–TT conjugate produced an increase in 

Pn6A antibodies [115].  
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Hale et al. (2006) used the carbodiimide–coupling methodology to conjugate carboxyl 

groups on the capsular polysaccharide of Vi to the ADH–derivatized outer membrane protein 

of Klebsiella pneumoniae (rP40). A final concentration of 5 mM EDC was used in the 

reaction that proceeded for 3 hours at room temperature within the pH range of 5.6 – 5.9. 

Immunogenicity studies in mice showed an increase in antibody response compared to the 

native polysaccharide [463].  

Cabrera et al. (2006) produced conjugates against Neisseria meningitides serogroups A, B, 

C, Vibrio cholera and Salmonella typhi, and tested their immunogenicity in mice. These 

activated saccharides were linked to the carboxyl groups on TT via EDC coupling. The 

conjugates all elicited higher anti–polysaccharide titres than the unconjugated saccharide 

[68, 464]. 

In the investigation by GSK into their 10 valent licensed pneumococcal vaccine, the EDC 

coupling methodology was evaluated with respect to Pn22F (not used in the vaccine). The 

polysaccharide was first derivatized with ADH in the presence of CDAP. This ADH–

derivatized polysaccharide was conjugated to Protein D using EDC coupling [386] and 

compared to a Pn22F conjugate prepared using their general CDAP method.  

Table 6.3. Comparison of Pn22F–Protein D conjugates using different conjugation methodologies 
[386]. 

Polysaccharide Conjugation Protein:PS Free PS (%) 

Pn22F 
CDAP 0.46 5.8  

EDC 0.27 – 0.23 ˂1 

The conjugates were compared with respect to the ratio of protein to polysaccharide and 

free polysaccharide levels (Table 6.3) with the EDC conjugate, showing a lower protein–

polysaccharide ratio and a much lower percentage of free polysaccharide levels than the 

CDAP conjugate. The immunogenicity of the polysaccharide and protein were determined in 

terms of both IgG levels as well as opsonophagocytic titres (Figure 6.6), and revealed that 

the conjugate prepared with the ADH linker showed superiority over the CDAP conjugate 

both in the ELISA and in the OPA results [386].  
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Figure 6.6. Antibody response of Pn22F conjugates prepared using two different conjugation 
methods modified from Biemans et al. [386]. 

6.2.1 EDC conjugations to BSA 

As EDC is one of the most widely used reagents for activating the polysaccharide and 

subsequent conjugations to protein carriers, it was the first conjugation method to be 

investigated. BSA was used as a protein carrier to determine if conjugation via EDC coupling 

was a viable method. The formation of the conjugate was also monitored in two different 

solutions; NaCl and MES buffer and the results of these investigations could be used as a 

foundation when alternate protein carriers are used. 

In order to determine if conjugation was successful, Pn1 was dissolved in 0.2 M NaCl with a 

1:1 molar ratio of derivatized BSA. EDC was added in excess (2 mol EDC for every mol PS) 

and the reaction was monitored on SEC–HPLC at 30 and 90 min. 

  
Figure 6.7. SEC–HPLC RID (a) and UV 280 nm (b) chromatograms of Pn1_EDC_BSA in 0.2 M NaCl 
after 30 (red) and 90 min (blue) compared to Pn1 polysaccharide (a) and BSA (b) (black). 

The RID profiles (Figure 6.7a) detail the formation of the conjugate over time. After 30 

minutes a shoulder appeared on the higher molecular weight side of the chromatogram 

where the polysaccharide eluted. After 90 minutes this shoulder had become the major peak 

at 13.5 min; however, the double humped peak suggested that unconjugated Pn1 may still 

have been present. The UV signals at 280 nm mimicked the RID signals. At 30 minutes, a 

a) b) 
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large shift in elution time from the derivatized BSA at 19.0 min to the conjugate peak at 13.4 

minutes was shown. This peak was double humped, which in the RID signal suggested that 

unconjugated saccharide was present, but with the UV signal it was hypothesised that either 

two different molecular weight conjugates had formed or that the protein or conjugate had 

aggregated. The smaller molecular weight peak seen in the 30 min chromatogram 

decreased significantly after 90 minutes confirming that conjugation was still in progress with 

more saccharide fragments conjugating to the protein. The peak shown at approximately 20 

minutes in the 30 minute sample was from unreacted derivatized BSA and disappeared in 

the 90 minute sample suggesting that all the protein had reacted. 

The size exclusion purification method was tested using the Sephacryl S500 packing, on an 

ÄKTA chromatographic system, to determine if it was a viable method of purification. The 

resulting chromatogram (Figure 6.8) showed two overlapping peaks, which suggested that 

the incorrect packing material was used as significant separation could not be obtained. An 

alternate packing, the Sephacryl S400, was also tested (see molecular weight ranges in 

Table 6.4) however, the separation did not improve (data not shown). Fractions were 

collected and analysed on the SEC–HPLC to test for conjugate and unbound saccharide. 

Table 6.4. Molecular weight working range for dextrans using Sephacryl size exclusion column 
packing [465]. 

Packing Dextran Mw fractionation range (Da) 

S400 1x104 – 2x106 

S500 4x104 – 2x107 

 
Figure 6.8. UV 280 nm chromatogram of the separation of the Pn1_EDC_BSA conjugate. 
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Figure 6.9. SEC–HPLC a) RID and b) UV 280 nm chromatograms of Fractions 1 (black), 2 (blue), 3 
(red), 4 (purple) and 5 (green) of Pn1_EDC_BSA conjugate. 

Table 6.5. Saccharide and protein content in fractions from Pn1_EDC_BSA. 
Fraction number Total saccharide (mg) Total protein (mg) 

1 1.68 3.96 

2 6.39 13.68 

3 9.15 17.15 

4 3.67 8.80 

5 0.23 1.42 

Total 21.12 45.00 

From the RID chromatogram (Figure 6.9a) the polysaccharide was observed to have eluted 

in Fractions 2 – 4 with three different molecular weight species. It was observed that only 

Fractions 2 and 3 contained protein. The colorimetric assays, Table 6.5, gave positive 

results for saccharide and protein in every fraction. Recoveries of 90 % protein and 42 % 

polysaccharide were obtained. The low recovery of saccharide could be due to unconjugated 

Pn1 eluting later on the column or interacting with the N,N'–methylenebisacrylamide found in 

the column packing thus not eluting. As Pn1 is not UV active, the polysaccharide elution 

could not be monitored. Table 6.5 confirms the pictorial representation in the chromatograms 

where Fractions 2 and 3 contained the majority of the polysaccharide and the protein. The 

protein assay suggested that 17 % of the original amount of protein was found in Fraction 4 

although the HPLC chromatogram did not show this. The sample volume injected onto the 

column was insufficient to allow for full analytical testing. 

As conjugation between Pn1 and BSA was shown to be successful, the reaction solution 

was investigated further to determine whether NaCl or 2–(N–morpholino)ethanesulfonic acid 

(MES) may affect the conjugation reaction. 

Two reactions were investigated with ratios of Pn1, BSA and EDC detailed in Table 6.6. The 

only difference was that the Pn1 was dissolved in either 0.2 M NaCl or 1 M MES. After the 

reaction was stopped the mixture was centrifuged to pellet out any precipitate and the 

a) b) 
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supernatant was analysed by SEC–HPLC. Precipitation was observed during both 

conjugation reactions, however the conjugate in NaCl produced much less visible precipitate 

than that of the MES buffered reaction.  

Table 6.6. Reaction variables for EDC conjugation of Pn1 with derivatized BSA. 
Pn1/Protein 
molar ratio 

Reaction 
solution 

Pn1/EDC 
molar ratio 

pH 
adjustment 

Reaction 
time (hr.) 

1:1 0.2 M NaCl 1:2 6.0 2 

1:1 1 M MES 1:2 6.0 2 
  

  
Figure 6.10. SEC–HPLC RID (a) and UV 280 nm (b) chromatograms comparing Pn1 polysaccharide 
(black) to the Pn1_EDC_BSA conjugate in NaCl (blue) and MES (red) buffer. 

The RID profile, Figure 6.10, showed a shift in elution times for both reactions from the Pn1 

PS peak at 15.4 min to a higher molecular weight range, eluting at 13.3 min for the NaCl 

reaction and 13.5 min for the MES conjugate. Both conjugate peaks were double humped, 

suggesting either that unconjugated saccharide remained in both reactions and/or the 

presence of two populations of conjugate. The UV chromatograms also showed a large shift 

in retention time from the derivatized protein at 18.9 min to the new elution time of the 

conjugate at 13 min. Both conjugate peaks exhibited a slight shouldering that suggested the 

formation of a lower molecular weight conjugate (as unconjugated saccharide is not UV 

active). The intensity and area under the conjugate peaks suggested that a greater amount 

of conjugate was formed in the NaCl solution than in the MES buffer. Both conjugate 

chromatograms revealed that trace amounts of unconjugated protein remained after the two 

hour reaction, with a peak elution at 18.9 min.  

 

 

a) b) 
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6.2.2 EDC conjugations to TT 

As conjugation to BSA was successful, investigations focussed on the conjugation of Pn1 

PS to tetanus toxoid. 

Tetanus Toxoid is currently one of the few proteins used clinically as a carrier in 

commercially available conjugate vaccines as well as in several vaccines undergoing clinical 

trials. In terms of Streptococcus pneumoniae, GSK have used TT as a carrier protein for 

serotype 18C in their 10 valent conjugate vaccine: Synflorix [386]. TT is also widely used in 

commercially available Hib vaccines as well as conjugate vaccines against MenC including 

GSK’s tetravalent meningococcal vaccine Nimenrix [407, 423].  

With the successful activation of the tetanus toxoid determined (Chapter 5, Section 5.4.1); 

the EDC conjugation method was applied to the derivatized TT in order to develop a Pn1–TT 

conjugate. 

The conjugation reaction was carried out as described with BSA where size reduced Pn1 

and derivatized TT were combined, followed by the addition of EDC. Derivatized TT must be 

kept at a high pH to avoid precipitation and as such the pH of the PS:protein combination 

was lowered to 6.85 with 0.1 M HCl (pH 6.85 is at the upper working range of EDC). The 

conjugation was monitored by SEC–HPLC at 1, 2 and 5 hours. Reaction variables are 

summarised in Table 6.7.  

 Table 6.7. Reaction variables for the EDC conjugation of Pn1 and derivatized TT. 
Pn1/protein 
mass ratio Pn1:TT pH Pn1/EDC 

molar ratio 
Reaction time 

(hr.) 

1:2 6.85 1:10 5 

The RID chromatograms in Figure 6.11 track the conjugation reaction over a period of five 

hours. Pn1 PS eluted at 14.2 min and the conjugate formation was seen with small shifts in 

elution time to 13.9, 13.9 and 14.0 minutes seen for the 1 hour, 2 hour and 5 hour reactions 

respectively, thereby indicating that no significant amounts of conjugation had formed. The 

peak eluted at 17.7 min in all three conjugate samples corresponded to unreacted TT 

protein. The UV chromatograms showed a large amount of free protein remaining after a 

reaction time of 5 hours. A small amount of higher molecular weight compound eluted at 

13.3 min. This peak increased in intensity and area over time which was indicative of the 

slow formation of conjugate. Whilst the species eluted in the range of the conjugate (13 – 14 

min) it could not be identified conclusively as conjugate or as aggregated protein without 

further analysis. 
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Figure 6.11. SEC–HPLC a) RID and b) UV 280 nm chromatograms of Reaction 2, Pn1_EDC_TT, 
traced over a period of time: 1 hr. (blue), 2 hr. (red) and 5 hours (green). Pn1 polysaccharide (black) 
is shown as a comparison in the RID chromatogram. 

The conjugate was left to react over 24 hours where a large amount of precipitate was seen 

to have formed. The sample was centrifuged to pellet out the precipitate and the clear 

supernatant was analysed by SEC–HPLC. The chromatograms for the supernatant of the 

overnight conjugate are shown in Figure 6.12. The RID chromatogram compared the 

conjugate with unconjugated Pn1 PS; a small shift in elution time from the polysaccharide at 

14.2 min to 14.0 min occurred, this was suggestive of conjugation, however, a large amount 

of free protein was present in the RID signal at 17.9 min. The UV profile confirmed the 

suggestions made in the RID chromatograms; a small peak was seen at 14 min that 

suggested either a small amount of conjugation had taken place or aggregation of the 

derivatized protein had occurred. In order to analyse the pellet by SEC–HPLC, different 

solvents were used to dissolve it; a low pH (0.1 M MES, pH 5.5), pH neutral (water) and high 

pH buffer (30mM NaCl/3mM Na2CO3, pH 10.5) were tested. The pellet was barely soluble in 

any of the solvents but the high pH buffer partially dissolved the pellet and this was analysed 

by SEC–HPLC. The RID and UV chromatograms for the pellet in the three different solvents 

are displayed in Figure 6.12c and d. 

a) 
b) 
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Figure 6.12. SEC–HPLC a) RID and b) UV 280 nm chromatograms of Pn1_EDC_TT supernatant 
(red) compared to Pn1 polysaccharide (black) as well as the a) RID and b) UV 280 nm 
chromatograms of pellet dissolved in various buffered solutions. Black–0.1 M MES buffer pH 5.5, 
blue–in water, and red–30 mM NaCl/3 mM Na2CO3 pH 10.5. 

The RID chromatograms of the pellet dissolved in the low or high pH buffers showed no 

trace of polysaccharide or protein. The pellet dissolved in water showed trace amounts of 

conjugate and unconjugated protein. Minimal conjugate was observed in the UV 

chromatogram of the MES buffer and trace amounts of protein and reagents were eluted in 

the additional two solutions.  

As seen from the results above, significant conjugation was not achieved with tetanus toxoid 

as a protein carrier and alternative strategies had to be investigated to achieve a successful 

conjugation of Pn1 PS and TT. 

6.3 Activator chemistry 

There are a number of reasons hypothesised as to why EDC was not successful in the TT 

conjugation reactions:  

 Pn1 has both carboxyl and amine groups on its repeating unit and cross linking of the 

polysaccharide could account for a small amount of precipitation (seen both in the 

BSA and TT reactions). TT itself has a large number of carboxyl groups and 

a) b) 

c) d) 
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derivatization is not fully complete, thus carboxyl groups may still be found on the 

surface of the protein. These groups could react with the amino groups or the 

derivatized hydrazide groups also found on the protein which will cause the protein to 

precipitate out.  

 The active ester formed by the reaction of the carboxyl group on the polysaccharide 

with EDC reacts very slowly with amines and can hydrolyse in aqueous solutions 

[455]. If the amine target is not reacted with the activated carboxylate before it 

hydrolyses the desired conjugate cannot form. This is especially the case when the 

amine target is in low concentrations in water as is the case with most protein 

molecules.  

 In addition to reacting with carboxyl groups, EDC is known to form stable complexes 

with any exposed sulfhydryl groups [466] as well as tyrosine residues, most likely 

through the phenolate ionized form of its side chain [467].  

 Hydrolysis by water is a major competing reaction as it both inactivates the EDC itself 

and it can also cleave the activated ester thereby forming an isourea and 

regenerating the carboxylate group [460].  

Alternate reaction methodologies were sought in order to circumvent the problems of EDC 

conjugations. The addition of an activator would produce a more stable active ester as well 

as generating a better electrophile that is more susceptible to nucleophilic attack by the 

hydrazide–derivatized protein [400, 456]. The concentration of the added activator is usually 

much greater than that of the amine containing compound hence the reaction will proceed 

through the active ester intermediate, however, the final product of this two–step reaction is 

identical to that obtained with EDC alone in that a stable amide bond is formed between the 

carboxylate group on one compound with the amine group on another [400]. 

6.3.1 HOBt activator chemistry 

 

Figure 6.13. Molecular structure of 1–hydroxybenzotriazole (HOBt). 

1–Hydroxybenzotriazole (HOBt) (Figure 6.13) is a widely used activating group for the 

construction of an amide bond during peptide and β–lactam antibiotic synthesis [333, 468, 

469]. HOBt works by creating an active ester intermediate of the polysaccharide which would 

react with the amine groups on a protein carrier creating a conjugate. Active esters of HOBt 
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have also been employed in the formation of a C–C bond during the preparation of the 

antibiotic malonomicin [470]. Chan and Cox (2008) determined that the reaction rates of 

conjugation were independent of HOBt and that the rate limiting step was the reaction 

between the carboxylic acid group and EDC during the formation of the O–acylisourea. 

However it was determined that a high yields of amide formation was found in the presence 

of HOBt and very poor conversion rates to the amide in HOBt’s absence [468]. 

The decision to make use of HOBt mediated coupling came from the article by Bulpitt and 

Aeschlimann (1999) when they used HOBt/EDC to couple hyaluronic acid (HA) to different 

amines [471]. The degree of derivatization of HA could be controlled and varied in the range 

of 10 – 70 % depending on the nature of the amine containing nucleophile. The derivatized 

HA compounds were reacted together to form hydrogels using gluteraldehyde, hydrazide 

and N–hydroxysuccinimide esters to a degree of between 10 % and 25 %. These hydrogels 

were infiltrated by cells and supported growth factor – induced remodelling in the rat ectopic 

bone formation. Hydrogels formed with the highly derivatized HA compounds were found to 

be anti–adhesive to cells and could be used to generate tissue separations and prevent 

adhesions following surgery [471].  

The mechanistic details of a HOBt mediated conjugation (Figure 6.14), begin with the 

formation of the reactive O–acylisourea intermediate is by reacting EDC with the carboxyl 

functional group on one compound. This intermediate is reacted almost instantaneously with 

the HOBt to form a HOBt active ester and the EDC by–product. Two different active esters 

can be formed with HOBt. The two different esters, one being the O–acyl derivative and the 

other the N–acyl derivative were investigated by Brink et al. [472]. The kinetics of the 

reaction suggested that the O–acyl active ester is more likely to form and the mixture will 

isomerise almost completely into the N–acyl derivative over time [470]. Sterically hindered 

molecules also mainly produced the O–acyl derivative which suggested that the N–acyl 

isomer has greater steric limitations on its formation, and therefore bulkier substrates would 

favour the extra atom between the HOBt rings and form the O–acyl isomer. The initial 

formation of the O–acyl isomer proposes that the reaction at the oxygen atom goes through 

a lower activation energy path than the ring nitrogen due to the more available steric 

approach, while the eventual formation of the more stable N–acyl derivative is suggestive of 

the thermodynamic product [473].  
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Figure 6.14. Representative reaction steps taken in the HOBt mediated conjugation between a 
carboxyl and amine group. I) Creation of an O–acylisourea intermediate, II) formation of the HOBt 
active ester, III) creation of the amide bond linkage. 

The preference for O–acylation corresponds to the change in relative tautomerization of the 

HOBt nucleophile in solution during the course of the reaction [474]. This is an example of 

the Curtin–Hammett principle (Figure 6.15) which states that the relative energies of the 
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transitions states control the selectivity of the reaction rather than the relative energies of the 

starting materials [472, 475]. It is also theorised that the O–acyl derivative is more 

electrophilic and hence more susceptible to nucleophilic attack than the N–acyl derivative 

[473, 476]. 

 
Figure 6.15. The Curtin–Hammett equilibrium of HOBt tautomers and acylated HOBt adducts [472]. 

With the unsuccessful conjugation of derivatized TT with Pn1 using the EDC coupling 

technology, an EDC mediated coupling conjugation procedure using HOBt was investigated. 

As the conjugation with BSA using the EDC coupling technology was successful it was 

thought that the formation of an active ester with the carboxyl groups found in Pn1 would 

drive the reaction between an amine group and the active ester intermediate.  

Three protein carriers were investigated, i.e. TT, CRM197 and PLD; the majority of the 

reactions were carried out using TT. Most investigations were performed on small scale (25 

– 50 mg) and involved establishing whether the use of HOBt would significantly enhance 

conjugate formation. Once this was established, investigations into the initial polysaccharide 

and protein mass ratios were performed, the pH of the mixture of Pn1 and protein was 

optimised to reduce precipitation and the pH of the EDC/HOBt reactant mixture was also 

optimised to reduce precipitation. Once the process parameters were established with TT as 

the carrier protein the methodology was applied to other protein carriers with the view of 

comparing the highest yielding protein carrier with commercially available conjugate 

vaccines in animal studies. 

6.3.1.1 HOBt mediated conjugations to TT 

Nine conjugates were prepared using Pn1, TT and EDC/HOBt. Table 6.8 details the process 

parameters. Derivatized and underivatized protein was compared as well as different 

polysaccharide to protein ratios, polysaccharide to EDC/HOBt mass ratios and pH 

adjustments.  
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Table 6.8. Polysaccharide and protein variables for Reactions 1 – 9 employing HOBt mediated 
coupling. 

Reaction 

PS –
Protein 
mass 
ratio 

Protein 
derivatized 

(Yes/No) 

Protein 
pH 

pH of 
protein
– Pn1 

mixture 

Pn1/HOBt 
molar ratio 

EDC/HOBt 
molar ratio 

EDC/HOBt 
pH 

1 1:5 No 6.80 n/a 1:6.4 1:1 None 

2 1:5 
Yes 

(16.1 %) 
6.80 n/a 1:6.4 1:1 None 

3 1:3 
Yes 

(17.2 %) 
8.00 7.03 1:6.6 1:1 None 

4 1:3 
Yes 

(17.2 %) 
8.00 7.12 1:12.9 1:1 7.10 

5 1:1 Yes 8.5 8.04 1:6.2 1:1 6.70 

6 2:1 Yes 8.5 7.84 1:6.2 1:1 6.70 

7 0.5:1 Yes 8.5 7.84 1:6.2 1:1 6.70 

8 1:1 
Yes 

(16.2 %) 
9.62 7.54 1:6.3 1:1 6.80 

9 2:1 
Yes 

(16.6 %) 
7.56 7.44 1:6.5 1:1.3 6.80 

The first two reactions were performed in order to investigate whether the carrier protein 

could be conjugated to the polysaccharide without protein derivatization. Reactions 1 and 2 

were performed using the same process parameters, differing only in the use of native 

(Reaction 1) and derivatized (Reaction 2) protein. The pH of the derivatized protein was first 

lowered from 10.5 to 6.8 before addition to the polysaccharide. In a separate reaction vessel 

EDC and HOBt were dissolved in a 1:1 solution of water and dimethylsulfoxide (DMSO). The 

EDC and HOBt mixture was added drop–wise to the polysaccharide–protein solution and the 

reaction was left to proceed overnight with slow, continuous mixing. Small amounts of 

precipitation were seen during the addition of the reagents. Samples of each reaction were 

taken for SEC–HPLC analysis before the reactions were dialysed with 0.2 M NaCl. 
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Figure 6.16. SEC–HPLC RID (a) and UV 280 nm (b) chromatograms of Pn1_HOBt_TT using 
underivatized TT (Reaction 1 – red) and derivatized TT (Reaction 2 – blue). Pn1 polysaccharide 
(black) is shown for comparison.  

The RID profiles of both Reactions 1 and 2 (Figure 6.16a) exhibit a shift in elution time of the 

Pn1 PS from 14.2 min to 13.6 min and 13.2 minutes for the underivatized and derivatized TT 

reactions respectively, thus indicating the presence of conjugate. The conjugate prepared 

using underivatized TT exhibited a broad shoulder to the right that is an indication of the 

presence of unconjugated saccharide. There was also a peak eluting at 17.8 min which is 

indicative of unconjugated TT present in the sample. The conjugate prepared with the 

derivatized protein displayed a much sharper peak eluting at 13.2 min thus suggesting a 

larger molecular weight conjugate had been formed when compared to that of the 

underivatized protein. The conjugate peak also displayed a shoulder towards the lower 

molecular weight range which was suggestive of unconjugated polysaccharide. The peak 

eluting at 11.1 min seen in the derivatized protein conjugate was considered an artefact as it 

was not seen in the dialysed sample. 

The UV profiles of the conjugates are presented in Figure 6.16b. Both conjugates exhibited a 

main peak at 13 min corresponding to the conjugate. The conjugate prepared with the 

underivatized protein (Reaction 1) did indicate the presence of unconjugated protein with a 

peak seen at 17.3 min. Reaction 2, using the derivatized protein showed a sharp peak at 

12.9 with a small shoulder on the low molecular weight (right–hand) side which suggested a 

lower molecular weight conjugate could have formed. It may also suggest that the reaction 

had not proceeded to completion. As the Pn1 PS is not UV active this shoulder was not 

indicative of unconjugated saccharide. Trace amounts of unconjugated protein could be 

seen at 17.5 min and the peak eluting at 10.89 min was removed with dialysis. SEC–HPLC 

analysis of these two reactions suggested that higher conjugation efficiencies had occurred 

using derivatized protein. 

The next two reactions were performed to determine whether adjustment of pH of the 

EDC/HOBt mixture would play a role before addition to the polysaccharide/protein mixture as 
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well as if the reagents were added in sufficient excess. The water/DMSO solution, which 

lowered the pH of the EDC/HOBt mixture, has a low pH (± 5.18) and was thought to 

contribute to the instability of the derivatized TT. Reaction 3 was performed with no 

adjustment of the reagents’ pH where the pH of Reaction 4’s reagents was adjusted to pH 

7.10 before its addition to the polysaccharide/protein mixture. The reagents in Reaction 4 

were added at twice the molar value than in Reaction 3. Full details of the reaction variables 

are found in Table 6.8. 

  
Figure 6.17. SEC–HPLC RID (a) and UV 280 nm (b) chromatograms of Pn1_HOBt_TT conjugates 
from Reactions 3 (blue) and 4 (red) to determine whether a pH adjustment of the EDC/HOBt mixture 
was necessary. Pn1 PS (black) is shown for comparison. 

Figure 6.17 (a and b) show the RID and UV 280 nm chromatographic signals of Reactions 3 

and 4. For Reaction 3 the RID signal showed a slight shift to higher molecular weight 

material and the UV signal confirmed this with a peak eluting at 12.9 min. The large shoulder 

on the right of Reaction 3’s conjugate peak for the RID signal and the absence of this 

shoulder in the UV signal suggested that there was unconjugated saccharide or a lower 

molecular weight conjugate present. A large amount of precipitate was formed during the 

addition of the reagents as a result of a drop in pH and further analysis was not possible. 

Reaction 4 displayed a shift in the RID signal to the higher molecular weight range when 

compared to the Pn1 PS. As with Reaction 3, a shoulder was present on the lower molecular 

weight side of the conjugate peak which was confirmed to be unconjugated saccharide by 

the absence of this shoulder in the UV spectrum. The conjugate however, did remain in 

solution which confirmed that the final pH adjustment of the reaction mixture must be made, 

after the addition of the activating species.  

Purification of Reaction 4 was through a size exclusion S500 column (as performed 

previously in EDC experiments). Two main peaks eluted in the UV profile of the conjugate 

(Figure 6.18) which were collected and analysed for conjugated and free saccharide.  

a) b) 
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Figure 6.18. Sephacryl S500HR: UV 280 nm chromatogram of Reaction 4. The UV (blue) and 
conductivity (red) profiles of the conjugate are shown. 

Table 6.9. Colorimetric analysis of total and free saccharide levels in Reaction 4. 

Peak 
Saccharide 

Total (mg) Free (mg) 

1 8.47 1.52 (18.0 %) 

2 1.12 0.53 (47.3 %) 

As shown in Table 6.9, the first peak contained the highest percentage of conjugated 

saccharide with 82 % of the saccharide eluted as conjugated Pn1. The unconjugated 

saccharide, eluted in the second peak, was determined with the DOC preparation and 

subsequent uronic acid assay and found to be 47.3 %.  

The initial mass ratio of polysaccharide to protein was investigated to determine which initial 

ratio would result in the optimal polysaccharide–protein ratio. Reactions 5, 6 and 7 were 

performed in order to create consistency in the reaction conditions and to evaluate the 

polysaccharide–protein ratio. In Reaction 5, the polysaccharide to protein mass ratio was 

1:1, in Reaction 6 this was 2:1 and Reaction 7 had a 0.5:1 polysaccharide protein mass ratio 

(Table 6.10).  

Table 6.10. Initial polysaccharide and protein mass ratios used in Reactions 5,6 and 7. 
Reaction PS – Protein mass ratio 

5 1:1 

6 2:1 

7 0.5:1 

The pH of the protein solution (87.5 mg) was lowered from 10.5 to 8.5 before being divided 

between the three reactions, according to the initial ratio needed, and added to the 

polysaccharide. In a separate vial the EDC and DMSO were mixed together and the pH of 
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the collective activating mixture was raised from 5.11 to 6.70 before being added in equal 

proportions to the three polysaccharide–protein mixtures. The reaction was left at room 

temperature for 24 hours, followed by dialysis against 0.2 M NaCl to remove any unreacted 

reagents.  

  
Figure 6.19. SEC–HPLC RID (a) and UV 280 nm (b) chromatograms of Reactions 5 (green), 6 (blue) 
and 7 (red) producing the Pn1_HOBt_TT conjugates. Pn1 PS (black) serves as a comparison. 

The peaks in the RID chromatograms in Figure 6.19 exhibited the formation of the 

conjugates for all three reactions. They showed a large shift in the elution time compared to 

the size reduced Pn1 elution. The broad shape of Reaction 6 (2:1 Pn1:TT mass ratio) 

suggested that either a large quantity of polysaccharide remained unreacted or that the 

molecular weight range of the conjugate was broad. The peak shapes for Reactions 5 and 7 

were identical and a small amount of unconjugated saccharide remained. The peaks 

displayed in the UV chromatogram at 280 nm all depicted the formation of the conjugate at 

approximately 12.8 min. The difference in the intensity of the three peaks was due to the 

concentration of polysaccharide and protein present in each reaction. The peaks all showed 

similar shapes with a slight broadening suggestive of the formation of a range of different 

molecular weight conjugates. Purification using a Sephacryl S500 HR column and 

subsequent saccharide and protein analysis was performed on all three reactions.  

The representative elution profile, monitored at 280 nm for the three reactions (Figure 6.20) 

revealed one large peak of higher molecular weight with a shoulder to the right and one peak 

of smaller molecular weight. It was previously shown that the small peak was most likely due 

to unconjugated polysaccharide, and/or unreacted reagents so as a result, Fraction 4 was 

not subjected to testing. The large, shouldered peak was collected in three fractions and 

assayed for protein and saccharide composition.  
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Figure 6.20. Sephacryl S500 HR: UV 280 nm representative profile of Reactions 5 – 7. 

Table 6.11. Saccharide and protein results of fractions collected for Reactions 5, 6 and 7. 

Reaction  
Initial 

PS:Protein 
ratio 

Fraction 
Total 

saccharide 
(mg) 

Free 
saccharide 

Protein 
(mg) 

PS:Protein 
ratio 

5 

 1 2.92 0.45 mg (15 %) 4.14 0.60 

1:1 2 4.67 1.34 mg (29 %) 1.78 1.87 

 3 0.31 0.23 mg (74 %) 0.24 0.33 

6 

 1 1.62 0.49 mg (30 %) 2.61 0.43 

2:1 2 4.60 1.37 mg (30 %) 0.68 4.75 

 3 0.73 0.09 mg (12 %) 0.18 3.56 

7 

 1 3.14 0.25 mg (8 %) 10.41 0.28 

0.5:1 2 5.32 0.54 mg (10 %) 5.63 0.85 

 3 0.74 0.34 mg (46 %) 0.95 0.72 

The results in Table 6.11 confirmed that the majority of the polysaccharide and protein 

eluted in the first two fractions for all three reactions with the majority of the protein found in 

the first fraction and the bulk of the polysaccharide in the second fraction. The levels of free 

saccharide were also lower in the first two fractions than the third suggesting that the third 

fraction mainly contained unreacted polysaccharide. A summary of the free saccharide and 

conjugation efficiencies can be found in Table 6.12. The final protein to polysaccharide ratio 

of all three reactions were comparable to their initial ratios with Reaction 5 exhibiting a final 

protein to polysaccharide ratio of 0.95:1, Reaction 6 presenting a final ratio of 1.44:1 and 

Reaction 7 resulted in a final ratio of 0.47 mg polysaccharide to every mg of protein. In terms 

of conjugation efficiency, Reaction 7 gave the best conjugation efficiency of 32.3 %, with the 

lowest efficiency of 20 % resulting from Reaction 6 It is hypothesised that the greater the 
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amount of polysaccharide, the greater the potential for cross–linking within the saccharide 

and hence less is available for conjugation to the protein. 

Table 6.12. Conjugation efficiencies and final Ps: Protein ratios for Reactions 5, 6 and 7. 

Reaction Ps: Protein 
ratio (initial) 

Total 
saccharide 

(mg) 

Free 
saccharide 

Protein 
(mg) 

PS:Protein 
ratio (final) 

Conjugation 
efficiency 

(%) 

5 1:1 7.90 2.02 mg   
(26 %) 6.16 0.95 23.5 

6 2:1 6.95 1.95 mg   
(28 %) 3.47 1.44 20.0 

7 0.5:1 9.20 1.13 mg   
(12 %) 16.99 0.47 32.3 

Reactions 8 and 9 were performed on a larger scale than the preceding reactions in order to 

investigate the issues with precipitation as well as to confirm that the conjugation reaction 

was scalable. As the protein supply was limited, a large scale reaction with a polysaccharide 

to protein ratio of 1:2 was not performed. Reaction 8 was performed on a 1:1 

polysaccharide: protein mass scale with both EDC and HOBt added in a 6.3 molar excess. 

Reaction 9 was performed on a 2:1 polysaccharide–protein mass scale as this was 

determined to be the optimal ratio used in other conjugation strategies. EDC and HOBt were 

added in a 5 and 6.5 molar excess respectively and the pH of both activating mixtures was 

raised to 6.8 before addition to the polysaccharide and protein mixture. 

  
Figure 6.21. SEC–HPLC RID and UV 280 nm chromatograms of the Pn1_HOBt_TT conjugate 
Reaction 8 (red) compared to Reaction 9 (blue) and the Pn1 PS (black). 

The RID profile for Reaction 8 together with the UV280 signal (Figure 6.21) presented a 

peak at 12.8 min that is attributed to the formation of a conjugate. The results also confirmed 

that not all the protein had been consumed during the course of the reaction. Reaction 9 

contained an initial polysaccharide to protein mass ratio of 2:1 and again, both the RID and 

UV280 profile revealed the formation of a conjugate peak; the RID elution time slightly later 

at 13.6 min than the UV280 peak at 12.9 min. The peak at approximately 18 min indicates 

the presence of free protein. No precipitation was observed and this was attributed to the 

a) b) 
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reaction conditions employed. The relative small volume of protein at high pH and much 

larger volume of buffered Pn1 solution at a lower pH, meant that the addition of the two did 

not lead to a drastic change in pH and hence precipitation of the protein. These results 

suggest that the precipitate was a result of the smaller scale reactions. Continuous 

monitoring of the pH must be observed as conjugation is favourable at a pH under 7.  

Both reaction products were subjected to purification using the S500 HR packing material 

connecting to the ÄKTA FPLC system. The UV profile of Reaction 8 (Figure 6.22a) revealed 

a small peak between 20 – 40 ml and a large peak between 60 – 100 ml. Fractions 2 – 7 

were analysed on the SEC–HPLC as well as with colorimetric assays to determine the total 

protein, total saccharide as well as the percentage free saccharide in each fraction. The UV 

profile of Reaction 9 (Figure 6.22b) also displayed two peaks, but, due to the intensity of the 

second peak, the first peak in the chromatogram appears insignificant. Fractions were 

collected and analysed as per Reaction 8. 

  
Figure 6.22. Sephacryl S500 HR UV 280 nm elution profile of a) Reaction 8 and b) Reaction 9. 

  
Figure 6.23. SEC–HPLC a) RID and b) UV280 chromatograms of the Fractions 2 (blue), 3 (red), 4 
(green), 5 (orange), 6 (purple) and 7 (black) of Reaction 8, collected on Sephacryl S500HR column. 

The results of the chromatographic analysis (Figure 6.23) and colorimetric assays (Table 

6.13) for Reaction 8 revealed the presence of polysaccharide and protein in all fractions. The 

highest percentage saccharide concentration was found in Fractions 4, 5 and 6. The protein 

a) b) 

a) b) 
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concentrations confirm the higher levels of proteins in the first peak. The second peak was 

theorised to contain a mixture of HOBt and free protein as the protein assay result could not 

account for the very intense UV peak following S500 purification. The DOC preparation for 

free saccharide was performed and the resulting assay confirmed the presence of free 

saccharide in all fractions. Fractions 2 and 3 exhibited a very small amount of free 

saccharide, with Fractions 4, 5 and 6 each containing a free saccharide percentage of above 

30 %.  

Table 6.13. Analytical assay results to determine final polysaccharide–protein ratios and conjugation 
efficiency for Reaction 8.  

Fraction 
Elution Time 

(min) 
Total 

saccharide 
(mg) 

Free 
saccharide 

(mg) 
Protein 

(mg) 
PS:Protein 

ratio 
Conjugation 

efficiency 
(%) RID UV 

2 12.76 12.40 8.35 0.40 (5 %) 44.11 0.18  

3 12.85 12.56 14.98 2.53 (17 %) 37.72 0.33  

4 12.92 12.69 22.33 7.09 (32 %) 18.95 0.80  

5 13.37 12.82 33.43 16.34 (49 %) 14.38 1.18  

6 14.18 13.08 33.00 17.99 (55 %) 9.70 1.54  

7 14.83 13.00 17.57 9.78 (56 %) 5.76 1.35  

TOTAL – 129.66 54.13 (42 %) 130.62* ** 38 
*Overestimation as only 100 mg protein used (unreacted matrix interference). 
**Not determined as incorrect value for protein calculated. 

 

 

  
Figure 6.24. SEC–HPLC a) RID and b) UV 280 nm chromatogram of Reaction 9 (black) and the 
fractions collected after purification on S500 HR. Fraction 1 (blue), Fraction 2 (red) and Fraction 3 
(green) are shown. 

Figure 6.24 details the SEC–HPLC RID and UV profiles of Reaction 9 as well as the 

fractions collected after separation on the S500 HR column. Fractions 1, 2 and 3 were the 

only fractions to show any trace of saccharide or protein where Fraction 1 contained the 

highest molecular weight material although not enough conjugate was eluted to assay for 

free and total saccharide content. Fraction 2 was hypothesised to contain most of the 

conjugate as it had showed a significant elution in both the RID and UV traces.  

a) b) 
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The results of the colorimetric assays for the two main fractions are tabulated in Table 6.14. 

Fractions 1 – 3 tested positive for saccharide with no saccharide present in Fractions 4 and 

5. The UV chromatogram (absorbance at 279 nm) was positive for all fractions however 

Fractions 4 and 5 suggest the presence of HOBt. The DOC preparation for free saccharide 

was performed on Fractions 2 and 3 and the resulting assay confirmed free saccharide in 

both fractions. The percentage free saccharide in both these fractions was very high. This, 

along with the HPLC profiles, suggested that the reaction may not have worked. The total 

conjugation efficiency for this reaction was 27.25 %, however, the final PS:protein ratio was 

approximately 1.1 which was an optimal conjugation ratio. 

Table 6.14. Analytical assays for the collected fractions of Reaction 9, with calculated conjugation 
efficiency and polysaccharide–protein ratios. 

Fraction Total 
saccharide (mg) 

Free saccharide 
(mg) 

Protein 
(mg) 

PS:Protein 
ratio 

Conjugation 
efficiency (%) 

2 26.82 10.19 (38 %) 14.67 1.13 – 

3 24.96 14.34 (58 %) 9.94 1.06 – 

Total 51.78 24.53 (48 %) 24.61 1.10 27.25 

6.3.1.2 Summary of HOBt conjugations with TT 

The conjugations of Pn1 to the TT were successful only when HOBt was added to the EDC 

conjugation technique. By visual comparison of the chromatograms of the EDC and HOBt 

reactions a clear shift in retention time in both the RID and UV signals can be seen for the 

HOBt reactions. It was found that the HOBt/EDC mixture had to be pH controlled as when it 

was added to the reaction mixture the pH of the reaction mixture was lowered past the 

isoelectric point of TT resulting in precipitation. When this pH was controlled in the 

subsequent TT all reactants remained in solution and no precipitate was observed. On the 

small scale, the optimal reaction (Reaction 7) showed the lowest free saccharide (12 %) and 

highest conjugation efficiency (32.3 %). The protein to polysaccharide ratio was on the low 

side (0.47) due to the larger amount of protein used. In the larger scale reactions, the limited 

amount of protein meant that only two reactions could be performed. Reactions 8 and 9 

showed similarities in the free saccharide amount (42 % vs. 48 %) but accurate protein 

values could not be determined for Reaction 8 due to matrix interferences. The conjugation 

efficiency of Reaction 8 was 38 %, higher than that of 27 % for Reaction 9 but due to the 

interferences in Reaction 8, this may be inaccurate. These investigations showed that 

conjugation of Pn1 to a derivatized carrier protein can be achieved using HOBt mediated 

EDC coupling technology. 
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6.3.1.3 HOBt mediated conjugations to CRM197 

CRM197 is licensed for human use in several efficacious conjugate vaccines commercially 

available [175] and used routinely in children. The HOBt conjugation method proven 

effective with TT as a protein carrier was applied to CRM197. 

The reaction variables for the conjugations of Pn1 and derivatized CRM197 using the HOBt 

mediated conjugation methodology are found in Table 6.15. Reaction 1 was performed with 

a 2:1 initial polysaccharide to protein mass ratio. The protein was derivatized to a very low 

level of 2.5 %. Reaction 2 was performed on a 2:1 polysaccharide–protein mass ratio with 

CRM197 derivatized to 24.5 %. Both reactions were allowed to proceed overnight followed by 

extensive dialysis with 10 mM MES/ 0.2 M NaCl (pH 7.2).  

Table 6.15. Reaction variables for the conjugation of Pn1 to derivatized CRM197 using the HOBt 
mediated conjugation methodology. 

Reaction Pn1/Protein 
mass ratio 

CRM197 
derivatization levels 

EDC/HOBt 
molar ratio 

Pn1/HOBt 
molar ratio 

1 2:1 2.5 1:1.1 1:12 

2 2:1 24.5 1:1 1:6 

  
Figure 6.25. SEC–HPLC a) RID and b) UV chromatograms of Pn1 (RID – black) and CRM197 (UV – 
black) and Reaction 1: Pn1_HOBt_CRM197 (red). 

For Reaction 1 the RID profile in Figure 6.25 did not show a difference in the shift in elution 

time (and therefore molecular weight) between the polysaccharide and the conjugate. 

However, a shift was seen in the UV chromatogram with the formation of a conjugate peak 

at 12.9 min and the disappearance of the peak at 18.1 min. This shift was hypothesised in 

the TT conjugations to signify successful conjugation. Whilst the disappearance of the peak 

at 18.3 min is confirmation of the complete consumption of protein, the lack of shift in the 

RID signal was theorised to be due to unconjugated polysaccharide and required further 

investigation.  

Hydrophobic interaction column (HIC) was investigated as an alternate means of conjugate 

purification as size exclusion chromatography did not prove to be successful with the TT 

a) b) 
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conjugations. Underivatized CRM197 protein was used in order to explore the optimal 

conditions for HIC. These investigations are summarised in Table 6.16 (solution A – 1 M 

(NH4)2SO4, and solution B – 0.05 M sodium phosphate buffer (pH 7.0)). Purification of the 

conjugate was performed on HiTrap 5 ml columns. In the first experiment, step 1 consists of 

0.5 M ammonium sulfate but as shown in Figure 6.26a, this was insufficient to successfully 

bind all of the protein. In the second experiment (Figure 6.26b) 1 M ammonium sulfate binds 

the protein to the column; this is shown by the absence of the early peak. At a gradient of 50 

% B, the protein was released from the column and detected; however, the concentration of 

the protein (amount loaded) was too small to obtain an adequate profile. The three UV 

profiles suggest that conditions used in experiment 3, a step–wise elution, reveal the best 

separation parameters. The initial concentration of ammonium sulfate, determined in 

experiment 2 to be suitable to allow for binding of the protein to the column, was used. A 

step–wise elution from 0 to 100 % solution B, was introduced.  

Table 6.16. Summary of HIC investigations with solution A: 1 M (NH4)2SO4 and solution B: 0.05 M 
sodium phosphate buffer (pH 7.0). The protein concentration was ~ 2 mg/ml. 

Experiment 
Step 1 

Step 2 
Step 3 Injection vol. 

(µl) Solution A Solution B Solution A Solution B 

1 50 % 50 % Gradient 0 % 100 % 100 

2 100 % 0 % Gradient 0 % 100 % 100 

3 100 % 0 % – 0 % 100 % 500 
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Figure 6.26. UV profile (blue) of HIC experiments 1(a), 2(b) and 3 (c). The red trace shows the 
gradient elution of solution B. d) the UV profile of the Pn1_HOBt_CRM197 conjugate as well as the 
fractions collected. 

In order to separate sufficient product for further investigation a sample of 1 ml (0.87 mg 

Pn1) was loaded on the HIC column as shown in Figure 6.26d and the fractions were 

subsequently analysed for total and free saccharide and protein (Table 6.17). 

Table 6.17. Assay results for fractionated Reaction 1 conjugate (1 ml conjugate, 0.87 mg Pn1) 
showing saccharide and protein results. 

Fraction Total Saccharide (mg) Free Saccharide Protein (mg) 

1 0.18 77 %  0.200 

2 0.19  82 %  0.079 

3 0.07 n/a 0.141 

4 0.04 n/a 0.189 

Total 0.48 (55 %) 62.5 %  0.609 

Saccharide and protein were detected in all four fractions collected. Approximately 77 % of 

the polysaccharide eluted was unconjugated in the first fraction. The large second peak 

(Fractions 2 and 3) was theorised to contain conjugate with the third peak (Fraction 4) 

containing only unconjugated protein. The analytical assays revealed that Fraction 4 

contained the bulk of the protein with polysaccharide in trace amounts. This indicated that 

a) b) 

c) 
d) 
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not all the protein was conjugated, which is in contradiction to the SEC–HPLC 

chromatogram that proposed that no unconjugated protein was present, although the 

broadness of the conjugate peak is likely shielding any unconjugated protein. The larger 

peak contained both polysaccharide and protein although a large amount (82 %) of the 

polysaccharide eluted was unconjugated.  

The profiles (Figure 6.27) of the SEC–HPLC analysis of Reaction 2 show a shift in elution 

time as previously seen with TT conjugations. The double hump of the conjugate profile in 

the RID profile indicated either the presence of free saccharide or a bi–modal conjugate of 

two different molecular weights. The UV profile showed a large shift in elution time from 

CRM197 at 18.12 min to the conjugate at 12.92 min. This served as a further confirmation that 

conjugation has taken place. 

  
Figure 6.27. SEC–HPLC a) RID and b) UV 280 nm chromatograms of Reaction 2, 
Pn1_HOBt_CRM197 (blue/red) before ammonium sulfate precipitation. Pn1 PS (black) is shown for 
comparison. 

As neither size exclusion (Sephacryl S500 column) nor HI chromatography provided 

adequate separation of unconjugated and conjugated saccharide, ammonium sulfate 

precipitation was investigated. It was hypothesised that the conjugate would precipitate in 

saturated ammonium sulfate if the protein were able to do so without polysaccharide 

conjugated to it. Two volumes of saturated ammonium sulfate were added to the derivatized 

CRM197 however no precipitation was observed. It was hypothesised that the solution of 1 

mg/ml CRM197 was too dilute to facilitate precipitation. The derivatized protein was 

concentrated down approximately 10–fold using a 50 kDa MWCO filter and centrifugation at 

4000 rpm (actual concentration not determined due to volume size). Approximately a two 

volume equivalent of saturated ammonium sulfate was added. A precipitate was observed 

which confirmed that the conjugate could be precipitated with ammonium sulfate. 

A portion of the conjugate formed in Reaction 2 (containing 50 mg polysaccharide and 25 

mg protein) was concentrated down to a gel like solution and approximately two volumes of 

ammonium sulfate were added. The mixture was stirred and left to precipitate overnight at   

a) b) 
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2 – 8 °C. This mixture was centrifuged to pellet out the conjugate and the clear ammonium 

sulfate supernatant was discarded. This pelleted conjugate was subjected to a second round 

of precipitation before being reconstituted in PBS buffer (pH 7.2) and colorimetric analysis 

for protein as well as free and unconjugated saccharide was performed. The results are 

shown in Table 6.18.  

Table 6.18. Analytical assay results of saccharide and protein content for Reaction 2. 
Total saccharide 

(mg) 
Free saccharide 

(mg) 
Total protein 

(mg) 
PS:Protein 

ratio 
Conjugation 

efficiency (%) 

12.80 1.17 (3.6 %) 7.83 1.48 23.4 

Low recoveries of saccharide (25.6 %) and protein (31.3 %) were achieved with ammonium 

sulfate precipitation. As no saccharide was detected in the waste of the concentration step, 

or in the supernatant following the ammonium sulfate precipitation, it was hypothesised that 

the conjugate remained on the membrane filters during the concentration step. As the 

conjugate was concentrated down 10–fold (approximately 1 ml), it was too viscous to 

analyse for saccharide to determine if any had remained on the membrane filter. The results 

from the ammonium sulfate precipitation showed that only 3.59 % of the saccharide retained 

was unconjugated. This is below the minimum of 5 % agreed upon by The Biovac Institute at 

the beginning of the investigation. A final ratio of 1.48 mg polysaccharide to every mg protein 

was achieved with a conjugation efficiency of 23.4 %. The conjugation efficiency was 

calculated by taking the final result of the conjugated polysaccharide (11.63 mg) as a 

percentage of the total polysaccharide that underwent ammonium sulfate precipitation (50 

mg). Due to the loss of polysaccharide and protein during the concentration step, this 

conjugation efficiency could potentially be a lot higher.  

6.3.1.4 Summary of HOBt conjugations to CRM197 

Conjugation of Pn1 PS to CRM197 carrier protein was effectively performed using HOBt 

mediated EDC coupling chemistry. The two reactions investigated the derivatization levels of 

the carrier protein as well as different purification methods. The CRM197 with the lower levels 

of derivatization underwent HIC purification and was found to contain high levels of 

unconjugated polysaccharide. The conjugate with the higher derivatization levels showed a 

shift in retention time in the RID signal indicative of conjugation. This conjugate was purified 

by ammonium sulfate precipitation, and a free saccharide level of less than 5 % was 

determined. This conjugate was formulated and put forward for in vivo mice studies to 

compare with the triazine conjugate as well as two commercially available vaccines.  

The conjugations of Pn1 to both TT and CRM197 carrier proteins were found to be successful 

when using the HOBt mediated conjugation technique. Table 6.19 compares the analytical 
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results of the conjugates prepared. The free saccharide was determined to be the lowest 

when CRM197 was used as the protein carrier. In terms of conjugation efficiency the TT 

conjugate was the highest of all three conjugates and the saccharide to protein ratio of the 

TT conjugate was closest to the ideal value of 0.75 – 1.0.  

Table 6.19. Comparison of three different carrier proteins in conjugates prepared using the HOBt 
methodology. 

Derivatized 
protein 

Free saccharide 
(%) 

PS:Protein 
ratio 

Conjugation efficiency 
(%) 

TT 47.4 1.10 27.25 

CRM197 3.59 1.48 23.4 

6.3.2 Triazine activator conjugations 

2–Chloro–4,6–dimethoxy–1,3,5–triazine (CDMT), shown in Figure 6.28, is known to be a 

useful non–carbodiimide condensing agent for the synthesis of esters and acid anhydrides,  

especially in the formation of peptide bonds between a carboxylic acid and an amine.  

 
Figure 6.28. Structure of CDMT. 

The standard method for making amide bonds using CDMT consists of two main steps; the 

formation of the activated carboxyl group and the conjugation of the active species to the 

amino group on the protein. The carboxylic acid on the polysaccharide reacts with the CDMT 

in the presence of N–methylmorpholine (NMM) to form a CDMT–activated intermediate, an 

active ester depicted in Figure 6.29. The second step involves the coupling of the carboxylic 

acid to the DMTMM (prepared in situ) followed by nucleophilic displacement of the triazine 

moiety by the amine resulting in the formation of an amide bond. Preliminary studies by 

Kaminski showed that for the activation of sodium, silver or quaternary ammonium salts of 

carboxylic acids to successfully occur, the presence of a base was required. This base had 

to come from a very select group including tetramethylguanidine, N–methylmorpholine 

(NMM), dimethylaminopyridine or pyridine, although the best results were obtained with 

NMM [477]. The NMM base is used to neutralise the chloride ions which are released from 

the CDMT during the activation. The activation takes place in a non–polar/polar (acetonitrile 

and water) solvent as this allows for the dissolution of both the polysaccharide (water) and 

CDMT (acetonitrile or any solvent less polar than water) to occur. An advantage of using this 
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non–polar/polar solvent mixture is that both hydrophobic and hydrophilic amines can be 

used. Once the reaction is completed, Dowex H+ /Na+, which are cation exchange resins or 

a dilute acid, can be used to remove the main morpholinium by–product [478].  

When the CDMT was added to the carboxylic acid, followed by the NMM, left to stir for an 

hour followed by the addition of the amine compound, significant racemization occurred via 

the formation of a azlactone formed via the cyclization of N–acetyl–α–amino acids that 

contain both a nitrogen and oxygen in the ring where the oxygen is adjacent to a carbonyl. 

Garret et al. (2002) first showed this occurrence when amino acid analogues were coupled 

with CDMT to create peptide bonds. The coupling took place over 22 hours where the acidic 

compound was dissolved in ethyl acetate before the addition of 1.45 molar excess of CDMT. 

This was cooled to 15 °C and a 2.4 fold molar excess of NMM was added. The mixture was 

warmed to room temperature and left to react overnight. However, the authors noted that the 

intermediate formed was not the active ester, but instead an azlactone. It was theorised that 

by adding the amine in the beginning of the reaction as it would prevent the cross–linked 

azlactone from forming. The authors repeated the experiment but added the amine in the 

beginning creating a one–step reaction. The amide bond was formed to completion in less 

than 60 min [479].  

The CDMT coupling reaction was first used to prepare hyaluronic acid (HA) conjugates in 

2007 when Bergman et al. coupled HA to a number of compounds with differing functional 

groups [478]. The general procedure that was applied to HA is described as follows: HA, 

containing 0.2 mmol carboxylic acid groups was first dissolved in water. To this acetonitrile 

was added to a ratio of 3:2 with respect to water. NMM was added in a molar equivalent to 

the amount of carboxylic acid on the HA. The solution was cooled to 4 °C and CDMT was 

added and the reaction left to stir for one hour at room temperature. The resulting active 

ester was mixed with a molar equivalent of the amine and stirred for a further 20 hours at 

room temperature before 1 ml Dowex H+ was added to quench the reaction. The reaction 

mixture was stirred, filtered and dialysed against water. Many methods published before 

Bergman et al. coupled HA in organic solvents, namely DMSO and dimethylformamide but 

the authors had to change the counter ion on the carboxylic acid groups on the HA from 

sodium to tetrabutylammonium in order to make the HA soluble in the organic solvents. 
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Figure 6.29. Mechanistic detail of the conjugation of a carboxyl group with an amine functional group 
through the use of CDMT and NMM. 

In 2011, Schanté et al. compared three HA derivatives synthesised using three different 

methods. The first was the classic carbodiimide–coupling (EDC) in water; the second was 

the triazine coupling method in acetonitrile and water, and the third using 2–chloro–1–

methylpyridinium iodide (CMPI) in anhydrous DMF. The synthesis of the HA alanine 

compound using CDMT was adapted from Bergman et al. (2007) [478]. The HA sodium salt 
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was first dissolved in a water–acetonitrile solution (3:2). A 3 molar excess of CDMT was 

added and the solution was left to react, forming the HA–dimethoxytriazine intermediate, for 

1 hour in an ice bath. A 4.5 molar excess of NMM was added along with the alanine 

derivative and the reaction was left overnight at room temperature with constant stirring. 

Dowex–H+ and Dowex–Na+ were added to remove any excess amines. The results of these 

three couplings; the EDC, triazine and CMPI reactions, showed that the coupling in the 

anhydrous DMF solvent gave substitutions of the carboxyl groups of up to 100 % [480, 481]. 

Whilst this was what the authors were looking for, for the pneumococcal type 1 

polysaccharide, lower activation levels are preferable due to the presence of both carboxylic 

acid and amino groups on the repeating unit that could lead to cross linking. 

In 1999, Kunishima synthesised the 4–(4,6–dimethoxy–1,3,5–triazin–2–yl)–4–methyl–

morpholinium chloride (DMTMM) salt by reacting CDMT with N–methylmorpholine (NMM) in 

THF at room temperature for 30 minutes [482]. As DMTMM is simply the reaction between 

CDMT and NMM it reacts with carboxyl groups in the same way. It activates the carboxyl 

group of the polysaccharide forming a reactive triazinyl ester which is capable of reacting 

with an amine (or any nucleophile).  

The advantages of the DMTMM reagent over the classical CDMT and NMM reagents are 

numerous. DMTMM is water soluble and is compatible with many other solvents including 

alcohols, ethyl acetate and diethyl ether. No tertiary amine base is needed as NMM is 

liberated during the reaction of DMTMM with the carboxylic acid grouping. The main by–

product 2–hydroxy–4,6–dimethoxy–1,3,5–triazine which is generated during the reaction as 

well as any excess reagent can be easily removed and recycled for the manufacture of 

DMTMM. DMTMM is also reactive over a wide pH range and in some cases pH control is not 

necessary [483, 484]. 

Pneumococcal polysaccharides undergoing coupling reactions using the DMTMM salt had 

previously been reported by Esser and Schlottmann in 2006. The polysaccharides were 

coupled to Luminex spheres for use in serological assays. A 200 mg/ml solution of DMTMM 

was added to the polysaccharides and the reaction mixture was left to react at room 

temperature for between 40 and 60 minutes before purification and subsequent conjugation 

to the Luminex amino–microspheres. The reaction was left to proceed overnight in the dark 

after which the pneumococcal polysaccharide microspheres were washed to remove any 

free polysaccharides before storage in blocking buffer, available for use in serological 

assays. The conjugation method was found to be reproducible and stable for at least 3 

months [485].  



Univ
ers

ity
 of

 C
ap

e T
ow

n

217 
 

The decision to use CDMT and NMM instead of the DMTMM salt in the investigations was 

made after various factors were considered. Firstly the cost involved: at the time of writing, 5 

g of CDMT was nearly one sixth of the cost of the DMTMM salt and NMM was one tenth of 

the cost of the salt, so it would thus prove cheaper to make the salt than to purchase the salt 

form. Secondly, it has been reported that the reactions all require longer times to proceed to 

completion. The formation of the activated ester occurs after 1.5 hours, and the conversion 

rate of conjugation is much lower with the DMTMMM salt than with that of the classical 

CDMT/NMM method. The type of carboxylic acid is also limited with DMTMM where only 

sterically hindered pivalic or benzoic acids with electron withdrawing groups seemed to work 

successfully with DMTMM [486]. 

The objective of this study was to develop an alternative method for the conjugation of Pn1 

PS other than the known carbodiimide approach. The structural similarities of Pn1 PS and 

HA support the investigation into triazine conjugations. In the case of Pn1, there are two 

galacturonic acid residues available for triazine activation which would be coupled to the 

derivatized protein. The pH and subsequent precipitation issues surrounding EDC 

conjugations would be avoided as triazine conjugations take place at neutral pH. 

The conjugation group at The Biovac Institute investigated this new conjugation 

methodology with Pn1 polysaccharide. Conjugations of Pn1 and four (derivatized) carrier 

proteins; BSA, TT, CRM197 and PLD were found to be successful when using the triazine 

methodology. The activating species was formed separately in an organic solvent, before 

addition to the polysaccharide solution. An initial polysaccharide–protein mass ratio of 2:1 

was determined to be the optimum mass ratio needed in order to achieve a final mass ratio 

in the conjugate of 1. Ammonium sulfate precipitation was the preferred method of removing 

free saccharide instead of size exclusion chromatography.  

Table 6.20. Comparison of the conjugation results between conjugates containing derivatized TT, 
CRM197 and PLD as protein carriers. 

Derivatized 
protein 

Free saccharide 
(%) 

Saccharide: protein 
ratio 

Conjugation efficiency 
(%) 

TT 2.1 0.5 21.4 

CRM197 7.2 1.32 21.9 

PLD 15.8 0.91 32 

Table 6.20 compares the analytical results of the conjugates prepared with derivatized TT, 

CRM197 and PLD as protein carriers. The PLD conjugate gave the best polysaccharide–

protein final mass ratio of 0.91 compared to 1.32 for the CRM197 conjugate and 0.5 for the 

TT conjugate. The conjugation efficiency of the PLD conjugate was also the highest, 

followed closely by the CRM197 and TT conjugates. 
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6.4 Formulation with adjuvant 

In the current regulatory environment, there is an increasing necessity to develop vaccines 

that are well defined in molecular terms. The first vaccines available used whole, inactivated 

pathogens which presented a complex range of antigens, whereas the recent vaccines are 

based instead on selected antigens which in some cases may be single molecules or 

fragments thereof which can be derived from bacteria, tumour cells, allergens or an auto–

antigen [487]. These molecular vaccines are often poorly immunogenic and an adjuvant is 

often needed to enhance the cellular and/or humoral immune response to an antigen [192, 

488]. 

The word ‘adjuvant’ is derived from the Latin verb adjuvare which means “towards help” 

[489]. They were first described as “substances used in combination with a specific antigen 

that produced a more robust immune response than the antigen alone” by Gaston  amon 

[490]. There are a number of characteristics that the ideal adjuvant should exhibit. Adjuvants 

should first and foremost be safe, and non–toxic with no occurrences of local or systemic 

responses. They should be chemically defined, stable in a formulation with the antigen,  they 

should, most importantly, not confer immunity on their own but  improve the potency of the 

immune response when formulated with an antigen in a vaccine, and must be effective in 

infants and young children [192, 490, 491]. These characteristics of an adjuvant promote an 

earlier, longer lasting and more potent immunological reaction against the antigen. This 

advantage leads to the use of reduced quantities of the antigen to elicit the same 

immunological response [192, 492].  

While there are a number of adjuvants in use in clinical studies, the main adjuvant, used in 

the majority of licensed conjugate vaccines, are the aluminium based adjuvants: aluminium 

hydroxide and aluminium phosphate. The adjuvant effect of aluminium compounds were first 

investigated in 1926, when Glenny et al. precipitated a diphtheria toxoid with potassium alum 

(AlK(SO4)2.12H2O). When compared in immunological studies in rabbits and guinea pigs, to 

the toxoid alone, this adjuvanted toxoid produced a significant increase in the immune 

response [493, 494]. The work by Glenny, led to the thought that for an antigen to produce 

an immune response it must be adsorbed onto the aluminium adjuvant. This observation led 

to the hypothesis of the mechanism of action of these adjuvants in that the antigen is slowly 

released from the adjuvant once injected into physiological fluid, due to the difference in 

makeup of the physiological fluid from that of the formulated vaccine that would affect the 

adsorption of the antigen on the adjuvant [192, 494, 495]. The World Health Organization 

recommends adsorption of 80 % or more of tetanus and diphtheria toxoids to aluminium–
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containing adjuvants. The United States Minimum Requirement also specifies that at least 

75 % of the diphtheria toxoid be adsorbed by aluminium–containing adjuvants [496, 497].  

Aluminium adjuvants are most widely used as they have a very long safety record [498]. 

Regulatory requirements mean that any new adjuvant must be put through a number of 

investigations to determine if its benefits of being an adjuvant outweigh any tolerability or 

safety issues. This long and arduous process has already been performed for the aluminium 

adjuvants, making the use of these adjuvants much more inviting [499]. 

There are however, several disadvantages of aluminium adjuvants. They are known to only 

stimulate the humoral immune response. Another major drawback of these adjuvants is that 

they cannot be lyophilised nor frozen as both of these processes would destroy the gel–

based structure [192].  

The major mechanism that allows for the adjuvants to adsorb the antigen is electrostatic 

interaction. Electrostatic interaction takes advantage of the differences of the isoelectric point 

of the two aluminium adjuvants. If the isoelectric point of the antigen is known, the adjuvant, 

with the opposite surface charge, can be used [500]. This was best illustrated by Seeber et 

al. when it was shown that lysozyme, with a high isoelectric point of 11.0 was poorly 

adsorbed by the aluminium hydroxide adjuvant which also has a high pI, but the lysozyme 

was adsorbed strongly by the aluminium phosphate adjuvant that has a low pI of 5.5 [501].  

Adjuvants are not the only additions to a vaccine formulation. Preservatives, such as phenol, 

2–phenoxyethanol and thiomersal (not used in children’s’ vaccinations due to safety 

concerns [502]), are added mostly to multi–dose vials to combat the potential risk of 

contamination [9]. Additives are added in order to buffer, stabilise, and prevent the 

formulation from aggregating and from sticking to the vial; these can include certain sugars 

such as sucrose, lactose and sorbitol. Salts, such as sodium chloride and succinic acid, 

along with surfactants (Tween–80), are also commonly used in formulations not just to buffer 

the vaccine, but also to reduce the injection pain and to normalise the vaccine with the 

physiological fluid at a rapid rate, as well as to prevent the vaccine from sticking to the glass 

vial and stopper [502].  

The ionic strength of the formulation will also affect the adsorption of the antigen to the 

adjuvant. Al–Shakhshir et al. investigated this when they monitored the amount of lysozyme 

adsorbed onto aluminium phosphate at pH 7.4 by varying the salt concentration. It was 

found that the best adsorption occurred in the presence of 0.06 M NaCl, adsorption was 

greatly reduced at 0.15 M NaCl and no adsorption was seen with a concentration of 0.25 M 

NaCl [503]. It is now common practice to keep the ionic strength of the vaccine formulation 

as low as possible when electrostatic interaction is the mode of adsorption [500]. 
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6.4.1 Formulation study 

The devised Pn1 vaccine formulation was based on the Pfizer product utilising in–house 

methodology for preparing aluminium phosphate in situ. A comparison between the 

proposed formulation and that of Pfizer’s is summarised in Table 6.21. The only difference 

between the components in the formulation was the amount of NaCl added but the amount 

used was still low enough not to inhibit the adsorption as shown by Al–Shakhshir [503].  

Table 6.21. Proposed formulation for the Pn1 experimental conjugates and Pfizer’s Prevnar 13 
vaccine formulation (volume = 1 000 ml). 

Component Pfizer Proposed 

AlPO4 (as Al3+) (mg) 0.125 0.125 

NaCl (mg) 4.250 4.500 

Succinic acid (mg) 0.295 0.295 

Polysorbate 80 (Tween–80) (mg) 0.100 0.100 

The formulation of the conjugates involved the slow formation of aluminium phosphate from 

aluminium chloride and sodium phosphate. After the aluminium phosphate had formed, the 

pH was adjusted and the antigen added. Adsorption of the antigen to the aluminium 

phosphate occurred over a number of hours. Succinate buffer was included to provide pH 

control and improve the process control. Polysorbate 80 improves the robustness of the 

manufacturing process [376]. 

All five conjugates used in the animal studies (two in Round I and three in Round II, 

described later) were prepared using this formulation, only the type and volume of antigen 

was changed between formulations. All antigens were formulated to a final concentration of 

2 μg/ml. After each formulation was complete, a competition ELISA was performed in order 

to determine the percentage absorption of the antigen (conjugate) onto the aluminium 

adjuvant. A 2 μg/ml Pn1 antigen was used as a positive control with a blank formulation (not 

containing the antigen) used as a negative control. The five conjugates that were prepared 

are shown in Table 6.22 with specific volumes of each component used is shown in Table 

6.23. 
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Table 6.22. Conjugate formulations in animal studies. 
Conjugate 

formulation number Protein Chemistry 
utilised 

Round of 
animal study 

Form001 CRM197 HOBt I 

Form002 CRM197 Triazine* I 

Form003 CRM197 Triazine* II 

Form004 TT Triazine* II 

Form005 PLD Triazine* II 
*Triazine conjugates prepared by the conjugation team at The Biovac 
Institute. 

Table 6.23. Specific volumes used in formulations prepared for animal studies. 

Formulation AlCl3 
(ml) 

Na3PO4 
(ml) 

Succinic 
acid (ml) 

Tween 
(ml) 

NaCl 
(ml) 

Antigen 
(ml) 

WFI 
(ml) P/Al Final 

pH 

Form001 138.20 42.47 25.0 10 63.03 1.54 719.76 1.41 7.02 

Form002 138.20 42.47 25.0 10 63.03 1.32 719.98 1.42 7.10 

Form003 82.92 29.16 15.0 6 37.82 0.94 428.16 1.31 6.90 

Form004 138.20 45.26 25.0 10 63.03 3.26 715.25 1.22 6.76 

Form005 138.20 45.86 25.0 10 63.03 1.45 716.46 1.24 6.83 

The absorption efficiencies of the antigen onto the adjuvant were determined by quantifying 

the amount of unbound conjugate in the formulation solution. This is therefore inversely 

proportional to the amount of conjugate that has been absorbed onto the aluminium 

phosphate adjuvant. The ATCC Pn1 PS was used as a reference standard. Figure 6.30 

displays the ELISA results graphically with both the amount of free conjugate and the 

amount of conjugate that was absorbed onto the adjuvant. 

  
Figure 6.30. Competition ELISA results of all Pn1 formulations quantifying a) the amount of Pn1 
polysaccharide and b) the percentage absorption of Pn1. 

A variable amount of absorption for all the conjugates was revealed through the ELISA 

results. The highest absorption values were seen for the conjugates with CRM197 as the 

protein carrier (Form001, Form002 and Form003). Absorptions of between 58 and 65 % 

were seen for this protein carrier. Pneumolysoid conjugates (Form005) showed much lower 

a) b) 
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adjuvant absorption of only 33 % and the TT conjugate (Form004) showed no absorption at 

all. The lack of adsorption of the TT conjugate is hypothesised to be due to a pH issue as 

Kumar et al. suggests that TT absorption onto aluminium phosphate adjuvant is optimal at a 

pH near 5 and decreases when the pH approaches 6.3 – 7 [504]. However, due to time 

constraints, this formulation method could not be optimised for each conjugation. 

6.5 Animal studies 

6.5.1 Animal study design 

All animal procedures used were approved and performed by the University of 

Witwatersrand. Five week old outbred NMRI female mice were obtained from the National 

Health Laboratory Services (NHLS) animal facility based at the NICD in Johannesburg, 

South Africa. The study consisted of two different phases (Round I and II). Round I 

investigated the immunogenicity of the two different conjugation chemistries: EDC mediated 

and triazine. CRM197 was used as the protein carrier for both conjugation chemistries. The 

prepared conjugates were compared to a commercial vaccine that contained CRM197 as the 

protein carrier so that the only difference in the conjugates was the conjugation chemistry. 

The conjugation chemistry that presented with the best results was taken to Round II where 

three protein carriers: CRM197, TT and PLD were conjugated to Pn1 PS using the 

conjugation chemistry of choice from Round I. These three conjugates were compared to 

two commercial conjugate vaccines. For each round the body mass of the mice was 

monitored and recorded on a weekly basis. 

Table 6.24. Sample details for Round I of animal studies. 

Conjugate/Vaccine Carrier protein Conjugation 
Chemistry 

Placebo* 
Diluent + AlPO4 

– – 

Positive control 
Commercial vaccine I 

CRM197 Reductive amination 

Form001 CRM197 EDC mediated 

Form002 CRM197 Triazine 
*Placebo/negative control consisted of the diluent and aluminium 
phosphate. (Same formulation but no antigen present). 
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Table 6.25. Sample details for Round II of animal studies. 
Conjugate/Vaccine Carrier Protein Conjugation Chemistry 

 Placebo* n/a n/a 

Diluent + AlPO4 +  
unconjugated Pn1 

PLD unconjugated n/a 

Commercial vaccine I CRM197 reductive amination 

Commercial vaccine II Protein D CDAP 

Form003 CRM197 preferred chemistry** 

Form004 TT preferred chemistry** 

Form005 PLD preferred chemistry** 
* Placebo/negative control consisted of the diluent and aluminium phosphate. (Same 
formulation but no antigen present). 
**Preferred chemistry chosen from Round I 

Table 6.24 and Table 6.25 outline the conjugates and samples used in both rounds of 

animal studies. The negative control I (placebo) used in both rounds of animal studies 

contained 100 µl of AlPO4 adjuvant. This adjuvant was the same concentration as that used 

in the conjugate formulations. A second negative control, used in Round II consisted of the 

AlPO4 adjuvant as well as a mixture of unconjugated Pn1 PS and PLD protein in order to 

check that immunogenicity levels were not a result of either the polysaccharide or the protein 

on its own. Two commercially available vaccines were used as positive controls in this study 

and both of the commercial vaccines employ different conjugation chemistries to the ones 

tested. One of the vaccines contained CRM197 as the protein carrier. The second commercial 

vaccine contained Pn1 PS conjugated to Protein D, however, both TT and DT are found in 

this vaccine as carrier proteins for other serotypes. The five conjugates that were 

investigated in this study were injected in a 100 µl formulated dose consisting of 200 ng of 

Pn1 conjugate and AlPO4 as adjuvant. 

Mice however, do not produce a dose dependent response and are not the ideal animal 

model for testing conjugates and these results can only provide an indication of the 

immunogenicity of the conjugates. 

6.5.2 Immunoassays 

As anticapsular antibodies are used by the immune system to prevent invasive bacterial 

diseases, measuring the serotype–specific antibody titres as well as the opsonophagocytic 

(OPA) activities against the serotypes have become the preferred methods to evaluate the 

immunogenicity of conjugate vaccines [129]. The safety and immunogenicity of new 

vaccines are determined through clinical studies. The WHO have determined a number of 

licensure criteria in order to by–pass the difficulties related to clinical efficacy trials [162]. A 

study will fulfil this criteria if immunological non–inferiority to the licensed conjugate vaccines 
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can be shown using specific techniques such as enzyme–linked immunosorbent assay 

(ELISA) and opsonophagocytic (OPA) assays [162, 505]. 

With a large number of samples, the OPA assay becomes labour intensive and difficult to 

perform and therefore many laboratories will measure the antibody binding by ELISA alone 

to form an idea of how the vaccine will perform. Since antibodies to the capsular 

polysaccharide are the mediators against infection, an assay that can measure the antibody 

levels can be used as a substitute for the OPA assay, however a correlation between the 

two assays must first be determined [506]. 

6.5.2.1 ELISA 

The total IgG antibody titres against Pn1 serotype 1 were used to compare the different 

vaccinated mouse groups and were determined by the method first described by Conception 

and Wernette in 2001 [506]. This method was modified to enable it to detect mouse IgG. The 

IgG results were calculated based on an in–house reference serum that was given an 

arbitrarily value of 100 units/ml. Samples that fell below the detection limits were given a titre 

value of half of the detection limit. The ELISA assay was optimised and validated for 

linearity, specificity, sensitivity, background, inter– and intra–assay precision as well as 

coating concentration [507].  

As previously stated, for an ELISA to be used in the place of an OPA assay, there must be a 

strong correlation between the two titres. It has been suggested that a correlation co–

efficient of above 0.8 is a good enough correlation [506]. This was performed during Round 

II of the animal study when the OPA assay was in place. 

6.5.2.2 OPA 

Opsonins are antibodies in the blood serum that make the pneumococcal bacteria more 

susceptible to phagocytosis [10, 508, 509]. These opsonins bind to the capsular 

polysaccharide and phagocytes bind to these antibodies in order to induce the killing of the 

cell in what is known as opsonophagocytosis [10]. As opsonophagocytosis is an essential 

process in the immune system’s defence against S. pneumoniae, a method that allows for 

the measurement of the opsonins is a vital tool in determining whether or not the conjugates 

prepared would be able to illicit an immune response. 

At the WHO consultation meeting in 2003 it was decided that the OPA assay used to 

determine immunogenicity should follow the Romero–Steiner et al. method and such was 

used in the measurement of functional antibodies in his investigation [386, 510]. The 

functionality of the antibodies in the serum samples was expressed as the opsonophagocytic 
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titre, which is the reciprocal dilution at which ≥50   bacterial killing occurred in comparison 

to the control wells [507]. 

6.5.3 Body weight profiles 

One of the variables monitored throughout this investigation was the body weight of all mice. 

An increase in weight during the investigation is an indication of good health (Figure 6.31). 

No differences between the placebo and the vaccine mice groups were observed. One 

mouse, used in the first round of studies did however develop a tumour and was terminated. 

This mouse belonged to the HOBt (EDC mediated) conjugate group however this was an 

isolated, adverse event and was not thought to be related to the conjugate vaccine as it has 

been documented that NMRI mice have a high propensity to develop spontaneous tumours 

[511-513]. 

  
Figure 6.31. Mouse body weight profiles from a) round I and b) round II studies. Body weight curve 
after mice were vaccinated with conjugate vaccines or placebo. The body weight was recorded 
weekly for mice. The mean body weight for each group of mice is shown (n =12 per group). 

6.5.4 Round I results 

The OPA assay had not been fully developed and optimised by the time Round I of the 

animal studies took place and hence only the ELISA results could be reported. Both the 

HOBt as well as the triazine mediated conjugates produced significantly higher titres than 

the commercial vaccine. The data represented graphically in Figure 6.32 detail the values of 

the ELISA assays for the conjugates. All of the mice in the two conjugate chemistry groups 

were able to produce a measurable antibody response, with only 11 out of the 12 from the 

commercial vaccine being able to do the same and as expected, none of the mice from the 

placebo group were able to produce any antibody titres. The placebo was given an arbitrary 

value of 0.1 as they fell below the limit of detection of the assay. It was shown that all the 

values for the commercial vaccine were within the range of 0.1 – 24 µ/ml. Values for the 

HOBt conjugate fell within a range of 3.4 – 207.5 µ/ml with the triazine ranging between    

4.7 – 375.1 µ/ml. A two tailed comparison was performed to determine if there was any 

a) b) 
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significant difference between the two chemistries but they were found not to be statistically 

different.  

 
Figure 6.32. Graphical comparison of the ELISA immunogenicity levels of the two experimental 
conjugate vaccines (Green – HOBt chemistry, and red – triazine chemistry) compared to the 
commercially available vaccine (blue). The negative control is shown for comparison. 

Whilst these results show a large difference between the commercial vaccine and the two 

conjugates investigated, it must be noted that the commercial vaccine is a multivalent 

vaccine including more than 10 different serotypes thus the serotype specific host responses 

of the commercial vaccine may be supressed by the higher antigen load. To date, this has 

not been further investigated.  

6.5.5 Round II 

6.5.5.1 Western blot analysis of conjugates 

Although there was no significant difference between the results of the carbodiimide 

mediated and triazine conjugates, the triazine chemical conjugation method was chosen to 

be the preferred method for Round II animal studies. This round compared three different 

protein carriers (TT, CRM197 and PLD) to the two commercial vaccines to determine 1) if the 

conjugation chemistry was superior to those techniques used in the commercial vaccines 

and 2) the superior protein carrier. 

Before formulation, all conjugates prepared for Round II of the animal study were subjected 

to Western blot analysis to demonstrate conjugate formation and to confirm that the 

structural integrity (epitope) of the protein was retained after conjugation. In separate 

experiments unconjugated Pn1 and Pn1 conjugated to the three different proteins (CRM197, 

TT and PLD) were first subjected to SDS–PAGE followed by electrophoretic transfer onto a 

PVDF membrane and staining. 
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Figure 6.33. Image of PVDF membranes containing A) native TT (lane 1) and Pn1–TT conjugate 
(lane 2), B) native CRM197 (lane 1) and Pn1–CRM197 conjugate (lane 2) and C) native PLD (lane 1) 
and Pn1–PLD (lane 2) post western blot analysis. 

The results of the Western blots, (Figure 6.33), demonstrate that antibodies specific to the 

protein (TT, DT (for CRM197) and PLD) were able to bond to the specific conjugate as shown 

by the second band in each figure. The first lane in each gel depicts the underivatized and 

unconjugated protein that acted as positive controls for antibody recognition. From these 

results it can be concluded that each conjugated protein retained its structural antigenic 

integrity as it was still recognisable to the antibody post derivatization and conjugation. The 

lack of free protein (i.e. no band or streaking observed between 55 – 70 kDa) in both the 

CRM197 and PLD conjugation samples confirm good conjugation efficiency. As the TT was 

run under native (non–reducing) conditions, its tertiary structural conformation prevented it 

from entering the gel. The conjugates were each formulated onto aluminium phosphate 

adjuvant, followed by Round II of the animal investigations. 

6.5.5.2 Animal results 

The immunogenicity of the conjugates was compared to two negative and two positive 

controls. The ELISA results are graphically displayed in Figure 6.34 with the OPA assay 

results revealed in Figure 6.35.  

Two of the three different protein carriers tested resulted in higher antibody titres to both 

commercially available vaccines. As with the first round of animal studies, it must be 

mentioned that the commercial vaccines are both multivalent vaccines of more than 10 

different serotypes and the specific host responses for Pn1 in these vaccines may be 

inhibited by the antigen load. 
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All of the conjugates exhibited higher antibody titres than those of the two negative controls. 

For the ELISA results three of the mice injected with the unconjugated Pn1 negative control 

did show an immune response, and 11 out of the 12 mice injected with commercial vaccine I 

produced antibody titres. All of the other conjugates showed 100 % conversion rates. The 

OPA revealed slightly different seroconversion results when one of the 12 mice in the 

commercial vaccine I and two of the 12 in the PLD conjugate group failed to produce any 

detectable OPA results and were given a value under that of the detectable limit. The 

second commercial vaccine as well as the conjugates with TT and CRM197 as protein 

carriers gave 100 % seroconversion rates.  

The conjugate that employed TT as the protein carrier gave the highest antibody titres with a 

geometric mean concentration (GMC) of 357.4 µ/ml with the CRM197 conjugates resulting in 

the second highest levels with a GMC of 141.1 µ/ml. Interestingly, the conjugates with PLD 

as a carrier protein gave lower titres than one of the commercial vaccines, however, they 

were found not to be statistically different to either commercial vaccine. As PLD is derived 

from PLY, a pneumococcal protein, it should have its own immune protective potential and 

thus, a conjugate with PLD as a protein carrier should have the added advantage of giving a 

broader protective immunity than the other conjugates. This result does not support the 

results released by Michon et al. in 1998 where the pneumococcal–PLD conjugates 

produced similar immunogenic results to the results obtained with pneumococcal–TT 

conjugates, however Michon made use of native, underivatized PLD and used reductive 

amination as a coupling chemistry [445]. These differences could attest to the difference in 

immunogenicity as described here.  

Significantly higher OPA titres were observed for all conjugate vaccines in comparison to the 

placebo and unconjugated controls. As with the ELISA assay, the conjugate with PLD 

resulted in lower titres than one of the commercial vaccines however no significant 

difference was seen in the titres between both the commercial vaccines and the PLD 

conjugate. The conjugates using TT and CRM197 produced GMC titres of up to 10–fold 

higher than the commercial vaccines.  
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Figure 6.34. Graphical comparison of the ELISA immunogenicity levels in Round II of the animal 
studies, comparing three different protein carriers (Purple – PLD, red – CRM197 and pink – TT) with 
two commercially available conjugate vaccines (blue and green). The negative controls are shown for 
comparison. 

 
Figure 6.35: Graphical comparison of the OPA functional antibody responses in mice in Round II. 
Comparisons are made with the three different protein carriers (Purple – PLD, red – CRM197 and pink 
– TT) and two commercially available conjugate vaccines (blue and green). The negative controls are 
shown for comparison. 

6.5.6 Summary of animal results 

All new pneumococcal vaccines need to adhere to certain essential conditions – including 

immunologic non–inferiority to contemporary licensed vaccines. The results demonstrate 

that when the Pn1 PS was coupled to CRM197 using either HOBt or triazine mediated 

chemistries; both novel protein–polysaccharide conjugation chemistries were capable of 

generating considerably more effective immune responses than the commercially available 

vaccines. 
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It must be taken into account that the prepared conjugate vaccine consisted of only one 

serotype whereas the commercially available vaccine were multivalent. It is known that 

whilst combining several different antigens into one vaccine broadens the coverage of the 

vaccine, it does lead to a reduction in the immunogenicity of a single antigen in the 

multivalent vaccine. This has been shown to occur in vaccines against viruses such as flu 

[514], human papillomavirus [515], protein vaccines [516] as well as in pneumococcal 

conjugate vaccines [517]. In the case of conjugate vaccines, Fattom et al. observed a 

reduction of between 30 and 90 % in antibody responses to several serotype of a 12–valent 

Escherichia coli conjugate vaccines. The authors also identified a reduction of 30 % in the 

immunogenicity of S. aureus type 8 antibodies when the conjugate vaccine was combined 

with a type 5 conjugate vaccine.  

With the need to overcome the limitation of carrier overload, attention has turned to the use 

of unique protein carriers. TT and CRM197 have shown to be the most frequently employed 

protein carriers due to their highly immunogenic characteristics and history of safe use within 

humans. In this study, it was found that the immune response of the conjugate with PLD as a 

carrier protein was inferior to that of either the TT or CRM197 conjugates. The conjugation 

strategy for PLD conjugates would need to be optimised as the animal results are in 

opposition to those described by Michon et al. in 1998 [445].  Michon used underivatized 

PLD and reductive amination coupling chemistry which may account for the difference in 

immunogenicity. Further work on the derivatization levels on PLD as well as optimisation of 

the conjugation chemistry need to be investigated as well as both the formulation conditions 

and the stability of the PLD conjugate.  
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CHAPTER 7. CONCLUSIONS  
 

Pneumonia is the leading cause of death in children worldwide and is estimated to kill 1.6 

million children every year. Pneumonia affects children and families everywhere, but is most 

prevalent in sub–Saharan Africa and South–east Asia. The capsular polysaccharide has 

been shown to be the most important virulence factor and over 90 pneumococcal serotypes 

have been recognised. Serotype 1 is responsible for up to 20 % of invasive pneumococcal 

diseases in developing countries and has been the cause of several outbreaks in the African 

meningitis belt. It is ranked among the top three serotypes in GAVI–eligible countries and is 

among the top six ranked serotypes among children under 5 years of age in regions with the 

highest burden of pneumococcal disease.  

The distinctive epidemiology of IPD infections from Pn1, suggested that a monovalent Pn1 

conjugate vaccine would be beneficial to developing countries and would have a significant 

public health value for epidemic control. This led to the aim of the present study: the 

development of a process and quality control methods for the preparation of an 

immunogenic conjugate vaccine against Streptococcus pneumoniae serotype 1 disease. 

The Pn1 polysaccharide was purified following a two–step process utilising a differential 

filtration with ethanol. Small scale purifications were designed in order to investigate 

methods of inactivation as well as pH control. The favoured inactivation method was found to 

be phenol and an optimal pH of 7.8 was needed to ensure the complete precipitation of the 

PS in its CTA salt form. The optimisations determined in the small scale purifications were 

applied to larger fermentation batches to show that the purification method could be scaled 

up to 15 and 30 L batches.  

This purified polysaccharide was subjected to a number of analytical tests in order to confirm 

that the purified polysaccharide batches conformed to the World Health Organisation 

specifications. These assessments were first optimised and validated and included size 

analysis, uronic acid composition, O–acetylation patterns and purity.  

The viscosity of the purified polysaccharide hampered its detailed characterisation and ease 

of manipulation in conjugation reactions. Methods of size reduction were investigated and 

both sonication and microfluidization were successfully applied to model polysaccharides 

and Pn1. Composition and NMR studies confirmed that mechanical sizing had no impact on 

the structural integrity of the saccharides. Whilst sonication was able to achieve higher levels 

of size reduction and maintained the polydispersity of the polysaccharide when compared to 

microfluidization, the latter was found to be more suited to a GMP environment and was 
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advantageous in terms of scalability, control and consistency. The structure of the repeating 

unit of the polysaccharide and size reduced saccharide was fully elucidated by use of 1D 

and 2D NMR spectroscopy. The NMR study confirmed that the partially O–acetylated 

polysaccharide consisted of a mixture of de–O–acetylated Pn1 PS and polysaccharide 

acetylated at two different positions of GalA. NMR analysis of one specific purified Pn1 PS 

batch revealed O–acetylation in only one position (C2 of GalA, residue B), which indicated 

that the bacteria O–acetylates at one position and the fermentation and purification 

parameters such as pH and temperature permit migration to the C3 position. 

Compositional analysis of the purified polysaccharide was also accomplished by means of 

hydrolysis and chromatographic methods. Conventional hydrolysis methods reported in the 

literature were applied but resulted in low recoveries due to the stability of the glycosidic 

linkage between the two galacturonic acid residues. Therefore alternate means of hydrolysis 

that utilised microwaves as a source of heat were investigated. Two different microwave–

assisted hydrolysis methods were successfully developed, namely TFA hydrolysis and 

methanolysis, followed by analysis using anion–exchange and gas chromatography. This 

study showed the potential of microwave–assisted hydrolysis which can be applied to other 

bacterial polysaccharides that are particularly resistant to acid hydrolysis. 

This purified, fully characterised and size–reduced polysaccharide was then successfully 

conjugated to hydrazide–derivatized protein carriers via the polysaccharide’s carboxyl 

groups. The derivatization of four different protein carriers, BSA, TT, CRM197 and PLD, with 

ADH was successfully achieved. The reaction introduced a highly reactive hydrazide 

functional group on some of the carboxyl groups on the protein. The four different proteins 

behaved differently which led to modifications of the derivatization procedure for each 

protein; TT required a shortened reaction time whereas the reaction with CRM197 needed to 

be lengthened to ˃16 hours in order to achieve derivatization levels comparable to TT.  

In order to conjugate the polysaccharide to the hydrazide–derivatized protein, the widely 

used carbodiimide methodology was first attempted and found to be successful only when 

conjugating to the model BSA protein. With the addition of an activating species, two novel 

conjugation methodologies were studied; one of which made use of a triazine activating 

compound and the other, 1–hydroxybenzotriazole, increased the electrophilicity of the 

polysaccharide and enabled conjugation to occur. Two protein carriers; TT and CRM197 were 

successfully conjugated to Pn1 using this HOBt methodology. Precipitation/aggregation was 

observed during small scale reactions but this was later identified as a pH and volume 

problem which was resolved in the larger scale reactions. The conjugates were successfully 

purified by precipitation with ammonium sulfate however further work into the purification of 
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all the conjugates needs to be investigated as some reactions contained high levels of 

free/unconjugated polysaccharide. Problems with the precipitation of PLD during conjugation 

reactions would need to be further investigated with the examination of reaction buffer, 

reaction time and purification methods.  

The successful conjugate vaccine candidates were formulated with an aluminium phosphate 

adjuvant. Owing to time constraints, optimisation of the formulation did not take place. The 

adjuvanted conjugates were compared to two commercially available multivalent 

pneumococcal conjugate vaccines in order to establish non–inferiority. Two separate studies 

in mice were performed; the first compared the two investigated conjugation methodologies 

where Pn1 PS was conjugated to the hydrazide–derivatized CRM197 carrier protein using 

either HOBt or triazine methods. These two conjugates were compared to a commercially 

available conjugate that also used CRM197 as the carrier protein and therefore it was only the 

conjugation chemistry that was compared. No statistical difference between the two 

candidate vaccines was determined and both conjugates produced much higher ELISA titres 

than the commercial vaccine.  

The second round of studies applied the triazine conjugation method to Pn1 and three 

different protein carriers (TT, CRM197 and PLD) and compared which protein carrier would 

provide the best immunogenicity data. Comparisons between the three conjugates and two 

commercial vaccines were performed using both ELISA and OPA data. The results showed, 

on average, 5–fold and 12 fold increases in the ELISA antibody titre and 7–fold and 15 fold 

increases for the OPA data for the CRM197 and TT conjugates respectively when compared 

to the two commercially available vaccines. The PLD conjugate did not show any statistical 

superiority to the commercial vaccines but was shown to be non–inferior. 

By targeting the carboxyl functional groups, of the polysaccharide and using a hydrazide–

derivatized protein carrier, the conjugate was able to induce high levels of antibodies and a 

strong killing potential. These levels of immunogenic and functional antibodies produced by 

the experimental vaccines, as well as the suggested tolerance in mice gave a strong 

indication of the potential of this new conjugation approach for conjugate vaccines against 

pneumococcal type 1 disease.  
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CONFERENCES AND PRESENTATIONS 
Parts of this thesis have been presented at conferences: 

Oral Presentation (2009): University of Trieste 

Talk Entitled: Developing a vaccine against pneumococcal type 1 disease 

Oral and Poster Presentation (2012): 26th International Carbohydrate Symposium in 

Madrid, Spain 

Poster and Talk Entitled: Development of a Streptococcus pneumoniae conjugate vaccine 

against serotype 1 disease. 
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APPENDIX 1: PURIFICATION RESULTS 
Batch 1 2 3 4 5 6 7 8 9 10 

Fermentation mode Fermentor Fermentor Fermentor Fermentor Fermentor Fermentor Wave Fermentor Wave Fermentor 
Fermentation volume (L) 15 15 15 30 15 15 8 15 6 15 

Initial pH 7.20 7.32 7.33 7.05 7.05 7.31 7.91 7.21 7.43 7.20 
Initial PS concentration (mg/L) 535 550 550 530 500 530 400 365 264 391 

Final Analytical Assays                     
PS Content (UA assay) (g) 0.45 2.4 5.4 7.3 

Purification 
failed due to 

improper 
clarification 

Purification 
failed due 

to improper 
clarification 

2.3 

Purification 
failed due to 

improper 
clarification 

1.6 0.71 
O–acetylation (mass %) – 20 20 23 24 23 23 

NMR (mol %) –* – – – 67 80 –  
Nucleic acid (%) 1.570 1.000 1.909 2.181 0.004 0.099 2.181 

Protein (%) 6.40 0.29 0.28 1.68 0.61 0.28 6.40 
CWPS (mol %)  –* 1.4 0.9 1.9 2.2 2.3 1.9 

% recovery 6 29 65 50 –  – 72 – 99 12 
           

           
Batch 11 12 13 14 15 16 17 18 19  

Fermentation mode Fermentor Fermentor Wave Wave Wave Fermentor Fermentor Fermentor Fermentor  
Fermentation volume (L) 15 – 8 8 8.5 – – 15 15  

Initial pH 7.32 – 7.41 7.02 6.75 – – 7.05 7.09  
Initial PS concentration (mg/L) 932 – 642 268 595 – – 602 341  

Final Analytical Assays        
PS Content (UA assay) (g) 3.7 Not 

purified 
due to 

fermentor 
electronics 

offline 

2.1 1.7 2.5 
Not purified 

due to 
problem 

with 
centrifuge 

Not 
purified 
due to 

accident in 
BSL3 

facilities 

7.6 4.0  
O–acetylation (mass %) 23 21 23 18 0 23  
O–acetylation (mol %) 79 77 76 74 0 67  

Nucleic acid (%) 1.271 1.061 0.004 0.099 1.200 1.100  
Protein (%) 0.13 0.86 0.10 1.05 3.10 1.70  

CWPS (mol %) 1.5 1.5 2.0 1.4 1.2 1.9  
% recovery 27  – 41 79 49 –  – 43 51  

* NMR not performed  
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