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Abstract 

Sialic acids are a family of over 50 derivatives of neuraminic acid that are widely available in 

Nature and that play many biological roles in health and disease. They are generally located at 

the terminus of glycans, which in turn form part of glycoproteins and glycolipids. N-Acetyl 

neuraminic acid (Neu5Ac), the most abundant sialic acid, has been hypothesised to be a 

biomarker for various diseases including cardiovascular disease (CVD). The presence of many 

diseases, including CVD can be linked to an increase in plasma and serum concentration of 

Neu5Ac in disease patients versus healthy controls. Increased Neu5Ac concentrations in 

plasma have also been linked to increased risk of CVD mortality. These studies have been 

limited in scope, studying only one derivative of sialic acid and only in plasma and serum. 

Multiple isomers of acetylated sialic acid exist, challenges have been encountered in 

synthesising these compounds however, which has hampered impact in this area. Given that 

Neu5Ac is associated with multiple diseases we need more precise biomarkers for diseases 

such as CVD. Therefore, the research described here aimed to investigate acetylated sialic acid 

derivatives as biomarkers for CVD and CVD mortality risk, not only in plasma and serum, but 

also in urine and saliva. Overall, the work carried out in this thesis details the utility of synthetic 

sialic acid derivatives as quantitative standards for the analysis of plasma, serum, urine, and 

saliva. The biomarker potential of Neu5Ac and Neu5,9Ac2 for CVD risk and the presence of 

advanced CVD was also evaluated. 

Chapter 1 A general introduction to sialic acid and sialoglycans is provided, demonstrating 

their importance within biological functions, and the role of sialic acid as a biomarker for 

cardiovascular disease, diabetes and cancer, as well as other inflammatory diseases. The 

synthesis of sialic acids and analysis of sialic acids in biological mixtures is also discussed. 

Chapter 2 Since the discovery of sialic acid many assays have been developed for its 

qualitative and quantitative analysis. Many of these assays suffered from issues of sensitivity 

and specificity, more modern assays have been developed which overcome these challenges. 

Chapter 2 provides an in-depth review of a variety of assays for the analysis of sialic acid with 

a discussion of the advantages and disadvantages of different assay types (colorimetric, 

fluorometric, enzymatic, chromatographic). Many colorimetric and fluorometric assays are 

relatively quick, simple, and cheap to perform, they are inaccurate however, due to issues with 

sensitivity and specific. This has been overcome with more modern, mainly chromatographic, 

and enzymatic, assays that have high specificity for sialic acid and low limits of detection 

although they are more cumbersome to perform and require expensive equipment. This is 

followed by a future perspective on the analysis of sialic acids wherein the optimisation of 
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currently available assays to increase throughput is discussed, as well as development of plate-

based assays to overcome challenges associated with chromatographic techniques. 

Chapter 3 Sialic acid has been identified as a potential biomarker for many diseases with a 

large focus on cardiovascular disease, diabetes, and cancer. Chapter 3 provides insight into 

sialic acids as potential biomarkers for cardiovascular disease, diabetes and diabetic 

complications, and different types of cancer. The literature was reviewed for studies 

investigating sialic acid as a biomarker for these diseases after which the data from these 

studies was collated. The data included concentrations of Neu5Ac in disease cases and healthy 

controls as well as associated statistical significance. It was determined from the data reviewed 

that sialic acid shows potential as a biomarker for the presence of CVD, type-2 (but not type-

1) diabetes and different types of cancer. However, the biomarker cannot discriminate between 

these different diseases and as such comorbid conditions may impact sialic acid concentration 

measurements and therefore reduce its biomarker potential. Utility was identified however in 

using sialic acid for the assessment of the severity of atherosclerotic diseases and the staging 

of malignant tumours, as well as the progression or success of treatments in a clinical setting. 

Chapter 4 A distinct lack of quantitative standards of acetylated sialic acid derivatives has 

been identified, and these are key for the analysis of sialic acids in biological samples. Chapter 

4 describes the synthesis of two acetylated derivatives of sialic acid: Neu4,5Ac2 in four 

synthetic steps in 39% overall yield; Neu5,9Ac2 in 1 synthetic step in 68% yield. Progress was 

also made towards the synthesis of Neu5,8Ac2, Neu2,5Ac2, Neu5,7Ac2 and acetylated Neu5Gc 

derivatives. The two derivatives that were successfully synthesised were analysed using a 

QNMR technique to allow for their utilisation as quantitative standards. Concentrations of 

Neu5Ac, Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2 in human plasma and guinea pig, porcine and 

ovine serum were determined. This research showcased the ability to label sialic acids with 

1,2-diamino-4,5-methyleneoxybenzene (DMB) followed by analysis using liquid 

chromatography fluorescence detection. This could be utilised to effectively separate and 

analyse (both qualitatively and quantitatively) multiple sialic acid derivatives in one sample. 

The DMB method exhibited very low limits of detection and quantitation in line with the 

literature. 

Chapter 5 Previous studies have investigated Neu5Ac as a potential biomarker for CVD risk, 

with elevated plasma Neu5Ac concentrations associated with increased CVD mortality risk. 

Information was collected from a cohort of volunteers who were at risk of cardiovascular 

disease or otherwise healthy. The volunteers were recruited via an ethically approved (UREC 

18/39) study. The information was collected to determine the QRISK3 estimated relative risk 
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score for each volunteer. Plasma, serum, urine and saliva samples collected from the volunteers 

were subsequently analysed both qualitatively and quantitative for sialic acid derivatives 

whereby Neu5Ac and Neu5,9Ac2 were identified. The concentrations of these derivatives in 

the biological samples were determined via the DMB labelling method. Following this, 

statistical analysis was performed to determine any potential associations between 

concentrations of sialic acids and QRISK3 estimated relative risk score, as well as CVD risk 

factors. Some associations were identified in women, but no associations were forthcoming in 

men. Evidence indicated that these sialic acid derivatives may be able to be utilised as markers 

for early CVD risk, but further studies are required to determine this. 

Chapter 6 Neu5Ac has been widely researched and established as a potential biomarker for 

the presence of advanced CVD. Chapter 6 outlines the determination of the potential of 

Neu5Ac and Neu5,9Ac2 as biomarkers for the presence of advanced CVD. Samples from thirty 

healthy controls and thirty patients with advanced CVD were purchased from BioIVT biobank. 

The samples were analysed for sialic acids whereby elevated concentrations of both Neu5Ac 

and Neu5,9Ac2 were observed between CVD cases and healthy controls. The elevated 

concentrations were statistically significant (Neu5Ac: P < 0.001; Neu5,9Ac2: P < 0.04) when 

comparing CVD cases and healthy controls although the P-value for Neu5,9Ac2 was borderline 

significant. Further analysis via receiver operator curve analysis revealed the predictive power, 

sensitivity and specific of each marker. Neu5Ac was found to be a good predictor of advanced 

CVD with good specificity and sensitivity. Neu5,9Ac2 performed similarly apart from very 

low specificity limiting its utility. A combination marker of Neu5Ac/Neu5,9Ac2 however was 

found to offer similar predictive power as the individual markers but also much improved 

sensitivity and specificity. 

Chapter 7 This chapter summarises the key findings of this project, provides critical 

evaluation of the work carried out and suggests potential avenues for future work. This thesis 

demonstrates the synthesis of two acetylated sialic acid derivatives using protecting group 

strategies. The utility of these derivatives as quantitative standards for the analysis of biological 

samples is assessed. Further to this, the quantitative standards prepared were used, along with 

sensitive chromatographic techniques to determine concentrations of sialic acids in plasma, 

serum, urine, and saliva. The concentrations determined were then utilised to establish to what 

extent whether Neu5Ac and Neu5,9Ac2 can act as biomarkers for CVD and CVD risk. 
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1.1 Introduction 

Sialic acids are a family of monosaccharides that are abundant in Nature and play many 

important biological roles in health and disease.[1] Overexpression of N-acetyl neuraminic acid 

(Neu5Ac, sialic acid) has been observed in biological fluids as a result of various diseases and 

as such is of interest as a potential biomarker.[2] One disease that has been widely studied is 

cardiovascular disease (CVD) with many studies evaluating associations between a diagnosis 

of CVD[3] or elevated CVD mortality risk[4,5] and Neu5Ac concentrations in plasma and 

serum. This thesis tested the hypothesis that acetylated Neu5Ac derivatives could act as 

biomarkers for CVD mortality risk and the presence of advanced CVD. Therefore, within this 

introductory chapter sialic acid, its bioavailability and its biological roles in health and disease 

are discussed. The qualitative and quantitative analysis of sialic acids is also covered herein as 

the ability to effectively measure concentrations of sialic acids in biological fluids is essential 

for their potential as biomarkers. Following this, the synthesis of acetylated Neu5Ac 

derivatives is discussed as access to these compounds is key to their utilisation as quantitative 

standards. 

1.2 Glycans 

Glycans are polysaccharide or oligosaccharide chains that form parts of glycoconjugates 

whereby a carbohydrate chain is covalently linked to a non-carbohydrate structure such as a 

protein or lipid. The synthesis of glycans is regulated by more than 200 enzymes, mainly 

glycosyltransferases and glycosidases.[6] Glycans are formed from a range of monosaccharide 

units which, when combined with different branching structures results in highly diverse 

structures.[7] Different linkages between monomer units, the addition of ‘capping’ units such 

as sialic acid, and fucosylation increases the diversity of these structures. Finally, 

functionalisation of the monomer units, such as through acetylation, increases this diversity 

further still.[8] 

Glycans fit into two categories: N-linked glycans (N-glycans) and O-linked glycans (O-

glycans). N-Glycans are covalently bound to asparagine (Asn) residues via an N-glycosidic 

bond. All eukaryotic N-glycans begin with an N-acetyl glucosamine unit and share a common 

core.[9] Three main types of N-glycan have been identified: oligomannose where only 

mannose residues are attached to the core; complex where ‘antennae’ are attached to the core; 

and hybrid which exhibits both features (Figure 1). O-Glycans generally begin with a N-acetyl 

galactosamine residue and are covalently linked to serine/threonine (Ser/Thr) residues via an 
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O-glycosidic bond.  O-Glycans exhibit a wider range of common cores (Figure 2), these cores 

are much simpler in their structures, however.  

N-Glycans and O-glycans can be modified by the addition of certain carbohydrate residues 

such as sialic acids which are generally located as the terminating unit of glycans. Sialic acids 

are added late in the stage of N-glycan synthesis,[8] with sialylated glycans containing one to 

four sialic acid residues, although not all N-glycans are sialylated.[10] O-Glycans once again 

differ from N-glycans in that sialic acids can be added at much earlier stages of synthesis which 

leads to simple sialylated glycans such as the sialyl Tn antigen.[11] If the biosynthesis is not 

blocked by sialylation, the core structures of O-glycans can undergo further manipulation to 

form more complex O-glycans. The addition of lactosamine repeat repeats which can be 

fucosylated and sialylated leads to a wide array of naturally occurring O-glycans.[9,12,13] 

 

Figure 1: N-Glycan core structure as well as three glycan types: oliogimannoase, complex and hybrid. 
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Figure 2: Core structures 1-4 of O-glycans formed from the Tn Antigen, also shows sialylated Tn antigen. 

1.3 Sialic acid 

N-Acetyl neuraminic acid (sialic acid) is a nine-carbon backbone acidic monosaccharide that 

was first isolated from bovine mucin in the 1930s.[9,14] The discovery of this compound 

sparked decades of research into its structure, bioavailability, and biological significance. Over 

the last 90 years, a family of over 50 neuraminic acids (sialic acids) have been identified.[15–

17] Neuraminic acid (Neu) and 2-keto-3-deoxy-D-glycero-D-galatconononic acid (KDN), 

form the basis of most sialic acids (Figure 3).  

 

Figure 3: Neuraminic acid and KDN 

Neuraminic acid is not found in its free form due to its instability. Rapid cyclisation of this 

monomer leads to the formation of a Schiff base.[18] However, KDN can be found in lower 

vertebrates such as fish.[19] Two of the most common and stable sialic acids in nature, both 

derived from neuraminic acid, are Neu5Ac and Neu5Gc (Figure 4). Although Neu5Ac is near 

ubiquitous in vertebrates it is only found in the higher invertebrates.[20] Neu5Ac is not found 

in plants and prokaryotes with one notable exception, some pathogenic bacteria exhibit sialic 
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acid on their cell surface.[21] Neu5Gc is particularly interesting in that humans lost the ability 

to synthesise it at a late stage of evolution, ~ 2 million years ago.[22] Neu5Gc is present in 

nearly all other vertebrates apart from a few exceptions such as new-world monkeys. 

 

Figure 4: N-Acetyl neuraminic acid (Neu5Ac) and N-glycol neuraminic acid (Neu5Gc) 

Sialic acid diversity comes from two main sources, the first of which is derivatisation of 

different sialic acids at the C-5 position (acetyl, glycolyl, hydroxyl) as well as at one or more 

hydroxyl positions (acetyl, methyl, sulfate, phosphate, lactyl) (Figure 5) with acetylated sialic 

acid derivatives the most abundantly found in nature.[15,16,23] Further to this, sialic acids are 

liable to form lactones and lactams, 2,3 unsaturated derivatives of sialic acids have also been 

identified.[17] The second level of diversity is derived from different linkages formed between 

the C-2 position of sialic acids and different carbohydrate frameworks (glycans).[9] 

 

 

Figure 5: Naturally occurring substitutions of sialic acid 

 

1.4 Biological functions of sialoglycans and sialic Acid 

Sialoglycans, and by extension sialic acids play a large number of important biological 

functions in the structure and function of many cells and proteins.[24,25] These functions not 

only help with the regulation of normal cell function, but also aid in the protection of cells from 

infection by pathogens. [26,27] Sialic acids also appear to play roles in the presence and 

pathogenesis of various disease states, especially those associated with inflammatory 

diseases.[3,28,29] Given this information, it is not surprising that sialic acids are of great 

interest as a biomarker for various diseases. This topic is explored further in section 1.6. Some 

of the most vital biological functions of sialic acids, as well as how they are utilised by 

pathogens and other disease, are explored in subsequent sections. 
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1.4.1 Structural roles 

The non-carbohydrate part of a glycoconjugate exhibits natural hydrophobicity and as such 

would usually suffer from issues of solubility in water.[25] Surface glycans and their terminal 

sialic acid units are responsible for the overall negative charge at the surface of glycoconjugates 

which aids with solubility in water.[1] The negative charge is also essential for the function of 

mucins, the hydrophilic capacity of the surface glycans leads to the binding of water which in 

turn leads to gelation.[30,31] The gelation observed results in the hydration and lubricating 

properties of mucins which help protect and ensure proper function of epithelial surfaces which 

are essential to key biological functions such as saliva production and swallowing.[32,33] 

Further to this, the negative charge is also important in other areas such as the prevention of 

the aggregation of red blood cells and erythrocytes by aiding in cell-cell repulsion.[34] 

Epithelial O-glycans are also important for maintaining the structure of mucins and preventing 

the mucin from folding into a globular structure.[35] The rigid O-glycan structure is formed 

by the binding of galectin-3 oligomers to epithelial cell membranes which forms a highly 

organised cell-surface barrier which can extend up to 300 nm from the cell membrane. This 

offers physical protection to epithelial cells by preventing potential infectious microorganisms 

from approaching target cells.[36,37] Sialoglycans also provide physical protection to proteins 

and cells from the action of proteases.[38] 

1.4.2 Recognition of/masking by sialic acids 

Sialic acid acts as a receptor determinant for numerous biological molecules such as 

lectins.[39] Sialic acid can also act as a receptor mask, by hiding the underlying glycan thus 

preventing binding.[34] One such example is found where terminal O-acetyl sialic acid can 

prevent the binding of influenza A and B viruses.[27] Sialic acid can also mask receptors on 

the cell surface such as siglecs in a cis-interaction to downregulate cell-cell trans-

interactions.[40] This aids in the immune system recognising ‘self’ and thus not launching 

antibodies and causing autoimmune attack. The half-life and clearance of circulating cells and 

glycoproteins is also controlled by the presence of sialoglycans.[41] Sialic acid residues protect 

underlying galactose residues by preventing the binding of macrophages to these galactose 

residues. The binding of these macrophages would in turn lead to degradation and clearance 

such as in the case of desialylated platelets which have been exposed to the neuraminidase of 

pathogenic bacteria.[1,42] 

1.4.2.1 Lectins 

Sialic acid recognition is carried out by binding proteins belonging to a class known as lectins. 

Lectins are defined as proteins that preferentially bind to carbohydrate complexes found as part 
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of glycoconjugates.[43] Glycan binding by lectins is highly specific but the binding affinity is 

low, it is improved however by multivalent binding. Animal, plant, and microbial lectins have 

been identified and more specifically sub-types of lectins have been identified that specifically 

bind to sialylated structures. 

1.4.2.2 Selectins 

Selectins are a subgroup of the Ca2+ dependent C-type lectins.[44] Three selectins have been 

identified: L-selectin, E-selectin and P-selectin. L-selectin is expressed in all leukocytes; E-

selectin is expressed in activated endothelial cells; and P-selectin is expressed in platelet 

granules and endothelial cells.[9] The selectins are released during an inflammatory response 

and play roles in responding to tissue injury and inflammation. Selectins modulate cell-cell 

interactions with L-selectin involved in leukocyte-leukocyte interactions and all three selectins  

involved in leukocyte-endothelial cell interactions.[45] The interactions of the selectins aid in 

recruiting leukocytes to injury sites by promoting leukocyte rolling on and adhesion to the 

endothelium.[45,46] Selectins bind to a number of sialylated carbohydrate structures, among 

these some notable examples are sialyl-Lewisx, its mimic sialyl-Lewisa epitopes (Figure 6) as 

well as sulfonated derivatives of these structures.[47,48] 

 

Figure 6: Structures of sialyl-Lewisx and sialyl-Lewisa epitopes 

1.4.2.3 Siglecs 

Sialic acid recognising immunoglobulin superfamily lectins, or Siglecs, are a family comprised 

of eleven lectins that recognise sialic acid as a ligand that are primarily expressed by immune 

cells.[40] They can be split into two groups: the first group contains sialoadhesin (Siglec-1), 

CD22 (Siglec-2), MAG (Siglec-4) and Siglec-15; the second group contains CD33 and related 

siglecs (Siglecs-5-11 and Siglec-14). Each siglec differs in its binding preferences, binding to 

sialyl-Lewisx structures as well as other sialylated structures. Most siglecs can bind to both α-

2,3 and α-2,6 structures with a preference for α-2,6 structures. Some siglecs cannot bind at all 

to α-2,3 linkages. Siglec activity is not only regulated by sialic acid linkage but also the sialic 

acid residue present on the sialoglycan. The presence of O-acetyl sialic acid residues interrupts 

binding of siglecs.[49,50] Siglec interactions are modulated by cis interactions with sialoglycan 
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ligands expressed on the same cell as the siglec. This downregulates but does not prevent trans 

interactions with other cells because it has been shown that high affinity ligands can 

outcompete cis ligands.[51] The siglec binding sites can also be exposed by the action of 

sialidase to remove terminal sialic acid residues from glycans, or by cellular activation 

downregulating cis interactions of siglecs. The biological roles of siglecs are summarised in 

Table 1: 

Siglec Functions Occurrence Ref 

Sialoadhesin 

(Siglec-1) 

1. Regulation of the function 

and survival of B-cells. 

2. Removal of pathogens. 

Macrophages [40] 

CD22 (Siglec-2) 1. Regulation of B-cell immune 

response, migration and 

signalling threshold. 

B-cells [52] 

MAG (Siglec-4) 1. Promoting differentiation, 

maintenance and survival of 

oligodendrocytes. 

2. Inhibits neurite growth. 

Myelin sheaths [53] 

Siglec-15 1. Regulation of the immune 

system through activating 

processes 

Macrophages and 

dendritic cells 

[54] 

CD33 related 

Siglecs 

1. Regulation of the immune 

system through inhibitory 

processes 

Haematopoietic cells [55] 

 

Table 1: Occurrence and biological functions of human siglecs. 

1.5 Roles of sialic acid in infection/disease 

Given the prevalence of sialic acid on the cell surface, it is not surprising that it is utilised by 

pathogenic bacteria, viruses, and parasites as a route to infection. Host systems require 

sialoglycans on cell surfaces for critical biological functions and pathogens use the prominent 

position of sialic acid as a binding site to mediate binding, cell entry and subsequent infection. 
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1.5.1 Bacterial infection 

Pathogenic bacteria use sialic acid in two main ways. The first is for the key role of immune 

system evasion, by utilising sialic acid such that the immune system is not activated by the 

presence of the bacteria.[56] In this case sialic acid can be synthesised de novo by the bacteria 

such as in E.coli[57] or can be scavenged from the host system whereby bacteria secrete 

sialidases that release sialic acid from cell surface sialoglycans.[58] Some bacteria have been 

observed to not excrete sialidases but still exhibit cell surface sialic acid. This may be linked 

to the release of monomeric sialic acid by sialidases excreted by other pathogens or by the host 

itself in response to inflammation and infection, which may facilitate the uptake of sialic by 

these bacteria. Some bacteria have also been shown to utilise sialic acid as an energy 

source.[21]  

1.5.2 Parasitic infection 

Trypanosoma cruzi (T. cruzi) has been shown to exhibit trans-sialidase activity, meaning it has 

the ability to not only cleave host cell sialic acid but also add sialic acid to underlying 

carbohydrate frameworks through glycosidic linkages.[59] T. cruzi scavenges sialic acid 

similar to some bacteria and incorporates it into its surface to avoid host immune system 

detection and clearance. The expression of trans-sialidase also appears to affect host sialylation 

– T. cruzi infection is characterised by thrombocytopenia which may be a result of increased 

clearance of platelets because they have been desialylated by trans-sialidase expression.[60] 

Sialic acid is also of paramount importance for infection by T. cruzi, desialylated cells showed 

reduced levels of infection.[61] In comparison to this, desialylation of sialoglycans appears to 

play a key role in escape of the parasite from the cytoplasm of infected cells.[62] 

1.5.3 Viral infection 

Numerous viruses make use of sialic acid as a binding site for cell entry, the first stage in cell 

infection by a virus. The most well documented case of this is influenza, although his has been 

observed in noro- and rotaviruses.[63] Influenza A and B virus infect humans by attaching to 

and degrading α-2,6 linked Neu5Ac.[64] On the other hand, avian influenza viruses 

preferentially bind to α-2,3 linked Neu5Ac.[65] Other derivatives of sialic acid are also of 

interest here with 9-O-acetyl sialic acid (Neu5,9Ac2) being the preferred binding site for 

influenza C as well as some human coronaviruses.[66,67] Interestingly, Neu5,9Ac2 disrupts 

the binding of influenza A and B. Some viruses are also able to secrete neuraminidase which 

destroys surface sialic acids on glycoproteins promoting virus release from infected cells and 

neutralisation of sialic acid containing proteins that interfere with virus binding.[68] Of much 

more recent interest is the potential role that sialic acids play in infection by coronaviruses, 
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especially SARS-COV-2. Evidence points towards specificity for SARS-COV-2 to bind to 

Neu5Ac containing glycans,[69] with reduced binding to glycans containing Neu5Gc.[70] 

There is also evidence that shows, similarly to other human coronaviruses, that SARS-COV-2 

binds to acetylated sialic acid derivatives, specifically Neu5,9Ac2 and Neu4,5Ac2.[71,72] 

1.5.4 Cancer 

Malignant tumours and cancer cells have been shown to decorate their surface with sialylated 

glycoproteins that express high numbers of tumour associated carbohydrate antigens (TACAs) 

and sialyl Lewis structures.[73] The terminal sialic acid residues hide the underlying galactose 

residues which prevents degradation and apoptosis of cancer cells.[74] Metastasis is also 

supported by these glycans. Loose cancer cells can escape into the blood stream to circulate 

throughout the body without the risk of clearance as they display a highly sialylated 

structure.[75] Overexpression of glycolipids such as GD2 and GD3 has also been observed in 

various types of cancer wherein it promotes cancer cell survival by inhibiting the immune 

system[76] and reduces cancer cell sensitivity to apoptosis and as such may play a role in 

cancer cell survival.[77] On the other hand, reduction of O-acetylation can also have 

undesirable outcomes for cancer cell progression. Reduction of O-acetylation appears to 

promote inflammation, especially in mucosal membranes, and may promote tumour growth 

such as the case of colorectal cancer. 

1.5 Cardiovascular disease 

While sialic acid has been studied in relation to numerous disease states, the focus of the 

researched detailed in this thesis focuses on CVD and associated risk factors. CVD is an 

umbrella term for a number of interlinked health conditions affecting the heart and blood 

vessels that include coronary heart disease (CHD), cerebrovascular diseases, rheumatic heart 

disease and venous thromboembolism.[78] CVD accounted for 34% of all deaths in 2020 with 

an estimated 500 million active cases.[79] CVD is the leading cause of death in most developed 

and developing countries and is the leading cause of disability-adjusted life years. The 

prevalence and mortality of CVD is expected to increase as the risk-factors for CVD (smoking, 

sedentary lifestyle, access to high salt and fat foods) increase globally especially in developing 

countries. CVD risk is also greatly increased if a person suffers from high-risk health 

conditions such as: high blood pressure, high cholesterol, atrial fibrillation and type-2 

diabetes.[80] 

The World Health Organisation (WHO) estimates that up to 80% of CVD is preventable and 

reduction in risk factors for CVD can reduce the global health burden and associated costs.[81] 

Early diagnosis of CVD is therefore of paramount importance for reducing mortality and 
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prevalence of CVD. Advances in biomarker and CVD research have led to improved clinical 

outcomes over the last 30 years.[82] Risk calculation algorithms have been developed such as 

QRISK3 which allows for the estimation of 10-year risk of developing heart attack or 

stroke.[83]  

1.6 Biomarkers 

A biomarker has been defined as a characteristic that is objectively measured and evaluated as 

an indicator of normal biological processes, pathogenic processes, or pharmacologic responses 

to a therapeutic intervention. An ideal biomarker must be able to: measure a specific pathology, 

add to clinical assessment, be acceptable to the patient, applicable to all sexes, ages and 

ethnicities, be easy to interpret, and have high sensitivity and specificity.[84,85] Many 

biomarkers are currently employed in diagnostic settings to aid in the detection and diagnosis 

of a wide range of diseases, for example: troponin for myocardial infarction, CEA for many 

types of cancer, and HbA1c for diabetes. 

1.6.1 Sialic Acids as biomarkers 

Sialic acid has been investigated as a biomarker in many studies over the last 30 years. Elevated 

concentrations of Neu5Ac in biological fluids such as plasma and serum have been associated 

with the presence and pathogenesis of a number of health conditions. These include: 

osteoarthritis,[86] sepsis[28] and COPD,[87] as well as diabetes and cancer which are 

discussed in greater detail in Chapter 3.[2,3,88–90] Many of these conditions are associated 

with, or lead to, inflammatory processes taking place, which may explain this overexpression 

of sialic acid and therefore its potential as a biomarker. This is discussed in greater detail in 

Chapters 5 and 6. Neu5Ac is not the only sialic acid derivative associated with these processes 

however, acetylated sialic acids are becoming of greater interest as biomarkers. This is due to 

their association with certain disease states, such as overexpression on the surface of cancer 

cells[91]. These sialic acid derivatives may also be of interest in relation to other health 

conditions, such as CVD. 

1.6.2 Sialic acid as a biomarker for CVD 

Numerous biomarkers have been studied and established for CVD; some are disease specific 

such as N-terminal pro-brain natriuretic peptide (NT-proBNP) or are related to a specific 

pathological process such as inflammation in the case of fibrinogen.[92] Sialic acid has been 

of interest in recent years as a marker for CVD and the associated inflammatory processes. It 

has been well established as a potential marker for the presence and pathogenesis of different 

cardiovascular diseases (coronary heart disease, coronary artery disease, atherosclerosis, 

hypertension) and associated inflammatory processes.[89,93–95] Elevated concentrations of 
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plasma sialic acid have been linked with an increase in cardiovascular mortality risk.[88] 

Chapter 3 provides a more detailed overview of sialic acid as a potential biomarker for 

cardiovascular disease.[2] 

1.7 Analysis of biomarkers 

Biomarker analysis requires robust methods that can effectively quantify specific compounds 

in complex biological mixtures. This means the method must be specific for the target 

compound so as not to produce inaccurate results by measuring interfering compounds. The 

methods must also be highly sensitive as some biomarkers are present in only small quantities. 

1.7.1 1,2-Diamino-4,5-methylenedioxybenzene dihydrochloride (DMB) assay 

In the context of this research, the DMB assay was utilised for the analysis of sialic acid. The 

DMB assay is a rapid, highly sensitive and highly selective method for the analysis of sialic 

acids (Scheme 1).[99,100] The method is performed by first releasing sialic acids from 

glycosidic linkages using mild acidic conditions, this facilitates glycosidic bond cleavage but 

is sufficiently mild to hamper acetyl group migration. Following acidic release, the sialic acids 

are labelled with the DMB fluorescent tag and subsequently analysed by liquid 

chromatography-fluorescence detection (LC-FLD). The method also allows for the 

differentiation and quantitation of multiple sialic acid derivatives simultaneously, such as O-

acetylated sialic acid, thus reducing the need for multiple assays. More detail on this assay can 

be found in chapters 3, 4, 5 and 6. 

 

Scheme 1: Acid release and DMB labelling of sialic acids 

1.8 Synthesis of sialic acids 

Quantitative analysis of sialic acids requires access to quantitative standards which must be 

obtained from nature or synthesised. Sialic acid can be isolated from edible birds nest.[101] 

Prior to this discovery, sialic acid was generally synthesised from compounds such as N-acetyl-

D-glucosamine.[102] Enzymatic methods have also been employed for the synthesis of sialic 

acid.[103]. The ability to obtain large quantities of sialic acid opened doors for the chemical 

synthesis of natural and unnatural derivatives of sialic acid including acetylated sialic acid 

derivatives. This is of interest as while a variety of acetylated sialic acids can be isolated from 
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bovine submaxillary mucin[104], both the acidic release conditions and basic purification 

conditions can result in acetyl group migration and cleavage thus affecting the quantity of sialic 

acids in these mixtures. 

Neu5Ac, Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2 are the only sialic acids that are commercially 

available.[105–108] However, Neu5,9Ac2 and Neu4,5Ac2 are only available in small quantities 

at a high cost. As such, given the lack of availability of acetylated sialic acids, difficulty of 

isolating these derivatives from biological sources and the availability of Neu5Ac in large 

quantities from commercial sources, the synthesis of both natural and unnatural sialic acid 

derivatives has attracted much research in recent years.[16,109] 

1.8.1 Synthesis of O-acetylated sialic acid derivatives 

The work carried out in this thesis aimed to expand the scope of current research into sialic 

acids as biomarkers by accessing acetylated derivatives for use as standards. Synthesis of pure 

O-acetylated sialic acid derivatives requires the use of protecting group strategies to facilitate 

regioselective addition of acetyl groups. Care must be taken when adding and removing 

protecting groups especially when taking into account the lability of acetyl groups under basic 

conditions and the tendency for acetyl group migration under harsh acidic conditions.[110] 

More detail on the synthesis of acetylated Neu5Ac derivatives can be found in Chapter 4.[111]  

1.9 Project overview 

Cardiovascular disease is a highly prevalent disease responsible for the largest loss of 

disability-adjusted life years globally. Prediction of CVD is currently carried out using risk 

calculation algorithms such as QRISK3, although these can be unreliable in older 

populations.[112] A biomarker for CVD risk may supplement QRISK3 to allow for more 

accurate early prediction of CVD and allow for earlier intervention to reduce CVD prevalence. 

Most current analyses for sialic acid as a biomarker for CVD measure total sialic acid 

concentrations in plasma or serum, this research expanded this to include urine and saliva. This 

thesis also aimed to focus on different isomers of sialic acid by performing analysis using DMB 

labelling techniques which can separate different sialic acids in complex biological mixtures. 

It has been noted however that there is a lack of commercially available sialic acids for use as 

quantitative standards. Therefore, the overall aim of this project was to synthesise acetylated 

sialic acid derivatives for use as quantitative standards, and subsequently utilise these for the 

evaluation of the biomarker potential of these compounds. Analysis of these sialic acid 

derivatives in biological samples would be carried out to assess potential relationships between 

sialic acid concentrations and CVD, as well as CVD risk.  
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The general introduction is supplemented by two review articles in chapters 2 and 3. Chapter 

2 provides a critical appraisal of numerous assays for sialic acid and its derivatives as well as 

advantages and disadvantages of each method with a comparison of different methods. This 

was carried out to give an overview of which methods for the analysis of sialic acids are best 

suited to different situations. Chapter 3 provides detail on the current state of research into 

sialic acid as a biomarker for CVD, diabetes and cancer. Data from the literature was collated 

and analysed to determine whether sialic acid concentrations were associated with different 

disease states. Chapter 3 also provides a critical appraisal of the utility of sialic acid as a 

biomarker for these diseases as well as potential future uses in areas such as diagnosis of 

disease severity and monitoring of treatments. Chapter 4 outlines the synthesis of two O-

acetylated sialic acids (Neu4,5Ac2 and Neu5,9Ac2) employing protecting group strategies to 

perform regioselective acylation. Thereafter, the derivatives synthesised were analysed using 

quantitative NMR to allow for the accurate dispensing of standard samples for the preparation 

of standard curves. The utility of these compounds as quantitative standards was then 

demonstrated by the quantification of sialic acids in plasma and serum samples. Further 

synthetic work towards Neu5,8Ac2, Neu2,5Ac2, Neu5,7Ac2 and acetylated derivatives of 

Neu5Gc is also outlined in Chapter 4. Chapters 5 and 6 used the standards developed for the 

analysis of sialic acid derivatives in biological samples. This was in order to assess the 

biomarker potential of sialic acid and its derivatives. Chapter 5 involves the recruitment of a 

cohort of volunteers who were either at risk of CVD or were otherwise healthy. This was then 

followed by the collection of biological samples (plasma, serum, urine, and saliva) and 

information for the measurement of QRISK3 estimated relative risk score. The samples 

collected were analysed to quantify the concentrations of Neu5Ac and Neu5,9Ac2 in plasma, 

serum, urine, and saliva. These were compared with QRISK3 score and its constituent factors. 

Associations were observed in women between urinary Neu5Ac and QRISK3 estimated 

relative risk score, and urinary Neu5,9Ac2 QRISK3 estimated relative risk score. Sensitivity 

analysis showed BMI as a potential driving factor behind this association. Inflammation linked 

physiological changes were posited as a possible explanation for these findings. Chapter 6 

details the utilisation of the same sialic acid standards for the assessment of their potential as 

biomarkers for the presence of advanced cardiovascular disease. This was performed using a 

cohort of samples collected from healthy controls and patients diagnosed with advanced CVD. 

Elevated concentrations of plasma Neu5Ac, and Neu5,9Ac2 were observed and the statistical 

significance of this was evaluated. Further to this, the predictive power of each marker was 

analysed using ROC analysis. Chapter 7 provides a summary of the key findings of this project 

followed by critical analysis of the work carried out. This is further supplemented by an 
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exploration of the potential future work for this project. The overview of this thesis is presented 

in Figure 7. 

 

Figure 7: Thesis overview 
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Chapter 2: 

Assays for the identification and quantification of sialic acids: 

Challenges, opportunities and future perspectives. 

 

Chapter Summary: This chapter explores the past and present literature with regards to assays for the 

qualitative and quantitative analysis of sialic acids. The assays are compared and critically evaluated to 

give an overview of the best assays currently available for the analysis of sialic acids. In addition, a 

future perspective on sialic acid analysis is provided.  
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Sialic acid as a potential biomarker for cardiovascular disease, 

diabetes and cancer. 

 

Chapter Summary: This chapter evaluates the data presented in the literature to provide an overview 

of sialic acid as a potential biomarker for cardiovascular disease, diabetes and cancer. The current and 

future utility of sialic acid as a biomarker not only for disease diagnosis, but also disease severity and 

treatment outcomes are discussed. 
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Chapter 4: 

Quantitative Standards of 4-O acetyl and 9-O acetyl N-acetyl 

Neuraminic Acid for the Analysis of Plasma and Serum. 

Chapter Summary: In this chapter, the synthesis of two acetylated sialic acid derivatives is described. 

This is followed by their utilisation as quantitative standards for their analysis in plasma and serum. 

The derivatives were successfully utilised as standards for the quantitative analysis of human plasma 

and animal serum samples. The method employed and developed upon allowed for the analysis of 

multiple sialic acid derivatives at once with very high sensitivity and specificity. 
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Quantitative Standards of 4-O acetyl and 9-O acetyl N-acetyl Neuraminic Acid for the 

Analysis of Plasma and Serum 

Abstract 

N-Acetyl neuraminic acid (sialic acid, Neu5Ac) is one of a large, diverse family of nine-carbon 

monosaccharides that play roles in many biological functions such as immune response. 

Neu5Ac has previously been identified as a potential biomarker for the presence and 

pathogenesis of cardiovascular disease (CVD), diabetes and cancer. More recent research has 

highlighted acetylated sialic acid derivatives, specifically Neu5,9Ac2, as biomarkers for oral 

and breast cancers, but advances in analysis have been hampered due to a lack of commercially 

available quantitative standards. We report here the synthesis of 9-O-acetyl and 4-O-acetyl 

sialic acids (Neu5,9Ac2 and Neu4,5Ac2) with optimisation of previously reported synthetic 

routes. Neu5,9Ac2 was synthesised in 1 step with a 68% yield. Neu4,5Ac2 was synthesised in 

4 steps with a 39% overall yield. Synthesis was followed by analysis of these standards via 

quantitative NMR (QNMR). Their utilisation for the identification and quantification of 

specific acetylated sialic acid derivatives in biological samples is also demonstrated.  

Introduction 

 Neu5Ac is a nine-carbon backbone monosaccharide with a carboxylic acid functional group 

(Figure 1) and is one of a family of over fifty neuraminic acids (sialic acids).[1] Structural 

diversity arises from functionalisation at the 5-position (acetyl, glycolyl, lactyl, alcohol groups) 

as well as at one or more of the five hydroxyl positions (acetyl, methyl, phosphate, sulfate).[2] 

Further to this, glycosidic bonds between the 2-position of sialic acids and different 

carbohydrate frameworks allow for the creation of a range of different sialic acid-containing 

glycans. Lastly, different linkages of sialic acid (α-2,3, α-2,6, α-2,8, α-2,9) increase this 

diversity further still.[3]  
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Figure 1: N-glycan and N-Acetyl neuraminic acid as the terminating unit 

Sialic acids are generally located on N-glycans as the terminating unit (Figure 1),[4] forming 

parts of glycoconjugates such as glycoproteins and glycolipids. Sialic acids can also be found 

as internal residues of these glycans, particularly when an α-2,8 linkage is present, and as part 

of polysialic acid chains.[5] In far smaller quantities, free or unbound Neu5Ac is present in 

biological fluids. In primates and other mammals, the two major species found are Neu5Ac 

and Neu5Gc (Neu5Gc is not naturally produced in humans). Small quantities of other 

derivatives of Neu5Ac have been identified, for example Neu5,9Ac2
[6]

 in humans and a wider 

variety of sialic acids, including Neu4,5Ac2, in other species.[6,7] 

Neu5Ac has many important biological functions in humans including modulation of the 

immune system[8] and, due to the overall negative charge of the molecule, prevention of 

erythrocyte aggregation and thereby clotting.[9] Cancer cells also exhibit this characteristic by 

overexpressing cell surface Neu5Ac to avoid immune system detection and act as a biological 

mask, behaviour that aids cancer cell proliferation and promotes angiogenesis.[10] Neu5Ac is 

not the only neuraminic acid of biological importance. Neu5,9Ac2 has also been indicated to 

play roles in modulating the immune system and stability of glycoproteins. Possible roles in 

cancer development, autoimmune conditions, and infection have also been articulated.[11] 

These roles are owed to different characteristics such as increased hydrophobicity, size and 

hydrogen bonding compared to Neu5Ac due to the presence of the additional acetyl functional 

group.[12] Expression of Neu5,9Ac2 has also been observed in cancer cells.[13] Neu4,5Ac2 is 

only expressed in certain vertebrates such as monotremes,[14] guinea pigs[15] and horses[16] 

where it plays roles in disrupting bacterial and viral activity. The disruption has been posited 
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to occur due to steric hindrance in binding sites posed by the protruding 4-position acetyl group 

present in Neu4,5Ac2.
[14,16] 

Neu5Ac has previously been identified as a biomarker for cancer, diabetes and cardiovascular 

diseases.[17] Overexpression of sialic acid has been detected on the endothelium when CVD 

and therefore inflammation is present. There is a significant elevation in sialic acid in plasma 

and serum samples between healthy controls and disease patients. Sialic acid can be correlated 

with CVD risk, with volunteers that exhibit elevated sialic acid levels having higher mortality 

risk from CVD in a large scale long term follow-up study.[18] Neu5,9Ac2 has also emerged as 

a potential marker for malignant tumours due to overexpression on the tumour surface.[13] The 

wide range of biologically available neuraminic acids and the array of biological roles they 

play, especially in immune response and infection, highlights the need for access to a broad 

range of sialic acid standards in order to probe their potential utility as biomarkers in a number 

of therapeutic areas. 

Determining whether acetylated sialic acid derivatives are potential biomarkers for a 

therapeutic area of interest requires a high degree of method stability. Moreover, the 

reproducibility and reliability of such techniques would benefit from quantitative standards to 

measure the absolute quantitation of sialic acids in biological fluids. Neu5Ac and Neu5Gc are 

commercially available, but this is not the case for acetylated sialic acid derivatives. Currently 

the acetylated forms are derived from biological sources by performing acid release on readily 

available proteins such as bovine submaxillary mucin which has relatively high levels of a 

variety of sialic acid types.[19] The acid release of these sialic acids using 0.5 M formic acid 

and subsequent purification under basic conditions can cause challenges due to acetyl group 

migration with the former, and hydrolysis with the latter, conditions. This method also only 

results in a mixture of sialic acids that can be difficult to separate on a large scale due to the 

similarity in the polarities of the sialic acid derivatives. These mixtures can be useful for 

qualitative analysis and potential assignment of peaks. Individual standards are required, 

however, for more accurate assignment and quantitative analysis of sialic acids in biological 

samples. 

To address the need for pure, well-characterised quantitative standards we report herein the 

further development and optimisation of previously reported synthetic routes towards two 

quantitative standards of acetylated sialic acid: Neu5,9Ac2 and Neu4,5Ac2 (Figure 2).[20] Then, 

to probe the utility of these synthetic derivatives as effective quantitative standards, 

quantitative nuclear magnetic resonance (QNMR) techniques were completed to determine the 

purity of the synthesised compounds. Finally, the synthetic compounds were used as qualitative 



51 
 

and quantitative standards for the analysis of sialic acids in biological samples derived from 

both humans and other species. 

 

Figure 2: Neu5,9Ac2 (2) and Neu4,5Ac2 (3) with acetyl groups highlight in red. 

Results and Discussion 

Synthesis of Neu5,9Ac2 and Neu4,5Ac2 

Neu5,9Ac2 and Neu4,5Ac2 have both been previously synthesised by Ogura et al.[20] and 

Clarke et al.[21] Neu5,9Ac2 was synthesised in one step from Neu5Ac, and Neu4,5Ac2 was 

synthesised in five steps from Neu5Ac by Ogura et al. and Clarke et al. albeit utilising different 

protecting group strategies. These approaches therefore lay the foundation for our approach. 

For access to Neu5,9Ac2, Neu5Ac (1) was treated with trimethyl orthoacetate in the presence 

of catalytic p-toluene sulfonic acid for 20 minutes to afford Neu5,9Ac2 (2) in 68% yield after 

purification using ion-exchange chromatography (Scheme 1). Acetylation at the 9-position 

could be confirmed by 1H NMR spectroscopic analysis by the presence of a singlet at 2.00 ppm 

and the shift of the protons at the C-9-position hydrogens from 3.46 and 3.68 ppm in (1) to 

3.95 and 4.26 ppm in (2). 

 

Scheme 1: Synthes of Neu5,9Ac2 

The route chosen to synthesise Neu4,5Ac2 (3) was based on work by Ogura et al.[20] The 

synthesis of (3) therefore commenced with protection of the carboxylic acid group to give a 

methyl ester using conditions developed by Malapelle et al. employing methanol and 

trifluoroacetic acid to give (4) in quantitative yield.[22] This was then followed by the 

simultaneous protection of the 8 and 9-position hydroxyl groups with an acetonide protecting 

group using 2,2’-dimethoxypropane and Amberlyst 15 H+ resin to give (5) in 65% yield. 

Deprotection of the methyl ester is required in the next step. The method put forth by Ogura et 

al. using 1 M NaOH was utilised to give (6) in quantitative yield. The acetyl group was installed 
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at the 4-position using excess pyridine and acetic anhydride and the crude mixture was then 

purified using ion exchange chromatography using 1 M formic acid as the eluant. Removal of 

the formic acid under reduced pressure at 35oC, as opposed to the use of lyophilisation by 

Ogura et al. then afforded (3) in 60% yield (Scheme 2). Pleasingly, it was therefore evident 

that removal of formic acid under these conditions also facilitated removal of the acetonide 

protecting group, as required, without the need for an additional synthetic step. As such, the 

approach detailed herein offers a higher overall yield compared with previous reports, 

specifically of a 39% overall yield versus 25% reported by Ogura et al. The successful 

acetylation at the 4-positon could be observed via 1H NMR spectroscopic analysis by the 

appearance of a singlet at 1.95 ppm from the new acetyl group protons and the shift of the 

proton at C-4 from 3.95 in (1) to 5.17 ppm in the target compound (3). 

 

Scheme 2: Synthesis of Neu4,5Ac2 

Quantitative NMR of Standards 

With Neu5,9Ac2 and Neu4,5Ac2 in hand, the next step was to determine the purity of the 

standards using QNMR techniques. The method chosen for this was based on the pulse length 

based concentration determination (PULCON) method,[23–25] which utilises an external 

standard with a known concentration to calculate the concentration of an unknown sample. The 

PULCON method was chosen, as opposed to a method using an internal standard such as 

electronic reference to access in vivo concentrations (ERETIC)[26], to avoid contamination of 

the sample. This was due to the limited quantities of material that were available and hence to 

facilitate further utilisation of the material after QNMR analysis. Analysis was performed by 

measuring the 360o pulse and comparing the integration of a known peak for both the reference 

and the unknown sample.  The measurement of each spectrum was carried out with water 

suppression using presaturation to ensure that water in the sample would not obscure any peaks 
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and that the maximum peak intensity was obtained. Careful choice of the relaxation delay (d1) 

is also important; it is crucial for an accurate quantitation to ensure that all signals have fully 

relaxed between pulses. A d1 of at least five times the T1 of the slowest relaxing signal of 

interest in the spectrum should be used. T1 values for 1H nuclei in medium-sized molecules 

typically range from 0.5 to 4. 0 seconds. 

In our case, maleic acid was used as external standard at a concentration of 5.03 mmol. Maleic 

acid was chosen as its NMR resonance does not overlap with that of the synthesised standards 

and is not affected by water suppression. The 360o pulse for both standards and samples was 

calculated using pulsecal; the pulse sequence used was noesypr1D with water suppression 

using presaturation, and the relaxation time chosen was 20 s.  

Neu5Ac was first analysed to validate the method and hence five different concentrations were 

analysed via QNMR. The signals of interest (the 3-H, 12-H, 7-H and 9-H protons) in the NMR 

spectra obtained were integrated and normalised for the number of protons. These signals were 

chosen as they are distinct, and not overlapped by other resonances. They are also outside of 

the 3.8-5.8 ppm range and hence would not be inadvertently affected during water suppression. 

Signals were then compared with the signal of the maleic acid using the equation below (1) 

where S is the absolute area of the NMR signal, n the number of protons, U is the unknown 

sample, R is the reference standard and C is concentration. 

𝑐𝑈 = 𝑐𝑅
𝑆𝑈𝑛𝑅

𝑆𝑅𝑛𝑈
  (1) 

 The standard curve results were compared with the expected concentrations for each sample 

(Table 1) which showed that the determined values matched closely to the expected values, 

indicating the robustness of the PULCON method for concentration determination of a sample. 

A standard calibration curve is provided in the supporting information. 
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Standard Number Prepared Concentration of 

Standard (mM) 

Concentration Determined 

by QNMR (mM) 

1 2.7 2.7 

2 4.1 4.2 

3 5.4 5.7 

4 6.7 7.0 

5 8.1 7.8 

 

Table 1: Concentration of Neu5Ac standards determined by QNMR compared to the expected concentration of 

each standard 

Having demonstrated the robustness of this QNMR PULCON method, the two synthesised 

sialic acid standards were next each analysed in triplicate. For Neu5,9Ac2 the 3-H, 7-H, 12-H 

and 15-H protons were selected for study. For Neu4,5Ac2 the 3-H, 7-H, 9-H and 12-H 

protons were selected for study. This procedure allowed for the concentrations of the 

Neu5,9Ac2 and Neu4,5Ac2 in the standard solutions to be determined, again using equation 

(1), as 4.04 mM and 3.71 mM respectively. 

 

Utilisation of Standards for Quantitation 

Standards of 1 nmol of Neu5,9Ac2 and Neu4,5Ac2 were next dispensed using a liquid handling 

robot to minimise the introduction of errors. Commercially available 1 nmol Neu5Ac and 

Neu5Gc provided by Ludger Ltd were also utilised. Neu5Ac and Neu5Gc  have previously 

been quantified using DMB assays[27,28] and provide a good point of comparison for our 

standards. The standards were labelled with 1,2-diamino-4,5-methyleneoxybenzene (DMB) in 

the presence of β-mercaptoethanol and sodium dithionite in 1.4 M acetic acid (Scheme 3, step 

2) and analysed via ultra-high performance liquid chromatography (UHPLC).[27,29] This 

method was chosen as it is highly specific for sialic acids and allows for the detection of low 

levels of these carbohydrates. Furthermore, analysis of sialic acids via the DMB method does 

not suffer from issues such as interference that hinder many other assays utilised for the 

quantitative analysis of sialic acids. Compounds other than sialic acid present in the biological 

sample do not react with the labelling reagent and as such cannot interfere with the assay, 

removing any issues with identification or quantitation of sialic acids.[30]  
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Scheme 3: Sialic Acid release and DMB labelling reaction 

Once the standards were qualitatively assessed, the next stage was to utilise the standards for 

the quantitation of sialic acids in biological samples. Samples that contained acetylated sialic 

acid derivatives were chosen to validate Neu5,9Ac2 and Neu4,5Ac2 as quantitative standards. 

A literature search of biologically available Neu5Ac derivatives led to the purchase of 

recombinant human plasma[31] and guinea pig serum[15]  from Sigma-Aldrich, and dried porcine 

and ovine serum[1,3] from First Link (UK). The sialic acids were released from the biological 

samples using 2 M acetic acid at 80oC for 2 hours, these conditions are kept intentionally mild 

to ensure that no acetyl group migration takes place (Scheme 3, step 1). Following this, both 

standards and samples were labelled with DMB at 50oC for 3 hours (Scheme 3, step 2). The 

standards were used to qualitatively assess which sialic acids were present in each sample and 

to create standard curves for quantitative analysis. Standard curves with the range 0.01-1 nmol 

were used. A variety of sialic acids were detected and quantified in each sample. Neu5Ac and 

Neu5,9Ac2 were detected in human plasma (Figure 3). Neu5Gc, Neu5Ac and Neu4,5Ac2 were 

detected in guinea pig serum (Figure 4), and this was the only sample to contain Neu4,5Ac2. 

Porcine and ovine serum showed Neu5Ac and Neu5Gc (Figures 5 and 6). The information 

obtained matched the expectations derived from previous literature; Neu5Ac and Neu5,9Ac2  

are the main neuraminic acid derivatives identified in humans.[32,33] The animal serum samples 

also match previous literature, as all three samples contained Neu5Gc, which is not present in 

human samples.[34] Neu4,5Ac2 was detected in guinea pig serum.[15] This method therefore 

allowed for the identification of a variety of different sialic acid derivatives in complex 

biological mixtures with the need for only one assay per sample, greatly reducing the time 

required to perform analysis for these compounds. Other unknown peaks were also observed 

in the traces obtained for the animal samples, but their identification was outside of the scope 

of this analysis, which was to determine the validity of the synthesised compounds as 

quantitative standards. 
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Figure 3: Human plasma after DMB labelling and UHPLC analysis (full trace and zoomed in) 

 

Figure 4: Guinea pig serum after DMB labelling and UHPLC analysis 
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Figure 5: Porcine serum after DMB labelling and UHPLC analysis 

 

Figure 6: Ovine serum after DMB labelling and UHPLC analysis 

 

Neu5Ac, Neu5Gc and Neu4,5Ac2 could be effectively quantified in small quantities of the 

relevant biological samples with ease: the peaks met the thresholds for limit of detection (LOD) 

and limit of quantitation (LOQ). LOD and LOQ were calculated for standard curves prepared 

in water as a solvent. The signal-to-noise ration for LOD was ten and for LOQ was three. 

Neu5,9Ac2 posed an issue in the plasma sample in that it was present in quantities 50-100 times 

smaller than Neu5Ac and as such the samples were concentrated before analysis to ensure that 

they met the thresholds of the LOD and LOQ (Table 2). This sample also suffered from 

impurities overlapping the Neu5,9Ac2 peak.  The lack of sufficient resolution was overcome 

by changing the solvent system to effectively separate Neu5,9Ac2 from any impurities - using 

a gradient solvent system starting with low acetonitrile content and slowly increasing the 

volume to give a greater retention time for sialic acid derivatives allowed for any impurities to 
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elute first. The values obtained for quantitative analysis of the samples is shown in tables 3 and 

4. Each sample was analysed in triplicate. The values were as expected: Neu5,9Ac2 is generally 

detected in quantities far smaller than that of Neu5Ac.[32,33] Neu4,5Ac2 was found to comprise 

34% of total sialic acid in guinea pig serum, which matched the previously reported data for 

this material.[15] 

Standard LOD (mol) LOQ (nmol) R2 std curve 

Neu5Ac 10.0 30.5 1.0 

Neu5Gc 8.5 25.7 1.0 

Neu5,9Ac2 5.9 18.0 1.0 

Neu4,5Ac2 10.8 32.9 1.0 

 

Table 2: Limit of detection and limit of quantitation of Neu5Ac, Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2 

Sample Average 

Neu5Ac 

(mg/100 mL) 

Average 

Neu5Gc 

(mg/100 mL) 

Average 

Neu5,9Ac2 

(mg/100 mL) 

Average 

Neu4,5Ac2 

(mg/100 mL) 

Human Plasma 45.5 ± 1.0 N/A 0.29 ± 0.0 N/A 

Guinea Pig 

Serum 

37.80 ± 1.2 4.21 ± 0.1 0.33 ± 0.0 

 

21.25 ± 0.4 

 

 

Table 3: Quantity different sialic acids in biological samples. The data are presented as mean ± standard 

deviation. 

Sample Average 

Neu5Ac 

(mg/100 mg 

serum) 

Average 

Neu5Gc 

(mg/100 mg 

serum) 

Average 

Neu5,9Ac2 

(mg/100 mg 

serum) 

Average 

Neu4,5Ac2 

(mg/100 mg 

serum) 

Porcine Serum 0.7 ± 0.0 0.1 ± 0.0 N/A N/A 

Ovine Serum 0.4 ± 0.0 0.1 ± 0.0 N/A N/A 

 

Table 4: Quantity different sialic acids in biological samples. The data are presented as mean ± standard 

deviation. 
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The LOD and LOQ found for Neu5Ac were in line with previous literature[27] with the method 

outlined here boasting a similar LOD and LOQ for Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2.  The 

intra-assay variation for the samples in triplicate was <10% indicating that the assay has good 

precision and allows for repeatable results while offering the ability to identify and quantify 

multiple sialic acid derivatives in the same assay. 

Conclusions 

The synthesis of 4-O-acetyl and 9-O-acetyl sialic acids (Neu5,9Ac2 and Neu4,5Ac2) was 

achieved through optimisation of previously reported synthetic routes. Neu5,9Ac2 was 

synthesised in 1 step in 68% yield. Neu4,5Ac2 was synthesised in 4 steps in 39% overall yield. 

The analysis of these standards by QNMR revealed the concentration of each standard present 

in the prepared samples and gave an accurate determination of the quantity of sample to 

dispense that could then be utilised as qualitative and quantitative standards for the analysis of 

biological samples. Methods were developed for the utilisation of these standards for the 

quantitation of Neu5,9Ac2 and Neu4,5Ac2. The method was able to separate, detect and 

quantify multiple derivatives of sialic acid simultaneously, forgoing the need for multiple 

assays to detect different derivatives in the same sample. The method was also highly sensitive, 

exhibiting a limit of detection and limit of quantitation comparable with previously reported 

DMB assays for Neu5Ac, thereby indicating that these standards combined with the DMB 

labelling method employed here can be used to analyse acetylated sialic acid derivatives even 

when present in small (<0.1 nmol) quantities without interference from impurities. The ability 

to detect and quantify different derivatives of sialic acid in biological samples opens doors for 

the investigation of these derivatives as biomarkers for different diseases such as CVD or 

malignant tumours. 
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Experimental 

Instrumentation 

Melting points were determined using a Stuart SMP10 melting point apparatus. Optical 

rotations were carried out using a Perkin Elmer Polarimeter 341 with reference to the sodium 

D line (λ = 589 nm, sodium lamp) and values are given in 10-1deg.cm2.g-1. Infra-red spectra 

were recorded using a Thermo Scientific Nicolet IS5 FT-IR spectrophotometer with an ID5 

ATR accessory onto which a small quantity of sample (10 mg) was placed as a solid and values 

are given as the wavenumber (cm-1). Mass Spectrometry was performed by the University of 

Reading Chemical Analysis Facility using a Thermo Scientific LTQ OrbiTrap XL with an 

attached ACCELA LC Autosampler. NMR spectra were recorded using either a Nanobay or 

Bruker DPX 400 spectrometer at 400 MHz for 1H and 100 MHz for 13C in either DMSO or 

D2O. Quantitative NMR was carried out using a Bruker Advance III 500 MHz instrument in 

D2O. Chemicals shifts are quoted in parts per million. Coupling constants are quoted in Hertz 

(Hz) and rounded to the nearest 0.5 Hz.  

5-Acetamido-3,5-dideoxy-9-O-acetyl-D-glycero-D-galactononulopyranosonate (2)[20] 

To a solution of N-acetyl neuraminic acid 1 (0.25g, 0.81 mmol, 1 eq.) in DMSO containing 

p-TsOH (10 mg) was added trimethyl orthoacetate (0.205 μL, 1.62 mmol, 2 eq.). The 

reaction was stirred at room temperature for 30 minutes. The resultant reaction mixture was 

poured directly onto a column (2 x 10 cm) of DOWEX-1X8 formate anion exchange resin 

(100-200 mesh). The column was washed with water (3 x 10 mL) and eluted with formic acid 

(50 mL). The formic acid was removed under reduced pressure to give a clear residue. The 

residue was dissolved in water (5 mL) and lyophilised to give 9-O acetyl N-acetyl neuraminic 

acid 2 as a white solid (175 mg, 68% yield). [α] D
20

 -13o (c 1.0, H2O); mp. 153-155oC; 1H 

NMR (400 MHz, D2O ): δ 4.26 (1H, dd, J=11.5, 2.5 Hz, H-9), 4.07 (1H, dd, J = 6.5 Hz, H-4), 

4.00-3.90 (2H, m, H-6 + H-9), 3.87-3.77 (2H, m, H-5 + H-8), 3.49 (1H, d, J = 8.0 Hz, H-7), 

2.19 (1H, dd, J = 13.0, 5.0 Hz, H-3eq), 2.00 (s, 3H, H-15), 1.94 (s, 3H, H-12), 1.81-1.72 (1H, 

m, H-3ax 13C NMR (100 MHz, D2O): δ 174.73 (C13), 174.41 (C11), 171.22 (C14), 95.48 

(C2), 70.15 (C7), 69.2 (C8), 67.59 (C6), 66.80 (C4), 66.26 (C9), 52.03 (C5), 38.89 (C3), 22.6 

(C12), 20.19 (C15) ppm; IR vmax [cm-1] (powder) 3295 (O-H, br), 1719 (C=O), 1034 (C-O);  

HRMS (ESI): m/z calc for C13H22O10N: 352.1238 [M+H]+
; found: 351.1239 

Methyl 5-Acetamido-3,5-dideoxy-D-glycero-D-galactononulopyranosonate (4)[22] 

To a solution of N-acetyl neuraminic acid 1 (2.0 g, 6.46 mmol, 1 eq.) in methanol (40 mL) 

was added TFA (0.98 mL, 12.92 mmol, 2 eq.). This was stirred at room temperature for 24 
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hrs. The solvent was removed under reduced pressure to give the methyl ester 4 as a white 

solid (2.1 g, quant.) [α]D
20

 -26o (c 1.0, MeOH); mp. 177-178oC; 1H NMR (400 MHz, D2O): δ 

3.94 (2H, m, H-4 + H-6), 3.80 (1H, m, H-9), 3.72 (4H, m, H-5 + H-14), 3.60 (1H, m, H-8), 

3.50 (1H, m, H-9), 3.42 (1H, m, H-7), 2.19 (1H, dd, H-3eq J = 13.0, 5.0 Hz), 1.92 (3H, s, H-

12), 1.79 (1H, m, H-3ax) ppm 13C NMR (100 MHz, D2O): δ 174.79 (C13), 171.36 (C11), 

95.29 (C2), 70.29 (C6), 70.05 (C8), 68.14 (C7), 66.62 (C4), 63.10 (C9), 53.43 (C14), 52.00 

(C5), 38.60 (C3), 22.00 (C12) ppm; IR vmax [cm-1] (powder) 3256 (O-H, br), 2944 (C-H), 

1751 (C=O), 1026 (C-O);  HRMS (ESI): m/z calc for C12H21O9NNa: 352.1109 [M+H]+
; 

found: 346.1102 

Methyl 5-acetamido, 3,5-dideoxy-8,9-O-isopropylidene-D-glycero-β-D-

galactononulopyranosonate (5)[20] 

To a solution of methyl ester 4 (1.0 g, 3.09 mmol, 1 eq.) in acetone (50 mL) was added 

Amberlyst 15 H+ resin (1.5 g) and 2,2-dimethoxypropane (0.48 mL, 3.71 mmol, 1.2 eq.). 

This was stirred for 3.5 hrs at room temperature before being filtered to remove the resin. The 

resin was washed with acetone and the filtrate collected. After removing the solvent under 

reduced pressure, the resulting crude material was passed over a silica plug and eluted with 

ethyl acetate (4 x 200 mL) to give acetonide 5 as a beige foam (0.73 g, 65% yield) [α]D
20

 -24o 

(c 1.0, MeOH); mp. 164-166oC; 1H NMR (400 MHz, DMSO-d6): δ 8.07 (1H, d, J = 8.0 Hz, 

H-10), 6.71 (1H, d,  J= 2.0 Hz, O-H2), 4.82 (1H, d, J = 6.0 Hz, O-H4), 4.75 (1H, d, J = 5.0 

Hz, O-H7), 4.02-3.94 (1H, m, H-8), 3.90-3.86 (1H, m, H-6), 3.85-3.78 (2H, m, H-4 +H-9), 

3.68 (3H, s, H-14), 3.56 (1H, t, J = 9.5 Hz, H5), 3.52-3.49 (2H, m, H-7 + H-9), 2.03 (1H, dd, 

J = 13.0, 5.0 Hz, H-3eq), 1.88 (3H, s, H-12), 1.61 (1H, m, H-3ax), 1.26 (3H, s, H16), 1.23 

(3H, s, H-16) ppm 13C NMR (100 MHz, DMSO-d6): δ 179.94 (C13), 171.68 (C11), 107.22 

(C15), 94.57 (C2), 75.92 (C8), 71.70 (C7), 68.38 (C6), 65.20 (C9), 64.94 (C4), 52.89 (C14), 

52.12 (C5), 40.23 (C3), 26.55 (C16), 25.72 (C16), 22.55 (C12) ppm; IR vmax [cm-1] (powder) 

3291 (O-H, br), 2926 (C-H), 1740 (C=O), 1032 (C-O); HRMS (ESI):  m/z calc for 

C15H25O9NNa: 386.1422 [M+Na]+
; found: 386.1416 

5-Acetamido-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-

galactononulopyranosonate (6)[20] 

The acetonide 5 (0.25 g, 0.68 mmol) was dissolved in 1 M NaOH (5 mL) and stirred for 4 hrs 

at room temperature. This was then diluted with water (10 mL) and deionised with Amberlyst 

H+ resin. The mixture was filtered, the filtrate was collected and lyophilised to give a white 

solid 6 (0.24 g, quant.). [α]D
20

 -25o (c 1.0, H2O); mp. 157-158oC; 1H NMR (400 MHz, D2O): 
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δ 4.25 (1H, dd, J=12.5 Hz, 6.0 Hz, H-8), 4.20-4.11 (1H, m, H-6), 4.07-3.97 (2H, m, H-4 + H-

9), 3.95-3.85 (2H, m, H-5 + H-9), 3.62 (1H, m, J = 7.5 Hz, H-7), 2.09 (3H, s, H-12), 1.46 

(3H, s, H-15), 1.36 (3H, s, H-15) ppm; 13C NMR (100 MHz, D2O): δ 176.75 (C13), 174.43 

(C11), 168.30 (C2), 109.58 (C14), 75.10 (C8), 70.59 (C7), 69.07 (C6), 66.99 (C9), 66.14 

(C4), 52.16 (C5), 25.77 (C15), 24.27 (C15), 21.99 (C12) ppm; IR vmax [cm-1] (powder) 3282 

(O-H, br), 1735 (C=O), 1427 (COOH) 1057 (C-O); HRMS (ESI): m/z calc for C14H23O9NNa: 

372.1265 [M+H]+
; found: 372.1263 

5-Acetamido-3,5-dideoxy-4-O-acetyl-D-glycero-D-galactononulopyranosonate (3)[20] 

To a solution of 6 (100 mg, 0.29 mmol, 1 eq.) in dry pyridine (0.5 mL) under nitrogen was 

added acetic anhydride (30 μL, 0.32 mmol, 1.1 eq.). This was stirred at room temperature for 

18 hours after which ethanol was added to remove excess acetic anhydride and solvent 

removed under reduced pressure by co-evaporation with toluene (3 x 100 mL). The resultant 

residue was dissolved in water (10 mL) and passed through a column (2 x 10 cm) of 

DOWEX-1X8 formate anion exchange resin (100-200 mesh). The column was washed with 

water (3 x 10 mL) and eluted with formic acid (50 mL). The formic acid was removed under 

reduced pressure to give a clear residue. The residue was dissolved in water (5 mL) and 

lyophilised to give 4-O N-acetyl neuraminic acid 3 as a white solid (60 mg, 60% yield). 

[α]D
20

 -34o (c 1.0, H2O); mp. 170-172oC; 1H NMR (400 MHz, D2O): 5.22-5.12 (1H, m, H-4), 

4.18-3.99 (2H, m, H-5 + H-6), 3.76- 3.72 (1H, m, H-9), 3.63 (1H, m, H-8), 3.50 (1H, m, H-9 

+ H-7), 2.24 (1H, m, H-3eq), 1.95 (3H, s, H-15), 1.87 (4H, m, H-12+H-3ax); 13C NMR (100 

MHz, D2O): δ 174.7 (C14), 173.38 (C13), 173.31 (C11), 95.24 (C2), 70.07 (C8), 70.00 (C7), 

68.01 (C6), 63.09 (C4), 53.50 (C9), 49.38 (C5), 36.02 (C3), 21.85 (C12), 20.30 (C15) ppm; 

IR vmax [cm-1] (powder) 3340 (O-H, br), 2933 (C-H), 1727 (C=O), 1019 (C-O); HRMS (ESI): 

m/z calc for C13H22O10N: 352.1238 [M+H]+
; found: 351.1239 

Quantitative NMR analysis 

Into an NMR tube was placed 600 μL of a 5.03 mMol maleic acid solution in D2O. A 1.8 mg 

quantity of synthesised standard was dissolved in 1.8 mL of D2O. This was split into three 600 

μL samples in order to analyse the standards in triplicate. After matching and tuning, each 

NMR sample was analysed on a 500 MHz NMR spectrometer where a 1D 1H spectrum with 

water suppression was obtained with a relaxation delay of 20 seconds. The 360o pulse was 

obtained for each spectrum using pulsecal. The pulse sequence used was noesypr1D. Equation 

1 was used to determine the concentration and purity of each synthesised standard. 

DMB labelling of the Neu5Ac, Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2 standards 
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Neu5Ac, Neu5Gc, Neu5,9Ac2 and Neu4,5Ac2 standards were labelled using LudgerTagTM 

DMB sialic acid (LT-KDMB-96). DMB labelling solution (20 μL) was added to the standards. 

The samples were then vortexed and centrifuged followed by incubation at 50oC for 3 hours. 

The labelling reaction was quenched by the addition of water to give a final volume of 500 μL 

(480 μL). Standard curves were prepared by performing serial dilution to create a standard 

curve with points: 0.01-1 nmol. Each standard was made up to a volume of 200 µL. The 

procedure was carried out using a Hamilton MICROLAB STARlet Liquid Handling Robot. 

Sialic acid release and DMB labelling of human plasma and guinea pig serum  

Release of sialic acid and DMB labelling of the samples was achieved using LudgerTagTM 

DMB sialic acid (LT-KDMB-96). A 5 μL aliquot of each sample was dispensed into a 96-well 

plate in triplicate. To this was added 25 μL of 2 M acetic acid. The sample was vortexed and 

centrifuged followed by incubation at 80oC for 2 hours. The sample was allowed to cool to 

room temperature and a 5 μL aliquot of each sample was transferred to a new 96-well plate. 

To this was added 20 μL of DMB labelling solution. The sample was then vortexed and 

centrifuged followed by incubation at 50oC for 3 hours. The labelling reaction was quenched 

by the addition of water (475 μL) to give a final volume of 500 μL. The samples were then 

subjected to a 1 in 10 dilution (50 μL sample, 450 μL water). All procedures, except the 

dispensing of the samples on the plate, were conducted using a Hamilton MICROLAB 

STARlet Liquid Handling Robot.  

Sialic acid release and DMB labelling of porcine and ovine serum 

Release of sialic acid and DMB labelling of the samples was achieved using LudgerTagTM 

DMB sialic acid (LT-KDMB-96). A stock solution was first prepared by dissolving 10 mg of 

porcine or ovine serum in 1 mL ultra-pure water. A 10 μL aliquot taken from the solution of 

each sample was dispensed into a 96-well plate in triplicate. To this was added 25 μL of 2 M 

acetic acid. The sample was vortexed and centrifuged followed by incubation at 80oC for 2 

hours. The sample was allowed to cool to room temperature and a 5 μL aliquot of each sample 

was transferred to a new 96-well plate. To this was added 20 μL of DMB labelling solution. 

The sample was then vortexed and centrifuged followed by incubation at 50oC for 3 hours. The 

labelling reaction was quenched by the addition of water (475 μL) to give a final volume of 

500 μL. The samples were then subjected to a 1 in 10 dilution (50 μL sample, 450 μL water). 

All procedures, except the dispensing of the samples on the plate, were carried out using a 

Hamilton MICROLAB STARlet Liquid Handling Robot. 
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Sialic Acid release and DMB labelling of plasma for Neu5,9Ac2  

Release of Sialic Acid and DMB labelling of the samples was achieved using LudgerTagTM 

DMB Sialic Acid (LT-KDMB-96). A 25 μL aliquot of each sample was dispensed into a 96-

well plate in triplicate. To this was added 75 μL of 2.7 M acetic acid. The sample was vortexed 

and centrifuged followed by incubation at 80oC for 2 hours. The sample was allowed to cool 

to room temperature and a 20 μL aliquot of each sample was transferred to a new 96-well plate. 

To this was added 20 μL of DMB labelling solution. The sample was then vortexed and 

centrifuged followed by incubation at 50oC for 3 hours. The labelling reaction was quenched 

by the addition of water to give a final volume of 500 μL (475 μL). The sample was subjected 

to filtration through a Ludger Clean Protein Binding Membrane filtration plate (LC-PBM-

plate) to remove excess protein.  All procedures, except the dispensing of the samples on the 

plate and LC-PBM-plate filtration, were carried out using a Hamilton MICROLAB STARlet 

Liquid Handling Robot. 

Fluorescence analysis of DMB labelled sialic acid derivatives by LC-FLD 

DMB labelled sialic acid derivatives were analysed by LC-FLD. A 5 μl aliquot of each sample 

was injected to a LudgerSep™ uR2 UHPLC column (2.1 × 150 mm, 1.9 μm, C18,175 Å pore 

size) at 30 °C on a Dionex UltiMate™3000 RSLCnano system with a fluorescent detector 

(λex = 373 nm, λem = 448 nm). For Neu5Ac analysis, an isocratic solvent system was used 

(7:9:84 %v/v MeOH:ACN:H2O) for 15 minutes including an ACN wash. For Neu5,9Ac2 

analysis a variable solvent system was used: 7:6:87 %v/v MeOH:ACN:H2O for 6.5 minutes 

followed by 6:9:85 MeOH:ACN:H2O for 11.5 minutes. Integration of resultant peaks was 

performed using Chromeleon 7. LOD and LOQ regression analysis and calculation was carried 

out using Microsoft Excel 2019. 
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Accompanying text: 

Synthesised acetylated derivatives of N-acetyl neuraminic acid, Neu5,9Ac2 and Neu4,5Ac2, 

alongside commercially available Neu5Ac and Neu5Gc were utilised as standards for the 

quantitative analysis of these derivatives in plasma and serum samples. Multiple derivatives 

could be detected in one assay, which exhibited high specificity and low limits of detection 

and quantitation. 
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Supporting Information – NMR Spectra 

 

1H NMR (400 MHz, D2O): 5-Acetamido-3,5-dideoxy-9-O-acetyl-D-glycero-D-galactononulopyranosonate (2) 

 

13C NMR (100 MHz, D2O): 5-Acetamido-3,5-dideoxy-9-O-acetyl-D-glycero-D-galactononulopyranosonate (2) 
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1H NMR (400 MHz, D2O): Methyl 5-Acetamido-3,5-dideoxy-D-glycero-D-galactononulopyranosonate (4) 

 

13C NMR (100 MHz, D2O): Methyl 5-Acetamido-3,5-dideoxy-D-glycero-D-galactononulopyranosonate (4) 
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1H NMR (400 MHz, DMSO-d6): Methyl 5-acetamido, 3,5-dideoxy-8,9-O-isopropylidene-D-glycero-β-D-galactononulopyranosonate (5) 

 

13C NMR (100 MHz, DMSO-d6): Methyl 5-acetamido, 3,5-dideoxy-8,9-O-isopropylidene-D-glycero-β-D-galactononulopyranosonate (5) 

 



71 
 

 

1H NMR (400 MHz, D2O): 5-Acetamido-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-galactononulopyranosonate (6)

13C NMR (100 MHz, D2O): 5-Acetamido-3,5-dideoxy-8,9-O-isopropylidene-D-glycero-D-galactononulopyranosonate (6) 
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1H NMR (400 MHz, D2O): 5-Acetamido-3,5-dideoxy-4-O-acetyl-D-glycero-D-galactononulopyranosonate (3) 

 

13C NMR (100 MHz, D2O): 5-Acetamido-3,5-dideoxy-4-O-acetyl-D-glycero-D-galactononulopyranosonate (3)  
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Quantitative NMR calibration curve 

 

 Concentration of Neu5Ac standards determined by QNMR (orange points) compared to the expected 

concentration of each standard (blue line) 
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Appendix 1: Work Towards the Synthesis of Neu5,8Ac2, Neu2,5Ac2, Neu5,7Ac2 and 

acetylated Neu5Gc derivatives 

Introduction 

Further to the synthesis of Neu5,9Ac2 and Neu4,5Ac2 work was undertaken to synthesise 

Neu5,8Ac2, Neu2,5Ac2, Neu5,7Ac2 and acetylated derivatives of Neu5Gc. Synthetic routes 

were devised from the literature (Figures 1-5).[1–6] 

Synthesis of Neu5,8Ac2 (8) 

The synthesis of Neu5,8Ac2 required selective protection of the C-4 and C-9 hydroxyl groups 

to leave the C-8 position open to acylation. The synthesis of Neu5,8Ac2 (8) was started by 

protecting the carboxylic acid group to give a methyl ester (2) in quantitative yield. This was 

then followed by simultaneous protection of the C-7 and C-9 hydroxyl groups with a 

benzylidene protecting group by the action of benzaldehyde dimethyl acetal and p-TsOH using 

Dean-Stark apparatus to give (3) in 5% yield. The low yield unfortunately prevented further 

work using this route, as such a second route was devised. This once again started the synthesis 

of (2) by the protection of the carboxylic acid functional group to give a methyl ester in 

quantitative yield. This was followed by the simultaneous protection of the C-4 and C-9 

positions with TBDMS protecting groups by the action of TBDMSCl and imidazole to give 

the disilyl compound (9) in 78% yield. The methyl ester was then converted back to the 

carboxylic acid using potassium trimethyl silanolate which yielded (10) in 83% yield while 

leaving other protecting groups intact. Attempts at acetylation were performed using acetic 

anhydride and pyridine, these were unsuccessful however and this synthesis was not pursued 

further. 
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Figure 1: Synthesis of Neu5,8Ac2 (8) employing benzylidene and silyl protecting groups 

 

Figure 2: Synthesis of Neu5,8Ac2 (8) employing two silyl protecting groups 
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Synthesis of Neu2,5Ac2 (17) 

The synthesis of Neu2,5Ac2 commenced with protecting the carboxylic acid group to give a 

methyl ester (2) in quantitative yield. This was then followed by the simultaneous protection 

of the C-8 and C-9 hydroxyl groups with an acetonide protecting group using 2,2’-

dimethoxypropane and Amberlyst 15 H+ resin to give (12) in 65% yield. Subsequent protection 

of the C-4 hydroxyl by the action of TBDMSCl and imidazole yielded the silyl protected sialic 

acid (13) in 88% yield. Deprotection of the methyl ester was then carried out using potassium 

trimethyl silanolate to give the unprotected carboxylic acid (14) in 76% yield. Acetylation of 

C-2 position was attempted but was unsuccessful, possibly due to poor reactivity of tertiary 

alcohols. 

 

Figure 3: Synthesis of Neu2,5Ac2 

Synthesis of Neu5,7Ac2 (21) 

The synthesis of Neu5,7Ac2 utilised a common intermediate (17) with the synthesis of 

Neu2,5Ac2. Once the carboxylic acid (17) was synthesised, rather than attempting acetylation 

as in Figure 3 to give (15), the addition of a further protecting group was attempted to give 

(18). However, attempts to protect the C-2 position were unsuccessful, possibly due to poor 

reactivity of tertiary alcohols or steric hindrance from bulky protecting groups. 
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Figure 4: Synthesis of Neu5,7Ac2 

Synthesis of NeuGc (25) 

Synthesis of Neu5Gc (22) was undertaken to attempt to access not only Neu5Gc itself but also 

acetylated Neu5Gc derivatives. The synthesis was started by de-N-acetylation of Neu5Ac (1) 

with simultaneous protection of the carboxylic acid and C-2 hydroxyl as a methyl ester and 

methyl ether respectively. This was performed using acetyl chloride in methanol at 100oC for 

8 hours to give the de-N-acetylated compound (22) in 68% yield. The amine was then protected 

by the action of benzyloxyacetyl chloride and Et3N to give the amide (23) in 25% yield. The 

methyl ester and methyl ether were deprotected using sodium hydroxide followed by acidic 

resin to give the deprotected carboxylic acid (24) in 89% yield. Two options were then 

available, deprotection of the benzyl group to yield Neu5Gc, or utilising further protecting 

group strategies to perform selective acetylation to yield acetylated Neu5Gc derivatives. Due 

to lack of available material and time constraints, synthesis of Neu5Gc was chosen at this stage. 

The benzyl group was deprotected using hydrogen and 10% Pd/C to give Neu5Gc (25) in 

quantitative yield. 
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Figure 4: Synthesis of Neu5Gc 

Methods 

Methyl 5-Acetamido-3,5-dideoxy-7,9-O-benzylidene-D-glycero-D-

galactononulopyranosonate (7)[4] 

To a solution of methyl ester 4 (1.0 g, 3.09 mmol, 1 eq.) in DMF (20 mL) was added 

benzaldehyde dimethyl acetal (0.51 mL, 3.39 mmol, 1.1 eq.) and p-TsOH (50 mg). The 

reaction was stirred at 75oC for 18 hours in a Dean Stark apparatus. The solvent was removed 

under reduced pressure by co-evaporation with toluene (3 x 150 mL). Flash column 

chromatography MeOH:DCM 0-20% yielded the benzylidene 7 as a white powder (64 mg, 

5% yield). Characterisation data matched that reported in the literature.[1] 

Methyl 5-Acetamido-3,5-dideoxy-4,9-O-tert-butyldimethylsilyl-D-glycero-D-

galactononulopyranosonate (13)[5] 

To a solution of methyl ester 4 (1.0 g, 3.09 mmol, 1 eq.) in DMF (20 mL) at 0oC was added 

TBDMSCl (1.17 g, 7.73 mmol, 2.5 eq.) and imidazole (1.58 g, 23.18 mmol, 7.5 eq.). The 

solution was allowed to warm to room temperature after which it was stirred for 18 hours. 

The solvent was removed under reduced pressure by co-evaporation with toluene (3 x 150 

mL). The resultant residue was dissolved in distilled water (100 mL) and extracted with 

diethyl ether (3 x 100 mL). The organics were combined, washed with brine (300 mL) and 

dried over Na2SO4. The diethyl ether was removed under reduced and the resultant white 

solid was purified by column chromatography petrol ether:EtOAc 1:1 to yield the silyl 
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protected compound 13 as a white powder (1.33 g, 78% yield). Characterisation data matched 

that reported in the literature. [5] 

5-Acetamido-3,5-dideoxy-4,9-O-tert-butyldimethylsilyl-D-glycero-D-

galactononulopyranosonate (14)[6] 

To a suspension of the silyl protected compound 13 (0.5 g, 0.91 mmol, 1 eq.) in freshly 

distilled THF (25 mL) was added potassium trimethylsilanolate (0.14 g, 1.10 mmol, 1.2 eq.). 

The orange reaction mixture was stirred at room temperature for 18 hours before the solvent 

was removed under reduced pressure. The resultant residue was dissolved in distilled water 

(20 mL) and aq. 1 M HCl solution was added dropwise until a pH of 5-6 was achieved. The 

mixture was filtered, and the filtrate lyophilised to yield the methyl deprotected product 14 as 

a white solid (0.41 g, 83% yield). Characterisation data matched that reported in the 

literature. [5] 

Methyl 5-acetamido, 3,5-dideoxy-8,9-O-isopropylidene-4-O-tert-butyldimethylsilyl-D-

glycero-β-D-galactononulopyranosonate (16)[1]  

To a solution of acetonide 5 (1.0 g, 2.75 mmol, 1 eq.) in DMF (20 mL) at 0oC was added 

TBDMSCl (0.84 g, 5.50 mmol, 2 eq.) and imidazole (0.94 g, 13.75 mmol, 5 eq.). The 

solution was allowed to warm to room temperature after which it was stirred for 18 hours. 

The solvent was removed under reduced pressure by co-evaporation with toluene (3 x 150 

mL). The resultant residue was dissolved in distilled water (100 mL) and extracted with 

diethyl ether (3 x 100 mL). The organics were combined, washed with brine (300 mL) and 

dried over Na2SO4. The diethyl ether was removed under reduced pressure and the resultant 

white solid was purified by column chromatography MeOH:DCM 0-5% to yield the silyl 

protected compound 16 as a white powder (1.15 g, 88% yield). Characterisation data matched 

that reported in the literature. [1] 

5-acetamido, 3,5-dideoxy-8,9-O-isopropylidene-4-O-tert-butyldimethylsilyl-D-glycero-β-

D-galactononulopyranosonate (17)[6] 

To a suspension of the silyl protected compound 16 (0.5 g, 1.05 mmol, 1 eq.) in freshly 

distilled THF (20 mL) was added potassium trimethylsilanolate (0.16 g, 1.25 mmol, 1.2 eq.). 

The orange reaction mixture was stirred at room temperature for 18 hours before the solvent 

was removed under reduced pressure. The resultant residue was dissolved in distilled water 

(20 mL) and aq. 1 M HCl solution was added dropwise until a pH of 5-6 was achieved. The 

mixture was filtered, and the filtrate lyophilised to yield the methyl deprotected product 17 as 
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a white solid (0.37 g, 76% yield). Characterisation data matched that reported in the 

literature.[1] 

Methyl 5-amino-3,5-dideoxy-α-D-galacto-2-nonulopyranosidonic acid methyl ester 

(22)[3] 

A solution of dry HCl in methanol was prepared by dropwise addition of acetyl chloride (1.9 

mL) to methanol (12.5 mL) in an ice bath at 0oC. To this, a solution of Neu5Ac 1 (2.0 g, 6.46 

mmol, 1 eq.) was added and refluxed at 100oC for 8 hours. The resultant black solution was 

concentrated under reduced pressure and the crude product purified by column 

chromatography MeOH:DCM 10-20% to afford a beige foam. The foam was dissolved in 

methanol (10 mL) and Amberlyst A26 OH- resin (1.0 g) was added. This was stirred at room 

temperature for 1.5 hrs before the resin was filtered out. The solvent was removed under 

reduced pressure to yield the de-N-acetylated product 25 as a beige foam (1.30 g, 68% yield). 

Characterisation data matched that reported in the literature. [3] 

N-Benzyloxy-acetyl-2-O-methyl-β-neuraminic acid methyl ester (23)[3] 

To a stirring solution of amine 25 (0.5 g, 1.7 mmol, 1 eq.) in methanol (10 mL) containing 

Et3N (1.7 mL, 10.2 mmol, 6 eq.) was added dropwise benzyl oxyacetylchloride (0.80 mL, 5.1 

mmol, 3 eq.). The solution was stirred for 2 hrs at room temperature after which it was 

concentrated under reduced pressure, suspended in EtOAc (200 mL) and stirred for 20 minutes. 

The beige solid was filtered out. The filtrate was evaporated under educed pressure to yield a 

brown oil which was purified by column chromatography DCM:MeOH 0-10% to yield the 

product 26 (0.19 g, 25% yield). Characterisation data matched that reported in the literature.[3] 

N-Benzyloxy-acetyl-β-neuraminic acid (24)[3] 

To a solution of 26 (100 mg, 0.23 mmol, 1 eq.) in distilled water (10 mL) was added 1 M 

NaOH solution (0.5 mL) and was stirred at 40oC for 2 hours. After which, Amerlyst 15 H+ 

resin (100 mg) was added, and the temperature was raised to 80oC and stirred for 4 hours. The 

resin was filtered out and the filtrate lyophilised to give the product 27 as a white, fluffy solid 

(85 mg, 89% yield). Characterisation data matched that reported in the literature. [3] 

N-Glycolyl neuraminic acid (25)[3] 

To a solution of 27 (50 mg, 0.12 mmol, 1 eq.) in methanol (20 mL) under argon was added 

10% Pd/C (w/w, 50 mg). The flask was evacuated and backfilled with helium three times. The 

reaction mixture was stirred at room temperature for 1 hour after which it was filtered through 
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celite and concentrated under reduced pressure to give the final product 28 as a white powder 

(39 mg, Quant.). Characterisation data matched that reported in the literature. [3] 
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Chapter 5: 

The evaluation of sialic acid and 9-O acetyl sialic acid and their 

relationship to cardiovascular disease risk. 

Chapter Summary: This chapter details the recruitment of a cohort of volunteers for the assessment 

of potential associations between sialic acid concentrations in biological fluids and cardiovascular risk 

(assessed via QRISK3), as well as cardiovascular risk factors. Potential associations were identified in 

women between urinary sialic acids and QRISK3, as well BMI. 

Bibliographic Details: The evaluation of sialic acid and 9-O-acetyl sialic acid and their relationship to 

cardiovascular disease risk. J. Cheeseman, C. Badia, K. Jackson, R. A. Gardner, D. I. R. Spencer, H. 
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manuscript text. Figure 3 was prepared by G.K, all other figures were prepared by J.C. The Manuscript 
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Appendices: Appendix 1 is part of the prepared journal article and details sensitivity analysis conducted 

as part of this work. 

Appendix 2 contains the volunteer cohort characteristics in full, as well as the measured concentrations 

of Neu5Ac and Neu5,9Ac2 in the collected plasma, serum, urine, and saliva samples. 

Appendix 3 is the ethics application prepared for the volunteer study and analysis conducted as part of 

this project, as well as confirmation of ethical approval. 
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Abstract 

Cardiovascular disease (CVD) accounted for 34% of global deaths in 2019 and poses an 

enormous healthcare burden with 523 million cases worldwide. Early treatment of CVD can 

improve outcomes, and thus sensitive diagnostic markers of CVD are crucial. Currently, risk 

prediction is based mainly on biomarkers such as blood lipids and blood pressure or using 

complex algorithms, for example QRISK3. A sensitive biomarker of emerging CVD could 

supplement risk prediction thereby supporting early interventions and better outcomes. Sialic 

acid has previously been shown to be a marker for the presence and pathogenesis of CVD, as 

well as CVD mortality risk. We investigated associations between N-Acetyl Neuraminic acid 

(Neu5Ac) and N-acetyl-9-O-acetyl neuraminic acid (Neu5,9Ac2) concentration in plasma, 

serum, urine, and saliva samples and CVD risk in 80 volunteers aged 35-75. Associations 

between Neu5Ac and Neu5,9Ac2 in urine and QRISK3 relative estimated risk score were 

significant in women. Sensitivity analyses showed a strong association between Neu5Ac and 

Neu5,9Ac2 concentration in plasma and serum and BMI in women. 
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Introduction 

Cardiovascular disease (CVD) is one of the main global health burdens, both in terms of 

morbidity and mortality and regarding healthcare expenditure. CVD accounts for more than 

one third of deaths worldwide(1), many of which could have been prevented (2). Biomarkers 

play a vital role in this early prediction and when combined with other measures such as risk 

calculation algorithms (QRISK3)(3), thereby, reducing prevalence of CVD and global 

healthcare burden. QRISK3 is the third iteration of an algorithm developed by Hippisley-Cox 

et al. that measures known CVD risk factors to determine the risk of a person developing CVD 

within the next 10 years. These risk factors include the total cholesterol to HDL ratio, systolic 

blood pressure (SBP), BMI, smoking status as health conditions such as chronic kidney 

disease, atrial fibrillation and rheumatoid arthritis. When using QRISK3, a risk score of > 10% 

is considered high risk.(4) In the case of this research, estimated relative risk score was utilised, 

whereby the risk score is compared with that of a healthy person of the same age, sex and 

ethnicity. For relative risk a score of 1.0 or less means that the person undergoing assessment 

has the same or lower risk than a healthy person. Whereas a risk of 1.1 or above means that the 

person has a higher risk than a healthy person. 

Sialic acids are a family of  nine-carbon backbone monosaccharides generally located as the 

terminating units of glycans which are in turn found as parts of glycoconjugates such as 

glycoproteins and glycolipids.(5) Sialic acids have been established to play many important 

biological functions such as cell-cell interaction and recognition by either acting as a receptor 

mask or receptor determinant.(6) Sialic acids boast a carboxylic acid functional group which 

contributes to the overall negative charge of cell surfaces and glycoproteins. The negative 

charge aids in cell-cell repulsion,(5) the prevention of erythrocyte aggregation(7) and the 

stability of circulating glycoproteins in blood.(8) Both Neu5Ac and Neu5,9Ac2 have been 

shown to have an anti-inflammatory effect.(9–11) 
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The link between elevated Neu5Ac concentration in plasma and CVD was first observed by 

Linberg et al. in a large-scale (n = 54385) long term (21 years) study that indicated that elevated 

plasma Neu5Ac is associated with increased CVD mortality risk in both men and women.(12)  

The relative risk of volunteers in the highest quartile of plasma sialic acid concentration was 

2.38 in men and 2.62 in women when compared to the lowest quartile. Neu5Ac is a marker 

that can be affected by factors external to CVD. Diseases that cause inflammation: arthritis,(13) 

type-2 diabetes(14) and chronic obstructive pulmonary disorder(15) can also cause increases 

in sialic acid concentration.(16) Sialic acid is not the only compound of interest here, for 

example, the action of esterases in human plasma has been shown to be reduced during an 

inflammatory state.(17) As such the presence of CVD may cause an increase in the 

concentration of acetylated sialic acid derivatives if these are not cleared by the action of 

acetylesterases.  It is of interest to investigate the wide variety of different sialic acid derivatives 

to determine if they may be better markers for CVD. Expanding this research further, previous 

work has focussed on markers for CVD in plasma and serum. Urinary(18) and salivary(19) 

sialic acid have been investigated in the context of neurological disorders and oral malignancies 

respectively, but not for CVD. In this study, we investigated all four biological fluids (plasma, 

serum, urine and saliva) at once, this could help shed new light on this area of sialic acids as 

potential biomarkers. 

Investigating sialic acid and its derivatives as biomarkers requires sensitive and specific 

quantitative analytical techniques. Many techniques have been employed since research into 

sialic acid began with many assays suffering from issues with poor specificity for sialic acids 

and therefore inaccurate results.(20) More modern assays such as labelling with 1,2-diamino-

4,5-methylenedioxybenzene (DMB) followed by HPLC analysis offers a robust method for the 

analysis of multiple derivatives in one assay with high specificity for sialic acids.(21,22) For 

accurate quantitation of sialic acid derivatives, this assay requires quantitative standards. 

Neu5Ac and Neu5Gc are commercially available but acetylated sialic acid derivatives, 
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Neu5,9Ac2 for example, are not readily available and must be chemically synthesised. 

Neu5,9Ac2 has previously been synthesised and analysed using quantitative nuclear magnetic 

resonance (QNMR) techniques(23) to allow for the usage of Neu5,9Ac2 as a quantitative 

standard. 

Neu5Ac and Neu5,9Ac2 concentrations were measured in plasma, serum, urine and saliva from 

80 volunteers aged 35-75 who were at risk of CVD or otherwise healthy with QRISK3 relative 

estimated risk scores ranging from 0.6-2.1 (38 with risk ≤ 1.0, 42 with risk > 1.0). These 

concentrations were correlated against QRISK3 estimated relative risk score to determine any 

potential associations between CVD risk and the concentrations of Neu5Ac and Neu5,9Ac2. 

Materials and Methods 

Study Population 

Between July and December 2019 80 volunteers were recruited from the community via the 

Hugh Sinclair Unit for Human Nutrition located within the University of Reading, Department 

of Food and Nutritional Sciences. The inclusion criteria for the study were: aged 35-75 years 

old, at risk of CVD (QRISK3 score > 1.0) or otherwise healthy, family history of CVD. 

Exclusion criteria included: a previous heart event (stroke or heart attack), pregnancy, smoking 

(current or former) and health conditions that affect sialic acid concentration independent of 

CVD including type-2 diabetes, cancer (all types), arthritis (all types), and chronic obstructive 

pulmonary disorder (COPD). All participants provided informed consent and the study was 

given a favourable opinion for ethical conduct by the University of Reading Research Ethics 

Committee (UREC 18/39). The study was conducted in adherence with the Declaration of 

Helsinki. 

Sample and Volunteer Information Collection 

Each volunteer was screened via e-mail or telephone, if successfully enrolled onto the study 

each volunteer attended a 30-minute visit to provide information for the calculation of QRISK3 
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relative estimated risk score which included a brief medical history, a family history of CVD 

(angina or heart attack in a first degree relative < 60 years of age) and measurements of height, 

weight, and SBP which was measured 3 times after a period of rest and then the data was 

averaged. A 2.5 mL unstimulated saliva sample collected by spitting, 10 mL spot urine sample, 

and two 5 mL venous blood samples were collected from each volunteer. A 5 mL 3.2% sodium 

citrate VACUETTE tube and a 5 mL serum gel VACUETTE tube was used for collection of 

blood samples. One blood sample was allowed to coagulate (the serum tube contained silica as 

a clot activator) at room temperature for 30 minutes. The blood and urine samples were 

centrifuged at 4oC for 15 minutes at 3000 rpm (906 rcf) The saliva sample was centrifuged for 

5 minutes at 15000 rpm (15093 rcf) at room temperature. The supernatant for each sample was 

collected. Aliquots (500 μL) of plasma, serum, urine and saliva were prepared and frozen at -

20oC. The specific gravity of urine was measured using a urinalysis test strip to enable 

normalisation of results obtained from the quantitative analysis of urine. Each serum sample 

was analysed for total cholesterol and high-density lipoprotein cholesterol (HDL-C) using a 

clinical chemistry analyser (RANDOX) using kits supplied by RANDOX. Total cholesterol 

was measured by the action of cholesterolesterase and cholesterol oxidase. Hydrogen peroxide 

formed in the reaction was reacted with 4-aminoantipyrine to give a chromophore with an 

intensity of 600 nm. HDL was measured by elimination of non-HDL cholesterol by the action 

of cholesterolesterase, cholesterol oxidase and catalase. Following release of HDL cholesterol 

with detergent, the reaction as for total cholesterol was repeated to give a chromophore. 

Analytical Methods 

Analysis of sialic acids was carried out using the DMB method. (23,24) The DMB method 

utilises a mild acidic release to cleave sialic acids from glycans whereupon the sialic acids are 

reacted with DMB to form a fluorophore. The resulting fluorophores of sialic acids were 

injected onto an LC system where they can be separated and quantitively analysed. Release of 

Neu5Ac and Neu5,9Ac2 and DMB labelling of the samples was achieved using LudgerTagTM 
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DMB Sialic Acid (LT-KDMB-96). Five μL of plasma and serum and 10 μL of urine and saliva 

(for Neu5Ac analysis) or 20 μL of all samples for Neu5,9Ac2 analysis were added to a 96-well 

plate. Each sample was subjected to acid release with 25 μL (for Neu5Ac) or 80 μL (for 

Neu5,9Ac2) of 2M acetic acid. The samples were manually vortexed and centrifuged followed 

by incubation at 80oC for 2 hours. The samples were cooled to room temperature before 5 μL 

(for Neu5Ac) or 20 μL (for Neu5,9Ac2) of each released sample was transferred to a new 96-

well plate. To this, 20 μL DMB labelling solution was added. For samples used to analysed 

Neu5,9Ac2 values, 5 μL of Neu5Gc standard was added at this step. The samples were 

manually vortexed and centrifuged followed by incubation for 3 hours at 50oC. The reaction 

was quenched by addition of water to make the volume up to 500 μL. Plasma and serum 

samples were then subjected to a 1 in 10 dilution, whereas neat urine and saliva were used for 

the analysis. All work was carried out using a Hamilton STARlet Liquid Handling Robot, apart 

from the initial dispensing of the samples into the 96-well plate. Analysis of the samples was 

performed in triplicate for Neu5Ac determination. For Neu5,9Ac2 only one replicate of each 

was analyse in order to have all the samples analysed in the same 96 well plate, Neu5Gc 

internal standard was used in this case to assess intra assay variation.  

Fetuin derived from fetal calf serum (GCP-Fet-50U), an A2G2S2 glycopeptide (BQ-GPEP-

A2G2S2-10U) both from Ludger Ltd. and recombinant human plasma purchased from Sigma 

Aldrich were utilised as system suitability standards. These standards were subjected to the 

same release and labelling conditions as stated above for the samples containing Neu5Ac. 

Standards of Neu5Ac, Neu5Gc and Neu5,9Ac2 were also labelled using LudgerTagTM DMB 

Sialic Acid (LT-KDMB-96). 20 μL of labelled solution was added to each standard. The 

samples were vortexed and centrifuged before incubating for 3 hours at 50oC. The labelling 

reaction was quenched with water to bring the final volume to 500 μL. Standards curves were 

prepared for each standard with points: 0.01-1 nmol. 
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The labelled sialic acids were analysed by LC-FLD (Figure 1). 5 μL of sample was injected 

into a UHPLC equipped with a fluorescence detector (λex = 373 nm, λem = 448 nm). For 

Neu5Ac analysis in plasma, serum and saliva an isocratic solvent system (7:9:84 %v/v 

MeOH:ACN:H2O) was used. For Neu5Ac analysis in urine, and Neu5,9Ac2 and Neu5Gc 

analysis in all samples a gradient solvent system was used 7:6:87 %v/v MeOH:ACN:H2O for 

6.5 minutes followed by 6:9:85 MeOH:ACN:H2O for 11.5 minutes. 

 

Figure 1: UHPLC traces: Neu5Ac analysis (left) and analysis of Neu5,9Ac2 with Neu5Gc internal standard 

(right). 

Neu5Ac analysis exhibited an intra-assay and inter-assay variation of < 10%. Neu5,9Ac2 

analysis exhibited an intra-assay and inter-assay variation of < 10%. The Neu5Gc internal 

standard variation was different between biological fluids: plasma (5%), serum (6%), urine 

(11%) and saliva (19%). Overall, these values show a low level of intra-assay and inter-assay 

variation apart from saliva which showed higher variation than the other biological fluids. 

Saliva also suffered from issues that while Neu5Ac sufficiently met the limit of detection in all 

saliva samples, 30 of the 80 samples had concentrations of Neu5,9Ac2 that while they met the 

limit of detection, were below the limit of quantitation. As such, the full picture for Neu5,9Ac2 

and saliva may not be available. Neu5Ac was detectable and quantifiable in all samples 

whereas data for Neu5,9Ac2 were only available in plasma, serum and urine.(23) 

Statistical Analysis 
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The cohort was stratified according to sex. Results are presented as mean ± standard deviation. 

We used a=0.05 as threshold for statistical significance and did not adjust for multiple 

comparisons. Correlations between Neu5Ac or Neu5,9Ac2 and QRISK3 or associated factors 

were estimated using multiple linear regression analysis without adjustment unless indicated 

otherwise. Analysis was conducted using R version 4.1.1.(25)  

Results 

Eighty volunteers were recruited based on inclusion/exclusion criteria to form the cohort 

studied in this research (Figure 2). The clinical characteristics of the cohort are shown in table 

1. We investigated associations in men and women between Neu5Ac and Neu5,9Ac2 

concentrations in plasma, serum, urine, and saliva and QRISK3 relative estimated risk score 

(Table 2). Statistically significant associations were observed between urinary Neu5Ac and 

Neu5,9Ac2 and QRISK3 relative estimated risk in women (Figure 3). Sensitivity analyses 

revealed a strong association between Neu5Ac and Neu5,9Ac2 concentrations in plasma (P = 

0.007) and serum (P < 0.001) and BMI in women (Appendix 1). 

 

Figure 2: CONSORT flow diagram of cohort recruitment. 
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Table 1: Cohort clinical characteristics 

 Men Women All 

n 38 42 80 

Age (ears) 57 ± 11 60 ± 9 58 ± 10 

Height (cm) 176 ± 7.8 163 ± 7.8 170 ± 10 

Weight (kg) 78.8 ± 11.0 65.9 ± 14.4 72.6 ± 14.2 

BMI (kg/m2) 25.5 ± 3.6 24.8 ± 4.8 25 ± 4.3 

SBP 128 ± 11 130 ± 15 129 ± 13 

Total Cholesterol (mmol/ L) 5.5 ± 0.97 6.0 ± 1.12 5.72 ± 1.07 

HDL-C data 2.09 ± 0.59 1.73 ± 0.72 1.90 ± 0.67 

Cholesterol/HDL-C ratio 3.46 ± 1.02 3.17 ± 1.11 3.29 ± 1.08 

QRISK3 score (range) 1.1 (0.6-1.9) 1.1 (0.6-2.1) 1.1 (0.6-2.1) 

Neu5Ac (mg/100 mL) 

   Plasma 

   Serum 

   Urine 

   Saliva 

 

45.0 ± 6.6 

60.4 ± 8.7 

4.41 ± 2.80 

2.63 ± 1.49 

 

47.9 ± 8.6 

62.7 ± 9.2 

3.55 ± 2.54 

2.45 ± 2.31 

 

46.4 ± 7.7 

61.5 ± 8.9 

4.00 ± 2.72 

2.55 ± 1.91 

Neu5,9Ac2 (mg/100 mL) 

   Plasma 

   Serum 

   Urine 

   Saliva 

 

0.37 ± 0.043 

0.39 ± 0.07 

0.68 ± 0.60 

0.38 ± 0.69 

 

0.38 ± 0.04 

0.41 ± 0.06 

0.38 ± 0.32 

0.17 ± 0.14 

 

0.38 ± 0.04 

0.40 ± 0.07 

0.54 ± 0.50 

0.30 ± 0.55 
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Table 2: Associations between Neu5Ac, Neu5,9Ac2 and QRISK3 with correlation coefficients (R2) for the 

associations 

Factor 

(Material) 

Marker Men (P-value) R2 Women (P-

value) 

R2 

QRISK3 

(Plasma) 

Neu5Ac 0.071 0.127 0.881 0.007 

QRISK3 

(Serum) 

Neu5Ac 0.142 0.097 0.686 0.021 

QRISK3 

(Urine) 

Neu5Ac 0.638 0.023 0.009* 0.234 

QRISK3 

(Saliva) 

Neu5Ac 0.738 0.016 0.189 0.099 

QRISK3 

(Plasma) 

Neu5,9Ac2 0.856 0.008 0.118 0.115 

QRISK3 

(Serum) 

Neu5,9Ac2 0.312 0.059 0.143 0.105 

QRISK3 

(Urine) 

Neu5,9Ac2 0.261 0.269 0.005* 0.068 

QRISK3 

(Saliva) 

Neu5,9Ac2 0.917 0.006 0.128 0.186 

 

 

Figure 3: Regression analysis plots for the association between QRISK3 relative estimated risk and Neu5Ac and 

Neu5,9Ac2 concentrations 
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Discussion 

In this study, we have investigated the associations of sialic acid CVD risk. Our results suggest 

that at least in women, there are strong associations between sialic acid and QRISK3 estimated 

relative risk score in urine.  

Elevated urinary sialic acid in relation to QRISK3 score may be caused by several factors. 

Overexpression of mucins may be one possible explanation for the increase in Neu5Ac and 

Neu5,9Ac2 observed. The bladder is lined with epithelial cells which produce mucins which 

have been indicated to be overexpressed as a response to inflammation.(26) Mucins are a 

family of large complex glycoproteins that are decorated with a wide array of O-glycans which 

comprises more than 70% of their mass.(27) The O-glycans identified are highly sialylated and 

exhibit an array of mono, di and tri-acetylated neuraminic acid derivatives and therefore may 

account for the observed increase in urinary Neu5Ac and Neu5,9Ac2. Urinary Neu5Ac 

concentration reflects serum Neu5Ac concentration as the increased renal clearance of serum 

glycoproteins leads to an increase of sialylated glycans in urine.(28) Increased concentrations 

of serum, and therefore urinary, sialylated glycans may be linked to inflammation which is 

associated with increased CVD risk wherein the acute-phase response causes an increase in 

concentrations of certain glycoproteins such as: alpha-1-acid glycoprotein, alpha-1-antitrypsin, 

fibrinogen, alpha-2-macroglobulin and hemopexin.(29). These proteins are decorated with a 

variety of sialylated glycans and are likely to contain acetylated sialic acid derivatives in small 

quantities. Clerc et al. identified A2G2S2 as the main glycan present in human plasma 

especially in relation to alpha-1-antitrypsin and hemopexin. Alpha-1-acid glycoprotein is 

particularly interesting in that it acts as the source for nearly all highly sialylated glycans (three 

or four sialic acid units).(30) Given that these glycoproteins contain a large quantity of sialic 

acids an increase in glycoproteins would result in higher total sialic acid concentrations in 

serum and therefore urine. During an inflammatory state it has been observed that there is a 

decrease in the activity of plasma esterase. The decrease observed would result in reduced 
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conversion of Neu5,9Ac2 to Neu5Ac by cleavage of the acetyl group. This may lead to a higher 

concentration of Neu5,9Ac2 to be observed when inflammation is present. 

The association between Neu5Ac and Neu5,9Ac2 in plasma and serum concentrations and BMI 

in women revealed by sensitivity analyses (Appendix 1) may be able to be explained similarly. 

Elevated BMI ( > 25 kg/m2)   has been associated with low-grade inflammation characterised 

by increased levels of C-reactive protein (CRP).(31) Inflammation in turn leads to an acute-

phase response which as discussed above may result in increased concentrations of sialic acids. 

Strengths and Limitations 

The sample size for this study, especially in the male and female groups was small. The current 

range of QRISK relative estimated risk scores (0.6-2.1) is quite small also, as such it would be 

of interest to expand this range of QRISK3 scores. Recruiting volunteers at a much higher risk 

of CVD (QRISK3 relative estimated risk score > 5) with higher blood pressure, BMI and 

cholesterol/HDL ratio would aid in the validation of this marker at both low and high risk of 

CVD.  

Conclusions 

Neu5Ac and Neu5,9Ac2 concentrations were positively associated with increased QRISK3 

relative risk score in urine in women. The observed associations are possibly related to 

overexpression of sialylated glycoproteins and mucins as a result of inflammation and the 

subsequent acute-phase response. Neu5Ac and Neu5,9Ac2 concentrations appear to be affected 

by inflammation and the acute-phase response and as such may act as potential markers for 

this. Other risk factors may also affect concentrations of Neu5Ac and Neu5,9Ac2 but only in 

volunteers who exhibit higher risk of CVD. The cohort studied here however, while having a 

range of QRISK3 scores, did not contain volunteers with a high enough risk score to 

sufficiently determine further relationships between sialic acid concentrations and QRISK3, or 

factors such as BMI, SBP and HDL-C ratio. To further this research, recruitment of volunteers 
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with higher QRISK3 scores (> 5) may be necessary to elucidate any further correlations 

between elevated CVD risk or CVD risk factors and elevated Neu5Ac or Neu5,9Ac2 

concentrations in biological fluids. This would aid in the establishment of whether sialic acids 

could act as markers for elevated CVD risk. 
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Appendix 1 

Associations between QRISK3 parameters and Neu5Ac concentrations in plasma, serum, 

urine, and saliva 

Factor (Material) Men (P-value) R2
 Women (P-value) R2

 

SBP (Plasma) 0.566 0.139 0.094 0.157 

SBP (Serum) 0.196 0.190 0.837 0.038 

SBP (Urine) 0.328 0.174 0.112 0.148 

SBP (Saliva) 0.064 0.228 0.082 0.164 

Cholesterol/HDL-C 

ratio (Plasma) 

0.46 0.132 0.494 0.069 

Cholesterol/HDL-C 

ratio (Serum) 

0.109 0.194 0.671 0.051 

Cholesterol/HDL-C 

ratio (Urine) 

0.557 0.119 0.163 0.129 

Cholesterol/HDL-C 

ratio (Saliva) 

0.414 0.143 0.614 0.098 

Total Cholesterol 

(Plasma) 

0.416 0.081 0.956 0.258 

Total Cholesterol 

(Serum) 

0.757 0.047 0.831 0.265 

Total Cholesterol 

(Urine) 

0.26 0.106 0.55 0.283 

Total Cholesterol 

(Saliva) 

0.136 0.137 0.439 0.297 

BMI (Plasma) 0.92 0.047 0.005* 0.331 

BMI (Serum) 0.19 0.125 0.004* 0.342 

BMI (Urine) 0.709 0.059 0.06 0.220 

BMI (Saliva) 0.806 0.047 0.115 0.206 

SBP: Systolic Blood Pressure; HDL-C ratio: high density lipoprotein cholesterol. 
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Associations between QRISK3 parameters and Neu5,9Ac2 concentrations in plasma, serum, urine, 

and saliva 

Factor (Material) Men (P-value) R2
 Women (P-value) R2

 

SBP (Plasma) 0.877 0.118 0.18 0.124 

SBP (Serum) 0.336 0.165 0.462 0.072 

SBP (Urine) 0.433 0.162 0.081 0.169 

SBP (Saliva) 0.687 0.138 0.138 0.372 

HDL-C ratio (Plasma) 0.782 0.106 0.95 0.031 

HDL-C ratio (Serum) 0.178 0.172 0.975 0.029 

HDL-C ratio (Urine) 0.35 0.167 0.191 0.125 

HDL-C ratio (Saliva) 0.058 0.287 0.267 0.222 

Total Cholesterol 

(Plasma) 

0.709 0.054 0.08 0.362 

Total Cholesterol 

(Serum) 

0.579 0.061 0.302 0.309 

Total Cholesterol 

(Urine) 

0.006* 0.278 0.586 0.281 

Total Cholesterol 

(Saliva) 

0.677 0.058 0.228 0.297 

BMI (Plasma) 0.15 0.136 0.007* 0.318 

BMI (Serum) 0.213 0.120 < 0.001* 0.395 

BMI (Urine) 0.101 0.158 0.133 0.199 

BMI (Saliva) 0.006* 0.324 0.184 0.271 

SBP: Systolic Blood Pressure; HDL-C ratio: high density lipoprotein cholesterol ratio. 
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Appendix 2 

Table 1: Volunteer characteristics and calculate QRISK3 estimated relative risk score (QRISK3 score) 

Volunteer 

 ID Sex Ethnicity 

Age 

(Years) 

BMI 

(kg/m2) 

BP  

Average 

(mm/Hg) 

Cholesterol 

(mmol/ L) 

HDL 

(mmol/ L) 

Cholesterol/ 

HDL ratio 

QRISK3 

score 

1 Male White British 35 27.4 137.7 5.41 1.29 4.19 1.4 

2 Male White British 49 25.5 143.3 6.55 1.74 3.76 1.2 

3 Male White British 45 26.2 127.0 6.08 1.44 4.22 1.0 

4 Female White British 60 34.7 142.3 5.79 1.21 4.79 1.9 

5 Male White British 62 25.1 125.3 4.51 1.07 4.21 1.1 

6 Male White British 52 25.7 115.7 3.11 1.03 3.02 1.6 

7 Female White British 64 20.7 111.3 6.74 2.25 3.00 0.8 

8 Male White British 57 25.4 135.3 6.34 1.82 3.48 1.5 

9 Male White British 40 21.0 115.7 4.45 1.46 3.05 0.7 

10 Female White British 58 31.1 136.3 5.63 1.88 2.99 1.5 

11 Male White British 41 25.5 130.0 5.02 1.46 3.44 1.0 

12 Female White British 69 25.1 134.0 5.19 2.27 2.29 1.0 

13 Female White British 56 19.1 132.3 5.10 2.81 1.81 0.9 

14 Male White British 56 26.6 147.0 6.54 1.94 3.37 1.2 

15 Female White British 37 27.7 126.7 7.38 1.24 5.95 5.9 

16 Female White British 67 25.4 155.3 8.66 3.77 2.30 1.8 

17 Female White British 64 27.2 143.0 4.92 1.32 3.73 1.5 

18 Female White British 43 24.3 139.3 4.42 1.78 2.48 1.1 

19 Male White British 58 29.8 131.7 6.29 1.13 5.57 1.5 

20 Male White British 48 21.3 135.0 6.01 1.52 3.95 1.2 

21 Male White British 61 26.1 128.3 4.70 2.26 2.08 1.1 

22 Female White British 63 17.5 116.7 6.95 2.57 2.70 0.8 
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23 Male White British 50 21.0 111.7 5.28 1.65 3.20 0.8 

24 Female White British 50 26.7 146.7 5.07 1.42 3.57 1.3 

25 Female White British 53 30.0 125.7 6.76 2.60 2.60 1.2 

26 Male White British 46 30.8 134.0 6.04 1.53 3.95 1.6 

27 Male White British 55 25.2 126.7 6.28 1.29 4.87 1.3 

28 Female White British 66 27.7 118.3 4.72 1.70 2.78 1.6 

29 Male White British 58 30.1 139.7 5.51 1.40 3.94 1.2 

30 Male White British 57 24.2 139.7 6.02 1.96 3.07 1.2 

31 Male White British 56 29.6 136.0 6.62 1.67 3.96 1.1 

32 Female White British 68 22.6 111.3 4.82 1.90 2.54 0.9 

33 Female White British 72 22.7 110.7 6.51 2.11 3.09 0.8 

34 Male White British 37 22.7 128.0 3.46 1.27 2.72 0.8 

35 Male White British 38 26.7 128.3 4.74 1.25 3.79 1.1 

36 Female White British 65 26.1 146.0 7.86 2.01 3.91 1.2 

37 Female White British 59 21.4 161.3 6.87 3.35 2.05 1.0 

38 Female White British 59 23.3 101.7 4.95 2.67 1.85 0.8 

39 Female White British 64 26.4 132.0 7.04 1.76 4.00 1.1 

40 Male White British 47 22.6 127.0 5.03 1.39 3.62 0.9 

41 Male White British 64 21.8 135.7 5.65 2.13 2.65 0.9 

42 Male White British 73 25.6 126.7 4.04 1.80 2.24 0.8 

43 Male White British 63 28.1 109.0 4.41 1.38 3.20 1.4 

44 Male White British 58 23.6 128.3 5.37 2.52 2.13 0.9 

45 Male White British 71 38.0 129.7 4.87 1.59 3.06 0.9 

46 Female White British 64 26.5 142.3 6.11 1.46 4.18 1.9 

47 Female White British 56 24.1 115.3 5.36 1.64 3.27 1.3 

48 Female Arab 53 21.2 124.7 5.45 2.71 2.01 0.8 

49 Female White British 36 22.4 118.7 4.75 1.71 2.78 0.8 
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50 Female White British 75 21.8 119.0 6.27 1.97 3.18 0.9 

51 Male White British 44 19.5 106.7 5.61 3.26 1.72 0.6 

52 Male White British 46 24.0 140.3 6.27 1.97 3.18 1.7 

53 Male White British 62 30.0 125.7 6.20 1.10 5.64 2.1 

54 Male White British 67 20.3 139.7 4.48 1.27 3.53 1.1 

55 Male White British 70 28.7 144.3 7.66 2.24 3.42 1.1 

56 Male White British 68 31.0 133.7 4.38 1.06 4.13 1.3 

57 Female White British 65 24.1 101.3 8.36 1.53 5.46 1.4 

58 Male White British 75 19.9 135.3 7.20 3.03 2.38 0.9 

59 Female White British 57 24.1 116.7 5.67 2.19 2.59 1.1 

60 Male Indian 63 29.5 156.0 5.32 0.80 6.65 3.0 

61 Female White British 68 20.1 110.3 6.39 2.42 2.64 0.8 

62 Female White British 50 18.9 123.7 5.19 1.83 2.84 0.8 

63 Male White British 56 24.0 138.3 5.05 2.32 2.18 0.9 

64 Female White British 40 20.2 108.0 4.67 1.86 2.51 0.6 

65 Male White British 68 26.6 124.0 6.50 2.90 2.24 0.9 

66 Female White British 51 32.8 133.0 4.14 1.51 2.74 1.1 

67 Male White British 73 25.5 134.0 4.71 1.75 2.69 0.9 

68 Female White British 63 23.9 137.0 6.68 2.81 2.38 0.9 

69 Female White British 48 28.1 122.3 5.02 1.02 4.92 1.7 

70 Male White British 74 25.1 147.3 5.88 2.02 2.91 1.2 

71 Female White British 51 39.0 120.0 5.61 1.37 4.09 1.2 

72 Female White British 62 19.0 136.3 7.26 2.86 2.54 1.0 

73 Male White British 64 26.4 132.0 5.00 1.56 3.21 1.2 

74 Female White British 53 21.7 123.7 5.80 1.99 2.91 0.9 

75 Male White British 59 20.9 122.3 4.34 1.66 2.61 0.9 

76 Female White British 69 25.1 151.3 6.16 1.28 4.81 1.7 
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77 Male White British 65 26.0 120.3 6.04 3.20 1.89 0.7 

78 Female White British 75 22.1 138.7 6.20 3.67 1.69 0.9 

79 Female White British 73 20.3 135.7 6.51 3.64 1.79 0.9 

80 Female White British 52 34.4 119.7 7.46 1.27 5.87 1.6 

81 Male White British 75 24.2 155.0 6.10 2.06 2.96 0.9 

82 Male White British 49 23.8 104.0 5.79 1.38 4.20 0.9 

 

Table 2: Neu5Ac concentrations measured using the DMB assay in plasma, serum, urine and saliva 

Volunteer 
ID 

Neu5Ac (mg/100 mL)  
plasma 

Neu5Ac (mg/100 mL)  
serum 

Neu5Ac (mg/100 mL)  
urine 

Neu5Ac (mg/100 mL) 
 saliva 

1 47.72 65.33 5.16 2.99 

2 39.15 62.42 3.38 1.45 

3 44.24 59.85 3.32 1.87 

4 48.08 79.95 6.50 1.46 

5 40.79 62.42 9.07 1.98 

6 46.34 52.35 3.60 2.08 

7 43.28 62.92 2.31 1.14 

8 36.64 51.35 2.77 1.78 

9 35.45 38.25 6.19 4.84 

10 56.62 69.54 10.96 N/A 

11 45.36 58.61 2.80 3.75 

12 57.55 71.17 4.87 1.73 

13 50.25 60.25 2.26 1.87 

14 39.46 60.13 7.43 2.02 

15 65.81 90.29 14.89 2.52 

16 48.84 56.68 6.12 1.47 

17 48.56 69.35 10.21 0.84 
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18 44.94 57.45 6.85 2.39 

19 43.35 N/A 1.27 1.64 

20 35.31 49.24 2.30 3.04 

21 40.28 52.85 6.22 5.51 

22 47.28 60.48 1.41 7.32 

23 43.64 52.96 4.89 2.72 

24 41.87 60.26 3.32 2.02 

25 43.92 64.55 1.42 2.71 

26 33.64 61.92 2.60 2.82 

27 54.99 58.48 2.31 3.77 

28 46.96 61.47 4.68 1.33 

29 40.38 65.45 0.00 1.73 

30 39.41 63.64 7.72 7.03 

31 40.78 56.05 3.81 0.78 

32 36.28 56.79 3.20 3.60 

33 53.26 65.64 4.31 1.01 

34 48.86 59.86 1.08 5.40 

35 55.65 61.20 1.70 5.95 

36 44.63 70.75 0.66 1.06 

37 45.94 63.51 0.78 N/A 

38 43.00 68.07 1.24 1.06 

39 55.02 58.23 1.52 1.84 

40 50.25 62.97 9.82 2.54 

41 52.69 73.52 2.08 2.43 

42 51.63 52.23 1.00 1.82 

43 36.43 59.53 5.62 2.91 

44 41.96 58.08 3.61 1.84 
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45 52.43 73.28 5.98 1.86 

46 48.71 58.65 0.95 2.05 

47 35.33 53.05 3.31 1.34 

48 43.57 60.47 0.11 4.83 

49 49.56 50.43 0.23 4.13 

50 51.09 57.24 3.25 0.92 

51 40.87 56.42 5.48 4.13 

52 40.48 50.42 3.52 1.17 

53 58.95 58.19 5.07 N/A 

54 38.96 47.52 3.43 1.09 

55 41.42 58.01 7.09 0.78 

56 42.71 69.74 11.10 3.69 

57 34.77 59.31 2.15 0.43 

58 49.31 72.83 5.11 2.10 

59 40.52 52.35 0.76 2.30 

60 49.93 64.62 6.50 2.22 

61 49.31 75.96 3.32 0.98 

62 32.27 55.28 2.93 1.28 

63 50.71 69.34 2.52 1.89 

64 47.18 50.48 2.40 12.79 

65 41.55 45.86 8.07 3.86 

66 44.78 50.91 2.66 2.66 

67 56.03 65.61 2.71 1.35 

68 63.82 74.22 2.09 1.38 

69 38.31 52.53 3.67 2.41 

70 36.18 65.11 1.32 1.09 

71 79.47 95.81 2.92 2.56 
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72 44.01 54.06 5.70 0.92 

73 52.87 74.70 3.43 2.57 

74 40.57 62.59 0.94 1.38 

75 54.87 71.17 0.69 2.70 

76 54.67 60.79 4.69 N/A 

77 49.54 79.02 2.83 0.83 

78 52.78 56.68 1.02 3.29 

79 40.40 55.42 1.47 1.69 

80 53.28 62.15 6.28 5.49 

81 49.03 64.32 3.46 1.86 

82 43.81 53.76 11.54 N/A 

 

Table 2: Neu5Ac concentrations measured using the DMB assay in plasma, serum, urine and saliva 

Volunteer 

ID 

Neu5,9Ac2 (mg/100 

mL) plasma 

Neu5,9Ac2 (mg/100 

mL) serum 

Neu5,9Ac2 (mg/100 

mL) urine 

Neu5,9Ac2 (mg/100 

mL) saliva 

1 0.48 0.58 0.94 0.15 

2 0.39 0.45 0.63 N/A 

3 0.43 0.51 0.16 0.45 

4 0.46 0.53 1.22 N/A 

5 0.39 0.46 1.65 1.11 

6 0.38 0.46 0.23 0.07 

7 0.34 0.41 0.31 N/A 

8 0.36 0.40 0.35 0.16 

9 0.31 0.32 0.27 0.08 

10 0.45 0.57 1.43 N/A 

11 0.37 0.36 0.41 0.12 

12 0.46 0.54 0.25 N/A 
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13 0.44 0.46 0.50 0.08 

14 0.38 0.42 1.04 0.09 

15 0.41 0.48 0.35 N/A 

16 0.40 0.44 0.79 0.04 

17 0.44 0.49 1.27 N/A 

18 0.39 0.41 0.15 N/A 

19 0.37 N/A 0.90 2.76 

20 0.29 0.32 0.37 0.10 

21 0.35 0.39 0.37 0.16 

22 0.35 0.43 0.21 0.32 

23 0.36 0.36 0.30 0.30 

24 0.35 0.39 0.34 0.04 

25 0.39 0.46 0.21 0.13 

26 0.34 0.34 0.72 0.06 

27 0.33 0.36 0.21 0.21 

28 0.38 0.44 0.38 0.05 

29 0.39 0.35 0.57 0.04 

30 0.38 0.40 0.98 0.38 

31 0.38 0.43 0.55 N/A 

32 0.37 0.42 0.33 0.13 

33 0.40 0.39 0.26 N/A 

34 0.39 0.43 3.40 0.61 

35 0.36 0.34 0.21 0.17 

36 0.36 0.43 0.13 N/A 

37 0.42 0.40 0.13 N/A 

38 0.39 0.41 0.13 N/A 

39 0.38 0.37 0.20 N/A 
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40 0.38 0.41 1.40 0.03 

41 0.48 0.49 0.31 N/A 

42 0.40 0.40 0.52 N/A 

43 0.35 0.38 0.50 0.11 

44 0.36 0.32 0.31 N/A 

45 0.45 0.48 0.60 2.84 

46 0.41 0.38 0.15 N/A 

47 0.34 0.34 0.45 N/A 

48 0.41 0.43 0.11 0.39 

49 0.35 0.35 0.17 0.20 

50 0.35 0.40 0.35 N/A 

51 0.36 0.36 0.70 0.12 

52 0.30 0.27 0.52 N/A 

53 0.41 0.46 0.55 N/A 

54 0.29 0.27 0.32 N/A 

55 0.35 0.31 0.94 N/A 

56 0.36 0.40 1.67 0.17 

57 0.36 0.34 0.27 N/A 

58 0.43 0.46 0.57 0.23 

59 0.38 0.33 0.12 0.08 

60 0.40 0.43 0.77 0.41 

61 0.40 0.39 0.38 N/A 

62 0.33 0.32 0.36 N/A 

63 0.39 0.38 N/A N/A 

64 0.36 0.34 0.33 0.28 

65 0.33 0.33 0.97 0.28 

66 0.42 0.42 0.37 0.08 
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67 0.38 0.39 0.37 0.07 

68 0.39 0.40 0.26 0.06 

69 0.41 0.40 0.41 0.18 

70 0.33 0.31 0.23 0.16 

71 0.46 0.55 0.33 0.03 

72 0.33 0.35 0.46 N/A 

73 0.37 0.34 0.52 0.08 

74 0.34 0.31 N/A N/A 

75 0.34 0.34 0.12 0.08 

76 0.41 0.38 0.64 0.09 

77 0.39 0.35 0.24 N/A 

78 0.39 0.39 0.14 0.29 

79 0.27 0.32 0.17 0.23 

80 0.33 0.40 0.34 0.51 

81 0.37 0.37 0.52 0.07 

82 0.33 0.37 1.60 N/A 
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Chapter 6: 

Elevated concentrations of Neu5Ac and Neu5,9Ac2 in human 

plasma: Potential Biomarkers of Cardiovascular Disease. 

 

Chapter Summary: This chapter involves the analysis of samples to determine the biomarker potential 

of Neu5Ac and Neu5,9Ac2 for advanced cardiovascular disease. Samples from patients with 

cardiovascular disease and healthy controls were purchased from BioIVT. These samples were analysed 

for Neu5Ac and Neu5,9Ac2 after which the concentrations in the two cohorts were compared to 

determine the statistical significance of the biomarker. ROC analysis was then utilised to determine the 

predictive power of the marker. 

Bibliographic Details: Elevated concentrations of Neu5Ac and Neu5,9Ac2 in human plasma: Potential 

Biomarkers of Cardiovascular Disease. J. Cheeseman, C. Badia, G. Elgood-Hunt, R. A. Gardner, D. I. 

R. Spencer, G. Kuhnle, H. M. I. Osborn Submitted to Scientific Reports, December 2021. 
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G.K, D.I.R.S and H.M.I.O. J.C designed and carried out the analysis with the assistance of C.B. and 

R.G. G.K. was responsible for statistical analysis, G.EH performed ROC analysis and modelling. J.C 

wrote the first draft of the main manuscript text and prepared all figures except for figure 1 that was 

prepared by G.EH. All authors reviewed the manuscript and J.C prepared the final draft for submission.  

Appendices: Appendix 1 details the samples from patients with cardiovascular disease chosen for 

purchase from BioIVT.  

Appendix 2 contains a flow chart which outlines the selection process of CVD samples from BioIVT, 

ensuring to exclude samples with health conditions that may affect sialic acid concentration 

measurements independently of cardiovascular disease. 
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Abstract 

Cardiovascular disease (CVD) is a group of health conditions affecting the heart and vascular 

system, that poses a global health issue with very high prevalence and mortality. The presence 

of CVD is characterised by high levels of inflammation which is associated with 

overexpression of N-Acetyl neuraminic acid (Neu5Ac) and reduced plasma esterase activity 

possibly affecting 5-N-acetyl-9-O-acetyl neuraminic acid (Neu5,9Ac2) concentrations. Thirty 

plasma samples from patients with diagnosed CVD, and thirty age and sex-matched healthy 

controls were assayed for Neu5Ac and (Neu5,9Ac2) concentrations. Mean Neu5Ac and 

Neu5,9Ac2 concentrations were significantly elevated in CVD patients compared to healthy 

controls (Neu5Ac: P < 0.001; Neu5,9Ac2: P < 0.04). Receiver operator curve (ROC) analysis 

indicated that both Neu5Ac and Neu5,9Ac2 had good predictive power for the presence of 

CVD (Neu5Ac AUC: 0.95; Neu5,9Ac2 AUC: 0.84). However, while Neu5Ac had both good 

sensitivity (0.88) and specificity (0.9), Neu5,9Ac2 had equivalent specificity (0.9) but poor 

sensitivity (0.5). A combination marker of Neu5Ac/Neu5,9Ac2 showed improvement over 

Neu5Ac alone in terms of predictive power (AUC: 0.96), sensitivity (0.88) and specificity 

(1.00). Thus, Neu5Ac and Neu5Ac/Neu5,9Ac2 would appear to be good predictive markers for 

the presence of CVD. 

Introduction 

CVD is highly prevalent, affecting populations in both developed and developing countries, 

and hence poses a major healthcare burden. CVD is associated with high morbidity and 

mortality rates, indeed it was the leading cause of death worldwide, accounting for 34% (20.1 

million) of all deaths in 2019 with an estimated 500 million active cases.1 CVD accounted for 

the loss on average of 4860 disability adjust life years (DALY) per 100,000 population in 
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2019.2 Accurate diagnosis of CVD to allow for earlier intervention and treatment could help 

lower the global healthcare burden and mortality rates associated with CVD. CVD is associated 

with increased levels of inflammation, especially in the vascular endothelium. This 

inflammation may contribute to the progression of CVD and cause myocardial and vascular 

damage.3 Markers for inflammation such as high sensitivity c-reactive protein (hs-CRP )have 

previously been studied in the context for CVD,4 and it has been shown that hs-CRP may 

underestimate inflammation and therefore have lower predictive power than required for 

diagnosis or prediction of CVD.5 

Neu5Ac has many important biological functions primarily as a receptor mask or receptor 

determinant which aids in cell-cell recognition and immune response.6 The carboxylic acid 

functional group conveys an overall negative charge to the cell surface and the endothelium 

which aids in cell repulsion7 and the prevention of cell aggregation, especially among 

erythrocytes.8 Neu5Ac and Neu5,9Ac2 expression of the surface of glycoproteins improves 

their circulating half-life in the blood.9 These sialic acid derivatives have also been shown to 

have an anti-inflammatory effect, protecting the cardiovascular system from inflammatory 

damage. This may explain the upregulation of sialic acid during an inflammatory state.10–12 

Neu5,9Ac2 concentrations may also appear upregulated due to the reduced esterase activity in 

plasma during an inflammatory state. Hubbard et al. reported significant associations between 

elevated inflammatory markers hs-CRP, interleukin-6 (IL-6), tumour necrosis factor alpha 

(TNF-alpha) and reduced plasma esterase activity.13 This effect may reduce the conversion of 

Neu5,9Ac2 to Neu5Ac by the action of acetylesterase resulting in elevated concentrations of 

Neu5,9Ac2 when inflammation is present.  

Previous studies have also identified N-acetyl neuraminic acid (sialic acid, Neu5Ac) as a 

marker for CVD.14 Neu5Ac is a monosaccharide with a nine-carbon backbone that is generally 

located as the terminating unit of glycans which are parts of glycoproteins and glycolipids.7 

Neu5Ac is one of a family of over 50 sialic acids. The main derivatives present in humans are 

Neu5Ac and Neu5,9Ac2
15 with human plasma exhibiting a Neu5,9Ac2 (0.29 mg/100 

mL)/Neu5Ac (45.49 mg/100 mL) ratio of 0.006.16 Quantitation of sialic species in breast 

cancer cell lines have yielded ratios of Neu5,9Ac2/Neu5Ac of 0.005-0.09 depending on the cell 

line.17 Neu5Ac is ubiquitous in the body, while Neu5,9Ac2 has been identified in biological 

fluids (blood, urine, saliva) and in the brain, lungs, kidneys, intestines and pancreas.18,19 

Elevated Neu5Ac concentration has been linked to increased cardiovascular mortality risk, 

with the risk associated with the highest quartile of sialic acid concentration versus the lowest 

quartile being 2.38 in men and 2.62 in women.20 Increased plasma and serum concentrations 
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of sialic acid have also been linked to the presence and pathogenesis of CVD and associated 

inflammation could potentially be utilised to diagnose the disease.14 Neu5Ac concentrations 

can be elevated by other diseases that cause inflammation however, such as arthritis21 and type-

2 diabetes.22 Therefore, investigating other derivatives of sialic acid may reveal a potential 

biomarker that is more specific for CVD. 

Quantitative analysis of these sialic acid derivatives as biomarkers for CVD requires a sensitive 

and specific analytical technique with a sufficiently low limit of detection. This is because 

while Neu5Ac is present in sufficiently large quantities (45.49 mg/100 mL), Neu5,9Ac2 is 

generally present in much smaller quantities (0.29 mg/100 mL).16 Labelling of sialic acids with 

1,2-Diamino-4,5-methylenedioxybenzene Dihydrochloride (DMB) followed by HPLC 

analysis was chosen in this instance, it allows for the analysis of multiple sialic acids in the 

same assay while exhibiting high specificity for sialic acids and a low limit of detection (< 0.01 

nmol).23,24 Previous research in this area has utilised assays which suffer from poor specificity 

for sialic acid which can lead to inaccurate results.25 Like all quantitative techniques, the DMB 

assay requires quantitative standards for effective and accurate quantitation of sialic acids. 

Neu5Ac is commercially available in sufficiently large quantities but Neu5,9Ac2 is not and 

therefore must be chemically synthesised. For the accurate quantitation of Neu5,9Ac2 in 

plasma samples, we have previously synthesised Neu5,9Ac2 and analysed the standard using 

quantitative nuclear magnetic resonance (QNMR) techniques.16 The presence of CVD and the 

resulting inflammatory state has been shown to result in an overexpression of Neu5Ac and 

therefore an elevation of Neu5Ac in blood. Following this, blood Neu5,9Ac2 may also be 

affected and as such it is of interest as a potential marker for CVD that may be more specific. 

Neu5Ac and Neu5,9Ac2 concentrations were measured in plasma samples from both healthy 

controls and CVD cohorts (n = 60). Analysis was carried to determine if the elevation of 

concentrations of Neu5Ac and Neu5,9Ac2 between the healthy and disease cohorts was 

statistically significant. ROC curves were prepared to determine the sensitivity and specificity 

of each marker for the prediction of CVD to allow for a comparison to existing markers. 

Materials and Methods 

Study Population 

30 plasma samples from patients (16 female; 14 male) with an average age of 65 with CVD 

were selected and purchased from BioIVT along with 30 age and sex matched healthy controls.  

Samples were chosen from volunteers that had one or multiple diagnosed CVDs but no other 
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conditions that could otherwise affect plasma sialic acid concentration such as type-2 

diabetes,26 arthrtiis21 and chronic obstructive pulmonary disorder (COPD).27 

Our study was approved by the University of Reading Ethics Committee (UREC 18/39) and 

all samples were collected by BioIVT with informed consent in accordance with Declaration 

of Helsinki. All experimental procedures were carried out in accordance with institutional 

guidelines.  

Analytical Methods 

Analysis of sialic acids was carried out using the DMB method.16,24,28 Release of sialic acids 

and DMB labelling of the samples was achieved using LudgerTagTM DMB Sialic Acid (LT-

KDMB-96). 5 μL of each sample was added to a 96-well plate. Each sample was subjected to 

acid release with 25 μL of 2M acetic acid. The samples were vortexed and centrifuged (RCF 

1677) followed by incubation at 80oC for 2 hours. The samples were cooled to room 

temperature before 5 μL of each released sample was transferred to a new 96-well plate. To 

this, 20 μL DMB labelling solution was added. The samples were vortexed and centrifuged 

(RCF 1677) followed by incubation for 3 hours at 50oC. The reaction was quenched by addition 

of water to make-up the volume to 500 μL. Neu5Ac samples were then subjected to a 1 in 10 

dilution, Neu5,9Ac2 samples were not. All work was carried out using a Hamilton STARlet 

Liquid Handling Robot, apart from the initial dispensing of the samples into the 96-well plate. 

Analysis of the samples was performed in triplicate for Neu5Ac and Neu5,9Ac2 determination. 

Fetuin derived from fetal calf serum (GCP-Fet-50U), an A2G2S229 glycopeptide (BQ-GPEP-

A2G2S2-10U) both from Ludger Ltd. and a human plasma standard purchased from Sigma 

Aldrich were utilised as system suitability standards. These standards were subjected to the 

same release and labelling conditions as stated above for the samples containing Neu5Ac. 

Standards of Neu5Ac and Neu5,9Ac2
16 were also labelled using LudgerTagTM DMB Sialic 

Acid (LT-KDMB-96). 20 μL of labelling solution (3.5 mg DMB dye, 2.2 mL mercaptoethanol 

(1.4 M), 20 mg sodium dithionite) was added to each standard. The samples were vortexed and 

centrifuged (RCF 1677) before incubating for 3 hours at 50oC. The labelling reaction was 

quenched with water to bring the final volume to 500 μL. Standards curves were prepared for 

each standard with points: 0.01-1.0 nmol. 

The labelled sialic acids were analysed by LC-FLD. 5 μL of sample was injected into a U3000 

UHPLC equipped with a fluorescence detector (λex = 373 nm, λem = 448 nm, Thermo, UK). 

For Neu5Ac analysis an isocratic solvent system (7:9:84 %v/v MeOH:ACN:H2O) was used. 
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For Neu5,9Ac2 analysis a gradient solvent system was used 7:6:87 %v/v MeOH:ACN:H2O for 

6.5 minutes followed by 6:9:85 %v/v MeOH:ACN:H2O for 11.5 minutes. 

Statistical Analysis 

Data are presented as mean ± standard deviation. P=0.05 was used as the threshold for 

statistical significance. Difference in mean values were estimated using a two-sided t-test. 

Analysis was performed using R version 4.1.1.30 ROC curves were prepared using a Support 

Vector Classifier model31 where the model was trained on 70% of the data and tested on the 

remaining 30% after data was standardised such that it followed a normal distribution. No 

outliers were identified. The outcomes were whether a given person had a diagnosed CVD 

(CVD cohort) or whether they had no diagnosed CVD (control cohort). 

Results 

The DMB assay employed for the analysis of Neu5Ac and Neu5,9Ac2 exhibited low levels of 

inter and intra-assay variation (< 10%). Neu5Ac and Neu5,9Ac2 concentrations in all samples 

met the criteria to overcome the limit of detection and limit of quantitation (3 times and 9 times 

signal to noise ratio respectively).  

The cohort characteristics are shown in Table 1. The average concentration of Neu5Ac in 

healthy controls was 43.73 ± 17.49 mg/100 mL and in patients with CVD it was 63.55 ± 8.46 

mg/100 mL. The average concentration of Neu5,9Ac2 in healthy controls was 0.32 mg/100 mL 

and in the CVD patients was 0.40 mg/100 mL. Values for Neu5Ac and Neu5,9Ac2 were higher 

in the CVD patients when compared to healthy controls. Neu5Ac and Neu5,9Ac2 

concentrations were significantly higher in patients when compared with healthy controls (two-

sided t-test, p<0.001 for Neu5A, p<0.04). 
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Table 1: Cohort characteristics 

 Healthy Controls CVD Patients 

n 30 30 

Age (years) 65 65 

Male:Female 14:16 14:16 

Mean Plasma Neu5Ac 

(mg/100 mL) 

43.73 ± 17.49 63.55 ± 8.46 

Mean Plasma 

Neu5,9Ac2 (mg/100 mL) 

0.32 ± 0.19 0.40 ± 0.06 

 

ROC curves were prepared to determine the predictive power of Neu5Ac and Neu5,9Ac2 for 

the presence of CVD (Figure 1). The specificity, sensitivity, precision, F-score and area under 

the curve (AUC) for each marker are provided in Table 2. 
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Figure 1: ROC curves for Neu5Ac, Neu5,9Ac2 and Neu5Ac/Neu5,9Ac2 as well as a comparison of the three 

plots 

Table 2: ROC analysis data 

 Sensitivity Specificity Precision F-score AUC [Confidence 

Interval] 

Neu5Ac 0.88 0.90 0.88 0.88 0.95 [0.57; 1.0] 

Neu5,9Ac2 0.50 0.90 0.80 0.62 0.84 [0.57; 0.84] 

Neu5Ac + 

Neu5,9Ac2 

0.88 1.00 1.00 0.93 0.96 [0.73; 1.00] 

 

Discussion 

The statistically significant elevation of Neu5Ac between healthy controls and disease patient 

cohorts (P < 0.001) in this study is supported by previous work. The presence of 

atherosclerosis, hypertension, coronary heart disease and heart failure have all previously been 

associated with increased Neu5Ac concentrations.14 Neu5,9Ac2 has not been previously 
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investigated as a marker in the context of CVD. A statistically significant elevation in 

Neu5,9Ac2 concentration between healthy controls and CVD is reported here (P < 0.04), 

although the significance here may be borderline give the value is close to 0.05. 

ROC analysis (Figure 1, Table 2) revealed the predictive power of Neu5Ac and Neu5,9Ac2 for 

advanced levels of CVD progression and potential utility as biomarkers. The AUC, or 

predictive power for CVD cases, was calculated for plasma concentrations of Neu5Ac (0.95), 

Neu5,9Ac2 (0.84) as well as Neu5Ac/Neu5,9Ac2 as a combined marker (0.96). Neu5Ac and 

Neu5,9Ac2 were both indicated to have good predictive power. Neu5Ac showed better 

predictive power than Neu5,9Ac2 which indicated that it may be a better predictor of CVD over 

Neu5,9Ac2. Interestingly, the combined marker for Neu5Ac/Neu5,9Ac2 had a marginally better 

AUC than Neu5Ac indicating a similar predictive power. Comparing the markers in more 

depth revealed more about the potential of each marker when comparing sensitivity and 

specificity. An ideal marker would exhibit a sensitivity and specificity of 1.0, meaning the 

marker had a 100% true positive (sensitivity), 100% true negative (specificity) and 0% false 

positive rate (1 – specificity). Neu5Ac exhibited high specificity (0.9) and sensitivity (0.88), 

Neu5,9Ac2 exhibited equivalent specificity (0.9) but low sensitivity (0.5). Both markers have 

a low false positive rate Neu5,9Ac2 poorly discriminates the positive results and as such would 

not be a good marker in this context. Neu5Ac however performs very well in this cohort. The 

combined marker Neu5Ac/Neu5,9Ac2 is interesting in this context in that it offers sensitivity 

(0.88) comparable to that of Neu5Ac, but also very high specificity (1.0) indicating a zero false 

positive rate in this cohort. 

Inflammation is an important aspect of CVD that can cause myocardial and endothelial 

damage.32,33 . An increase in inflammation related to CVD can lead to an acute-phase response 

which is characterised by upregulation of specific proteins: alpha-1-acid glycoprotein, alpha-

1-antitrypsin, fibrinogen, alpha-2-macroglobulin and hemopexin.34 A variety of sialylated 

glycans decorate the surface of these proteins. A2G2S2 is the main glycan present in human 

plasma and is present in large quantities on alpha-1-antitrypsin and hemopexin. Alpha-1-acid 

glycoprotein has been reported to account for nearly all highly sialylated N-glycan species in 

plasma circulation.35 These glycoproteins contain large quantities of sialic acids and an 

increase in the concentrations of these proteins during an acute-phase response would account 

somewhat for elevated Neu5Ac and Neu5,9Ac2 concentrations in plasma. Further to this, 

elevated sialic acid concentrations might be such that the sialic acid can act as a substrate for 

the resialylation of low-density lipoprotein (LDL) and erythrocytes. Desialylated LDL and 

erythroctyes have been found to aggregate more than unmodified variants thus leading to the 
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build-up of atherosclerotic plaques.36,37 This is perhaps supported by evidence of an increase 

in the activity of sialyltransferase during an inflammatory state, which is perhaps an attempt to 

resialylate these structures and prevent cardiovascular damage occurring.38 On the other hand, 

downregulation of the activity of plasma esterases has been observed with increased levels of 

inflammation.39 This may reduce the quantity of acetylated derivatives, such as Neu5,9Ac2, in 

plasma cleared by activity of these enzymes, leading to an observed increase in their 

concentrations. 

Comparison of the markers investigated here with well-established CVD biomarkers indicates 

that Neu5Ac and Neu5,9Ac2 may provide better discrimination and overall predictive power 

in patients with advanced CVD versus healthy controls. Kimmenade et al. investigated markers 

for the presence of heart failure (HF), an advanced CVD, using ROC analysis: pro-brain 

natriuretic peptide (NT-proBNP) (AUC: 0.94, sensitivity:specificity – 0.90:0.85) and galectin-

3 (gal-3) (0.72, sensitivity:specificity – 0.80:0.52).40 While only Neu5Ac and the combination 

marker Neu5Ac/Neu5,9Ac2 performed similarly to NT-proBNP in terms of predictive power 

(AUC) for advanced CVD, all of the markers in this research performed better than gal-3. The 

three sialic acid markers also appeared to show better predictive power than carotid intima-

media thickness (IMT) (AUC: 0.72, sensitivity:specificity – 0.71:0.60).41 In terms of sensitivity 

and specificity, Neu5,9Ac2 offered higher specificity than NT-proBNP, gal-3 and carotid IMT 

but much lower sensitivity. On the other hand, Neu5Ac and the combination marker 

Neu5Ac/Neu5,9Ac2 showed better sensitivity than gal-3 and carotid IMT but performed 

similarly to NT-proBNP in this aspect. Neu5Ac showed higher specificities than gal-3 and 

carotid IMT but was only marginally higher in comparison to NT-proBNP. 

Neu5Ac/Neu5,9Ac2 showed much better specificity than all three markers (NT-proBNP, gal-

3, carotid IMT) with specificity of 1.0. Given this information, sialic acids may act as better 

markers for the presence of CVD with research described herein indicating a combined marker 

of Neu5Ac/Neu5,9Ac2 offering the best predictive power for the presence of CVD with overall 

better specificity and sensitivity than previously investigated markers. 

Strengths and Limitations 

The samples size for this study was small and may have resulted in an underpowered study, 

potentially explaining the borderline significance (P < 0.04) of plasma Neu5,9Ac2 

concentrations between CVD cases and healthy controls. A higher-powered future study may 

supplement this data.  

Conclusions 
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Neu5Ac and Neu5,9Ac2 concentrations were determined in samples from 30 healthy controls 

and 30 patients with diagnosed CVD. Statistically significant elevations of concentrations for 

both Neu5Ac and Neu5,9Ac2 were observed. Neu5Ac was shown to be a good marker for the 

discrimination of some classes of CVD patients from healthy controls, Neu5,9Ac2 however 

suffered from low sensitivity and as such poor prediction of CVD cases. Interestingly, a 

combination marker of Neu5Ac/Neu5,9Ac2 offered better predictive power than just Neu5Ac 

alone. The markers identified here offer an improvement on previously studied markers such 

as hs-CRP which can suffer from poor discrimination of CVD. Neu5Ac and 

Neu5Ac/Neu5,9Ac2 could act as markers for the presence of CVD with excellent predictive 

power. This may allow for more accurate diagnosis of CVD, allowing for treatment to be 

administered earlier, thus reducing CVD healthcare burden. 
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Appendix 1: BioIVT CVD case samples 

Sex 
Age 

(Years) 
Race Diagnosis 

Male 40 Caucasian Hypertension, Intestinal Obstruction, Vitamin D Deficiency, Anemia 

Male 49 Caucasian Hypercholesterolemia, Hypertension 

Male 49 Caucasian Hypertension 

Male 52 Caucasian Hypertension 

Male 57 Caucasian Atrial Fibrillation, Hypertension 

Male 61 Caucasian Bipolar Disorder, Hypertension 

Male 67 Caucasian Hypertension, Atrial Fibrillation 

Male 70 Caucasian Congestive Heart Failure 

Male 72 Caucasian Hypertension, Hyperlipidemia 

Male 73 Caucasian Congestive Heart Failure, Vertigo, Hypertension, Hyperlipidemia, Ventricular Tachycardia, Ischemic Cardiomyopathy 

Male 75 Caucasian Congestive Heart Failure, Hypertension, Anemia, Hyperlipidemia 

Male 77 Caucasian Congestive Heart Failure 

Male 80 Caucasian Congestive Heart Failure, Hypertension 

Female 41 Caucasian Hypertension 

Female 51 Caucasian Hypertension 

Female 51 Caucasian Hypertension, Hyperchlolesterolemia 

Female 52 Caucasian Cardiovascular Disease, Hypertension 

Female 55 Caucasian Hyperuricemia, Hypertension 

Female 56 Caucasian Hypercholesterolemia, Hypertension 

Female 58 Caucasian Hypertension, Hypertriglyceridemia, Vitamin D Deficiency 

Female 59 Caucasian Hypertension, Hypercholesterolemia 

Female 63 Caucasian Hypertension 

Female 69 Caucasian Congestive Heart Failure 
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Female 72 Caucasian 
Congestive Heart Failure, Sleep Apnea, Fibromyalgia, Gastroesophageal Reflux Disease, Hypertension, Hyperlipidemia, 

Aortic Stenosis, Paroxysmal Atrial Fibrillation, Pulmonary Hypertension 

Female 75 Caucasian Coronary Artery Disease, Hypertension 

Female 83 Caucasian Hypercholesterolemia, Hypertension, Hyponatremia, Pneumonia 

Female 84 Caucasian Congestive Heart Failure 

Female 87 Caucasian Hypertension 

Female 88 Caucasian Congestive Heart Failure, Atrial Fibrillation, Pulmonary Hypertension, Cardiovascular Disease 

Female 91 Caucasian 
Congestive Heart Failure, Atrial Fibrillation, Gastroesophageal Reflux Disease, Hyperlipidemia, Insomnia, 

Cerebrovascular Attack, Coronary Artery Disease 
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Appendix 2: BioIVT CVD samples selection process 

 

 

 

  

1260 samples from patients with 

cardiovascular disease 

763 Samples 

Exclude 497 samples which are viral 

positive or non-Caucasian. 

Exclude 258 samples from patients with 

cancer of all varieties. 

Exclude 187 samples from patients with 

types of arthritis and diseases such as 

osteoporosis and multiple scleorosis. 

Exclude 36 samples from patients with 

degenerative diseases. 

Exclude 31 samples from patients with 

COPD or asthma. 

Exclude 44 samples from patients with 

renal failure. 

505 Samples 

318 Samples 

282 Samples 

251 Samples 

207 Samples 
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Exclude 98 samples from patients with 

type-2 diabetes. 

Exclude 2 samples from patients with 

systemic lupus erythramatosus. 

Exclude 15 samples from patients with 

psoriasis and atopical dermatitis. 

30 CVD samples chosen for purchase 

Exclude 10 samples with stomach ulcers 

and crohns diseases. 

Exclude 6 samples related to the drugs 

being taken by the patients indicating 

underlying health conditions that may 

not have been reported that could affect 

levels of sialic acid. E.g., one patient 

was prescribed medicine for type-2 

diabetes despite the diagnosis not being 

listed. 

207 Samples 

109 Samples 

107 Samples 

92 Samples 

82 Samples 

76 Samples 
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Chapter 7: 

General Discussion 
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7.1 Introduction 

Many biomarkers for CVD have been established and are utilised in medicine for the diagnosis 

and assessment of CVD.[1] Use of these biomarkers has resulted in a marked improvement in 

clinical outcomes in the last 30 years.[2] Despite this, CVD accounts for the highest percentage 

of mortality globally equal to 34% (20.1 million) of deaths in 2019.[3] This is expected to 

increase over the next few years as CVD risk factors increase worldwide. Early diagnosis of 

CVD, or prediction of CVD before it occurs is currently difficult. Risk prediction algorithms 

such as QRISK3 have been developed and validated to enable assessment of CVD risk,[4] but 

these have been shown to be unreliable in older populations.[5] As such, more reliable marker 

for CVD risk, or early CVD, may be useful for the reduction of CVD mortality. Sialic acid has 

been established as a marker for CVD,[6] although other isomers of sialic acid have not been 

investigated despite being implicated in many processes associated with CVD and 

inflammation.[7] 

In this chapter, critical evaluation of the work presented in this thesis is presented. This chapter 

is therefore comprised of section 7.2 outlining the key findings of the work outlined in this 

thesis. Following this, section 7.3 offers a critical evaluation of this project and section 7.4 

provides insight into potential areas for future investigation. 

7.2 Key Findings 

The work outlined in this thesis tackled two main aims: firstly, to access acetylated derivatives 

of Neu5Ac via synthetic chemistry techniques; secondly, to investigate the potential of Neu5Ac 

and its acetylated derivatives as biomarkers for CVD and CVD risk by analysing plasma, 

serum, urine, and saliva samples. 

Assays for the qualitative and quantitative analysis of sialic acids (Chapter 2)[8] 

By reviewing the literature related to the analysis of sialic acids, it has been demonstrated that 

many assays for sialic acids have been developed since their discovery in the 1930’s. 

Challenges were encountered with specificity in earlier assays for sialic acids, whereby other 

compounds present in complex biological mixtures can cause inaccurate quantitation. More 

modern developments have led to highly specific and accurate methods for the analysis of sialic 

acids, with the added ability to analyse multiple derivatives at once. Future scope was identified 

for the use of plate-based assays for high-throughput analysis of sialic acids using fluorescence 

detection. 

Sialic acid as a potential biomarker for CVD, diabetes and cancer (Chapter 3)[6] 
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The literature currently available in biomarker research has indicated that N-acetyl neuraminic 

acid (Neu5Ac, sialic acid) has potential as a biomarker for different cardiovascular diseases, 

type-2 (but not type-1) diabetes and diabetic complications, and different types of cancer. 

Elevated concentrations of plasma and serum Neu5Ac were associated with the presence of 

these diseases when compared with healthy controls. Unfortunately, using Neu5Ac as a 

biomarker may be difficult as concentrations in biological fluids can be affected by all the 

aforementioned disease states.[9–15] Further to this, differentiating between the disease, 

especially is they are co-morbid may be difficult. Neu5Ac did offer potential to determine 

disease severity in cases such as coronary artery disease[16,17] or staging in the case of 

cancers.[18,19] There was also scope for Neu5Ac to be utilised as a biomarker for tracking the 

progression of treatment, with decreased concentrations in plasma/serum indicating a 

successful response to treatment.[20] Future scope was identified for Neu5,9Ac2 as a 

biomarker for breast and oral cancer.[21,22] 

Synthesis and utilisation of quantitative standards of Neu5,9Ac2 and Neu4,5Ac2 (Chapter 

4)[23] 

A distinct lack of quantitative standards of acetylated sialic acid derivatives has been noted by 

reviewing the literature related to quantitative analysis of sialic acids. Two acetylated sialic 

acid derivatives, Neu5,9Ac2 and Neu4,5Ac2, were synthesised by employed protecting group 

strategies. Yields were improved from those reported in the literature and the synthesis of 

Neu4,5Ac2 was improved by reducing the number of synthetic steps by one.[24] The 

synthesised derivatives, as well as commercially available Neu5Ac and Neu5Gc, were utilised 

as quantitative standards for the analysis of sialic acid derivatives in plasma and serum using 

the DMB method outlined in Chapters 1 and 2. A method was developed that could 

qualitatively and quantitatively analyse multiple sialic acid derivatives in one assay while 

exhibiting extremely low limits of detection and quantitation in line with those previously 

reported in the literature.[25] Work was also carried out towards the synthesis of acetylated 

derivatives of Neu5Gc,[26] and towards the synthesis of Neu5,8Ac2, Neu2,5Ac2 and 

Neu5,7Ac2.[27] 

Potential associations between Neu5Ac and Neu5,9Ac2 concentrations, and CVD risk 

(Chapter 5) 

Previous studies have indicated an association between elevated concentrations of Neu5Ac in 

biological fluids and CVD mortality risk. The scope of these studies was limited however to 

only plasma, and only Neu5Ac. Potential associations between plasma, serum, urine, and saliva 
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concentrations of Neu5Ac and Neu5,9Ac2, and QRISK3 score were investigated. Sensitivity 

analysis was also performed to determine any associations between the sialic acid markers and 

CVD risk factors that form part of QRISK3 assessment. Associations were observed between 

urinary Neu5Ac and QRISK3 as well as urinary Neu5,9Ac2 and QRISK3 in women. Sensitivity 

analysis revealed a further association in women between Neu5Ac/Neu,9Ac2 concentrations in 

urine and BMI, potentially a driving force behind QRISK3 associations. No associations were 

observed in men, however. Associations in plasma for CVD mortality risk have been identified 

previously in the literature which did not match the findings here. It was identified however 

that the cohort studied herein was relatively healthy and as such further work on a cohort with 

greater CVD risk may be required. 

Neu5Ac and Neu5,9Ac2 as potential biomarkers for advanced CVD (Chapter 6) 

Neu5Ac has been well researched as a potential marker for CVD (Chapter 3). Preliminary 

research has been carried out for Neu5,9Ac2 as a biomarker for malignant tumours,[21,28] but 

no research on Neu5,9Ac2 in the context of CVD has been reported. Plasma concentrations of 

Neu5Ac and Neu5,9Ac2 were determined using the DMB labelling method outlined in 

Chapters 2, 4 and 5. Neu5Ac and Neu5,9Ac2 concentrations were significantly elevated in 

CVD cases versus healthy controls (Neu5Ac: P < 0.001; Neu5,9Ac2: P < 0.04). Elevated 

Neu5Ac concentrations were as expected.[6] Elevated Neu5,9Ac2 concentrations have not 

previously been reported in the context of CVD, although the significance is borderline. ROC 

analysis was carried out to determine the predictive power (AUC), as well as sensitivity and 

specificity of both markers. Neu5Ac and Neu5,9Ac2 were both shown to have good ability to 

discriminate between CVD cases and healthy controls (Neu5Ac AUC: 0.95; Neu5,9Ac2 AUC: 

0.84). Both markers exhibited good specificity (Neu5Ac: 0.90; Neu5,9Ac2: 0.90), but while 

Neu5Ac offered good sensitivity (0.88), Neu5,9Ac2 had very low sensitivity (0.50) indicated a 

high false positive rate. Interestingly, a combined marker of Neu5Ac/Neu5,9Ac2 was found to 

have similar predictive power (AUC: 0.96) to both markers, and similar sensitivity to Neu5Ac 

(0.88), but also offered excellent specificity (1.00) indicating a 0% false positive rate. 

7.3 Critical evaluation 

7.3.1 Synthesis of acetylated sialic acid derivatives 

The synthesis of acetylated sialic acid derivatives was undertaken as these are the most 

abundantly available in humans and animals after Neu5Ac and Neu5Gc.[29] As such, they are 

of interest in many capacities such as biomarker research. They have also been associated with 
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many disease states,[6,30–32] and play roles in infections caused by bacteria, viruses, and 

parasites.[33–35] 

Most attempts at the synthesis of sialic acid derivatives have utilised protecting groups to 

facilitate regioselective addition of desired functional groups at specific positions. These 

techniques were utilised effectively in Chapter 4 to yield acetylated derivatives of sialic acid, 

specifically Neu5,9Ac2 and Neu4,5Ac2, with improvements upon previous work.[24] Work 

was also carried out towards other acetylated sialic acid derivatives. Successful synthesis of 

these derivatives is reported in the literature.[27] However, low yields for some steps, such as 

protection of the C-7 and C-9 hydroxyls with a benzylidene protecting group were encountered 

which prevented access to some synthetic routes. Further to this, some further challenges with 

hydroxyl group reactivity, such as the C-2 position, were encountered when attempting to carry 

out acetylation or protection with a triethylsilyl protecting group. This is interesting however 

in the context of sialic acid, as the C-2 hydroxyl is stated to be more reactive than the C-7 

hydroxyl despite being a tertiary alcohol.[27,36] The encountered reduced reactivity of the C-

2 position may possibly be due to steric hindrance from bulky functional groups such as the 

acetonide or tert-butyl dimethylsilyl protecting groups. Synthesis of Neu5Gc was successful, 

although it was not taken forward as a quantitative standard as these are readily available 

commercially. Only a small quantity was synthesised however, even starting from gram scale 

quantities of Neu5Ac, which may cause challenges in future work with accessing acetylated 

derivatives of Neu5Gc. This is because while acetylating Neu5Gc at the C-9 position requires 

just one further synthetic step, other acetylated derivatives require the use of synthetic routes 

ranging from four-eight steps.  

Given the issues encountered here with protecting group strategies, other approaches may be 

necessary to realise the synthesis of the full complement of acetylated sialic acids. Park et al.  

utilised microwave techniques to synthesise multiple sialic acid derivatives at the same time, 

this posed its own issues, however.[37] The technique resulted in the synthesis of mixtures of 

sialic acids rather than pure compounds and these derivatives are difficult to separate from one 

another, especially using conventional chromatographic techniques. Chemoenzymatic 

techniques may be more promising, with the ability to yield pure compounds, with reduced 

synthetic steps. Previous research in this area has demonstrated the synthesis of acetylated 

derivatives of Neu5Ac and Neu5Gc such as: Neu5,9Ac2, Neu5Gc,9Ac and Neu5Gc4Ac.[38–

41] This is generally carried out by first derivatising a substrate such as N-acetyl mannosamine 

and converting it to the desired sialic acid compound. This highlights the potential utility of 
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enzymes for the synthesis of these derivatives and perhaps demonstrates that by further 

derivatising mannosamine, different acetylated sialic acid derivatives can be synthesised.  

7.3.2 Analysis of sialic acids via DMB labelling with LC-FLD 

Analysing sialic acids in complex biological mixtures requires the utilisation of specific and 

sensitive methods. This is to avoid interference from endogenous compounds in the sample, 

and to accurately detect and quantify derivatives that may only be present in very small 

quantities. Combining methods such as 1,2-diamino-4,5-methyleneoxybenzene (DMB) 

labelling with separation via liquid chromatography and subsequent detection using 

fluorescence detection provides a method with excellent ability to detect and importantly 

separate sialic acids from one another (Figure 1).[42,43] 

 

Figure 1: Sialic acids present in bovine mucin labelled with DMB and analysed via LC-FLD 

The DMB method offered many advantages. Firstly, it is highly specific for sialic acids, with 

the fluorescent label reacting with a diketone species formed from the reaction of sialic acids 

with acid. This diketone species is not native to biological fluids and as such is not prone to 

suffer from interferences as is the case with many other assays (Chapter 2). Secondly, the 

method exhibited very low limits of detection (LOD) and limits of quantitation (LOQ) which 

were in line with previous literature.[44,45] Finally, the method was able to be utilised to 

analyse multiple derivatives with just one assay, this reduces the quantity of sample required 

and reduces the time required for sample analysis (Chapter 4). 



167 
 

In this research, Neu5,9Ac2 proved relatively difficult to analyse (Chapters 5 and 6). 

Neu5,9Ac2 was found to suffer from overlapping impurities in many of the chromatographic 

conditions tested, and as such much considerable method development was required. 

Neu5,9Ac2 was also found to be present in only extremely small quantities in human samples 

(100-200 times less than Neu5Ac) and as such the samples required concentrating to a great 

degree to ensure that the concentrations of Neu5,9Ac2 overcame the LOD and LOQ. 

Combining this with the need to adjust chromatographic conditions for this specific derivative, 

this resulted in the need for each sample to be analysed twice: once for Neu5Ac and once for 

Neu5,9Ac2. While this did not affect the results, it greatly increased the amount of time required 

for analysis (2 x 15 minutes per sample) and impacts the high-throughput nature of the DMB 

method. Investigation of future prospects for analysis of sialic acids identified plate-based 

assays as a potential area of research with the ability overcome the issues outlined here. These 

are high-throughput methods, with the capacity to measure up to 96 samples at one time and 

can be performed using older methods such as the resorcinol assay[46] or more modern 

methods such as an enzymatic assay to measure the levels of sialylation and 

galactosylation.[47]  

7.3.4 Sialic as a biomarker for CVD risk and the presence of CVD 

Sialic acid has been identified as a biomarker for both increased CVD risk[10] and the presence 

of diseases such as CVD, type-2 diabetes and cancer (Chapter 3).[6] The literature suggests 

that elevated plasma concentrations of Neu5Ac in both men and women are associated with 

increased risk of CVD mortality risk.[48]  

Chapter 5 aimed to test this hypothesis not only for Neu5Ac but also for Neu5,9Ac2 expanding 

the scope of previous research. The scope was also expanded by investigating serum, urine, 

and saliva alongside the plasma samples. A volunteer study recruited volunteers between the 

ages of 35-75 from the community who were either at risk of CVD or were otherwise healthy. 

The study successfully recruited 80 volunteers who provided blood, urine and saliva samples, 

as well as information for the evaluation of QRISK3 estimated relative risk score.[4] Statistical 

analysis was performed to determine any potential associations between concentrations of 

sialic acids in plasma, serum, urine, and saliva and QRISK3 estimated relative risk score, as 

well as CVD risk factors (cholesterol/high density lipoprotein cholesterol ratio, systolic blood 

pressure, body-mass index (BMI)) in both men and women. Associations were observed in 

women only, in urine, as shown in Chapter 5. Possible explanations may be related to 

overexpression of mucins in the bladder epithelium[49] or upregulation of highly sialylated 

acute-phase proteins as a result of increased levels of inflammation.[50,51] While these 
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associations have not previously been reported, the expected associations between QRISK3 

estimated relative risk score or CVD risk factors, and sialic acid concentrations in plasma were 

not observed. The main potential cause of this was that the cohort was relatively healthy 

compared to the general population, for example average BMI and systolic blood pressure were 

only slightly above levels considered to be unhealthy. This resulted in a low range of QRISK3 

risk scores (0.6-2.1). While volunteers with low risk were an integral part of the study and are 

easy to recruit, volunteers with higher risk scores (> 5) may be required to further validate the 

findings outlined in Chapter 5 and to determine any further associations. Recruitment of 

volunteers with higher risk scores may not be possible in the community, and as such it may 

be necessary to pursue other avenues for recruitment, such as through hospitals or other clinical 

settings. This would potentially allow for access to volunteers with higher BMI and blood 

pressure, as well as those with certain health conditions such as chronic kidney disease that 

greatly increased CVD mortality risk. 

Chapter 6 provided a robust analysis of Neu5Ac and Neu5,9Ac2 as biomarkers for the presence 

of advanced CVD. Elevated concentrations of both sialic acids were observed in plasma 

samples from CVD patients compared to healthy controls, with the elevations indicated to be 

statistically significant (Neu5Ac: P < 0.001; Neu5,9Ac2: P < 0.04). It should be noted that 

while the P-value for Neu5Ac indicates high significance, the P-value for Neu5,9Ac2 indicates 

that the significance is borderline, and care should be taken in interpreting this. Further 

research, in the form of a higher-powered study,[52] would be pertinent to confirm whether 

Neu5,9Ac2 is in fact a marker for advanced CVD. Chapter 6 did not only evaluate the statistical 

significance of elevations in concentrations but also the predictive power of the two markers, 

that is the ability to discriminate between CVD and non-CVD cases. This was performed using 

receiver operator curve analysis (ROC) wherein it was found that Neu5Ac performed 

extremely well as a biomarker for CVD with excellent ability to discriminate between CVD 

and non-CVD cases. Neu5,9Ac2 performed less well, with poor ability to discriminate between 

CVD and non-CVD cases. Interestingly however, a combination marker of Neu5Ac and 

Neu5,9Ac2 performed better than Neu5Ac as a biomarker in terms of discrimination and 

showed an ideal false positive rate of 0%. These results were found to be better than previously 

established markers for CVD that were also analysed via ROC analysis. However, this research 

was performed on a relatively small cohort and as such, future studies on a larger cohort with 

more of both CVD and non-CVD cases should be undertaken to confirm these findings. 

Overall, Neu5Ac and Neu5,9Ac2 show some promise as markers for both the risk of CVD 

mortality and the presence of advanced CVD. One issue identified during the course of this 
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research however is that sialic acid concentrations in biological fluids can be affected by a 

number of other health conditions. Health conditions associated with increased sialic acid 

concentrations include: arthritis,[31,53] sepsis,[30] COPD,[32] cancer,[6] diabetes[6] and 

thyroid conditions.[54] Volunteers with any of these health conditions had to be excluded from 

the studies carried out in this thesis. If attempts were made to expand this research into wider 

clinical settings, the fact that these health conditions affect sialic acid concentrations would 

preclude the use of the biomarker in a large subset of the population. This may require further 

research to determine if sialic acid concentrations are able to be used discriminate between 

CVD and non-CVD cases, or predict CVD risk, when comorbidities that also affect sialic acid 

concentrations are present. Sialic acid may have greater utility as a marker for general 

inflammation. The current literature appears to point towards inflammatory processes, and the 

associated acute-phase response, as a potential explanation as to why overexpression of sialic 

acid is observed during the presence and pathogenesis of many, mostly inflammatory, health 

conditions.[32,50,55,56] 

As established in this work, Neu5Ac is not the only sialic acid derivative of interest as a 

biomarker not only for CVD but also cancer. Neu5,9Ac2 is of growing interest in cancer 

research due to the expression of acetylated glycolipids such as GD2 and GD3 on the surface 

of cancer cells.[57] Neu5,8Ac2 has also been identified in breast cancer cell lines[58] which 

linking back to section 7.3.1 highlights the need for the synthesis of more sialic acid derivatives 

for their quantitation in a wide range of contexts. 

7.4 Future Work 

The work in this thesis highlighted potential associations between Neu5Ac and Neu5,9Ac2, 

and QRISK3 (Chapter 5). While also confirming Neu5Ac as a marker for the presence of 

advanced CVD, and demonstrating that Neu5,9Ac2 may tentatively be a marker for the same 

(Chapter 6). However, applying these markers in a clinical/diagnostic setting may require 

further investigation. This is not only to confirm whether these compounds are true markers 

for CVD and CVD risk, but also whether other inflammatory health conditions interfere with 

measurements. This requires further studies on larger cohorts with patients with higher 

QRISK3 scores and larger CVD case cohorts. Given the high global healthcare burden of CVD, 

further research may aid in providing methods for earlier diagnosis of CVD and reduction of 

the CVD healthcare burden.  

There is also scope to improve upon the quantitative analysis of sialic acids outlined in this 

thesis, and to access further acetylated derivatives of sialic acid through chemoenzymatic 
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synthetic routes. Accessing a wider array of sialic acid derivatives has implications for not only 

biomarker research but also in areas such as in vitro protein binding studies and the analysis of 

glycosylation patterns in biopharmaceuticals. Oligosaccharides can be synthesised by 

employed both synthetic chemistry or chemoenzymatic strategies to produce a range of natural 

and unnatural oligosaccharides.[59–61] Incorporation of these oligosaccharides into glycan 

arrays can allow for the determination of protein binding mechanisms possibly highlighting 

protein function or even potential treatment routes for certain diseases.[62,63] Following this, 

analysis of biopharmaceuticals is extremely important, as well as a regulatory requirement. 

Expanding the repertoire of N-glycans standards may allow for easier quantification of N-

glycans as part of complex biopharmaceuticals.[64] 

7.4.1 Synthesis of acetylated sialic acid derivatives 

The chemical synthesis using protecting group strategies is well reported in the 

literature.[24,36,65] These strategies can be difficult however with limitations including low 

overall yields from many synthetic steps and poor reactivity due to many bulky protecting 

groups. The number of synthetic steps, and therefore the number of protecting groups required,  

may be reduced by attempting chemoenzymatic synthesis of sialic acid derivatives.  

Neu5Ac can be synthesised using enzymes such as sialic acid aldolase, sialic acid synthase, 

and N-acetyl neuraminate lyase generally using N-acetyl mannosamine (ManNAc) as the 

substrate.[66–68] Neu5,9Ac2 can be synthesised with Neu5Ac as the substrate by the action of 

pancreas lipase or subtilisin.[38,39] Neu5,9Ac2 has also been synthesised using 6-O-acetyl 

ManNAc as the substrate.[40] This points towards the utility of enzymes for the synthesis of 

acetylated sialic acid derivatives. It may be possible to chemically synthesise different 

acetylated ManNAc derivatives, and then utilise enzymes to produce acetylated Neu5Ac 

derivatives, possibly reducing the number of synthetic steps required. Progress has been made 

towards the synthesis of Neu5Ac derivatives that have been functionalised at the C-7 position 

using a chemoenzymatic approach, indicating the promise of this area of research.[69] This 

work can also be applied to Neu5Gc and its derivatives, with the ability to chemoenzymatically 

synthesise not only Neu5Gc itself but also its acetylated derivatives, especially Neu5Gc9Ac 

and Neu5Gc4Ac.[41] These strategies would form the basis for a strategy to access a wide 

array of acetylated Neu5Ac and Neu5Gc derivatives. 

Synthesis of these sialic acid derivatives is important, a wider range of quantitative standards 

can be readily utilised for the analysis of sialic acids not only in humans, but also animals and 

pharmaceuticals. Analysis of Neu5Gc content of biotherapeutics is an important area in 
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ensuring that these treatments work effectively and do not contribute to further disease 

exacerbation.[70] These derivatives are not only useful as quantitative standards but in other 

areas as well such as the synthesis of both natural and unnatural oligosaccharides.[59–61] 

These can be utilised for investigating areas such as enzymatic activity and protein binding 

efficiency. 

7.4.2 Development of improved quantitative assays for sialic acids 

The DMB assay outlined in this thesis is a robust method for the analysis of sialic acids with 

high sensitivity and specificity (Chapter 4). However, due to the chromatographic nature of the 

method, impurities that overlapped the sialic acid peaks were identified and problems with 

ensuring samples were sufficiently concentrated for analysis were encountered. Some of this 

may be overcome by utilising plate-based assays. These are high-throughput methods, able to 

analyse up to a whole plate of samples (96) at once possibly cutting down time for analysis of 

a plate of samples from days to minutes.[47] The potential speed of plate-based assays comes 

at the expense of the ability to separate sialic acids from one another. It may be possible 

however, to analyse total acetylation by comparing fluorescence values before and after a de-

O-acetylation reaction with labels such as acetylacetone which was discussed in detail in 

Chapter 2.[8] 

7.4.3 Further evaluation of Neu5Ac and Neu5,9Ac2 as biomarkers 

Neu5Ac and Neu5,9Ac2 showed some promise as biomarkers for CVD risk and the presence 

of advanced CVD. Limited associations were observed however in the case of CVD risk, and 

while Neu5Ac was established as a good biomarker for advanced CVD, Neu5,9Ac2 was only 

tentatively established as a CVD marker. 

To further confirm associations for CVD risk, a larger cohort with a greater range of QRISK3 

estimated relative risk scores would be required. Recruitment of volunteers with high QRISK3 

scores (> 5) can be difficult to carry out in the community where the recruitment was performed 

in this research. Accessing alternative recruitment routes through hospitals, clinics or GP 

surgeries may be the best option for finding volunteers who match the desired criteria of higher 

QRISK3 scores. This will be best achieved by recruiting volunteers with characteristics such 

as: high BMI (>25 kg/m2), high systolic blood pressure (> 125), high cholesterol ratio (> 4.00), 

chronic kidney disease, atrial fibrillation, erectile dysfunction and a family history of CVD. 

Similarly, to confirm Neu5Ac and Neu5,9Ac2 as biomarkers for advanced CVD, as well as 

their ability to discriminate between CVD and non-CVD cases, a larger cohort is required. 

Recruitment of healthy controls in the community and accessing clinical routes for advanced 
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CVD cases could yield a larger cohort to allow for confirmation of the findings outlined in this 

thesis. 

Studies to determine whether health conditions that increase concentrations of sialic acids as 

comorbidities to CVD affect the utilisation of sialic acid as biomarkers for CVD could be 

carried out. It may also be of interest to determine if acetylated sialic acids are biomarkers for 

other diseases. Breast cancers have been associated with increased concentrations of   

Neu5,9Ac2,[58] with the authors also reporting the presence of Neu5,8Ac2 in the breast cancer 

samples analysed. It should be noted, however, that quantitation was not carried out, perhaps 

due to lack of availability of quantitative standards, once again highlighting the need to access 

these standards through synthetic chemistry and chemoenzymatic techniques to fully determine 

the biomarker potential of sialic acid and its acetylated derivatives. 

References 

1 Dhingra R, Vasan RS. Biomarkers in Cardiovascular Disease: Statistical Assessment 

and Section on Key Novel Heart Failure Biomarkers. Trends Cardiovasc. Med. 27(2), 

123 (2017). 

2 Goff DC, Lloyd-Jones DM, Bennett G et al. 2013 ACC/AHA guideline on the 

assessment of cardiovascular risk: A report of the American college of 

cardiology/American heart association task force on practice guidelines. Circulation 

129(25 SUPPL. 1), 49–73 (2014). 

3 Roth GA, Mensah GA, Johnson CO et al. Global Burden of Cardiovascular Diseases 

and Risk Factors, 1990-2019: Update From the GBD 2019 Study. J. Am. Coll. 

Cardiol. 76(25), 2982–3021 (2020). 

4 Hippisley-Cox J, Coupland C, Brindle P. Development and validation of QRISK3 risk 

prediction algorithms to estimate future risk of cardiovascular disease: Prospective 

cohort study. BMJ 357 (2017). 

5 Livingstone S, Morales DR, Donnan PT et al. Effect of competing mortality risks on 

predictive performance of the QRISK3 cardiovascular risk prediction tool in older 

people and those with comorbidity: external validation population cohort study. Lancet 

Heal. Longev. 2(6), e352–e361 (2021). 

6 Cheeseman J, Kuhnle G, Stafford G, Gardner RA, Spencer DI, Osborn HM. Sialic acid 

as a potential biomarker for cardiovascular disease, diabetes and cancer. Biomark. 

Med. 15(11), 911–928 (2021). 



173 
 

7 Visser EA, Moons SJ, Timmermans SBPE, de Jong H, Boltje TJ, Büll C. Sialic acid O 

-acetylation: From biosynthesis to roles in health and disease. J. Biol. Chem. 297(2) 

(2021). 

8 Cheeseman J, Kuhnle G, Spencer DIR, Osborn HMI. Assays for the identification and 

quantification of sialic acids: Challenges, opportunities and future perspectives. 

Bioorganic Med. Chem. 30, 115882 (2021). 

9 Råstam L, Lindberg G, Folsom AR, Burke GL, Nilsson-Ehle P, Lundblad A. 

Association between serum sialic acid concentration and carotid atherosclerosis 

measured by B-mode ultrasound. The ARIC Investigators. Atherosclerosis Risk in 

Communities Study. Int. J. Epidemiol. 25(5), 953–8 (1996). 

10 Lindberg G, Råstam L, Gullberg B, Eklund GA. Serum sialic acid concentration 

predicts both coronary heart disease and stroke mortality: Multivariate analysis 

including 54385 men and women during 20.5 years follow-up. Int. J. Epidemiol. 21(2), 

253–257 (1992). 

11 Knuiman MW, Watts GF, Divitini ML. Is sialic acid an independent risk factor for 

cardiovascular disease? A 17-year follow-up study in Busselton, Western Australia. 

Ann. Epidemiol. 14(9), 627–632 (2004). 

12 Crook MA, Tutt P, Pickup JC. Elevated serum sialic acid concentration in NIDDM 

and its relationship to blood pressure and retinopathy. Diabetes Care 16(1), 57–60 

(1993). 

13 Crook M, Cartwright K, Lumb P, Worsley A. Serum sialic acid in young type-1 

diabetic patients. Diabetes Res. Clin. Pract. 47(2), 119–22 (2000). 

14 Krishnan K, Balasundaram S. Estimation of total and lipid bound sialic acid in serum 

in oral leukoplakia. J. Clin. Diagnostic Res. 11(3), ZC25–ZC27 (2017). 

15 Romppanen J, Eskelinen M, Tikanoja S, Mononen I. Total and lipid-bound serum 

sialic acid in benign and malignant breast disease. Anticancer Res. 17(2B), 1249–53 

(1997). 

16 Gokmen SS, Kilicli G, Ozcelik F, Ture M, Gulen S. Association between serum total 

and lipid-bound sialic acid concentration and the severity of coronary atherosclerosis. 

J. Lab. Clin. Med. 140(2), 110–118 (2002). 

17 Abolhasani S, Shahbazloo SV, Saadati HM, Mahmoodi N, Khanbabaei N. Evaluation 



174 
 

of Serum Levels of Inflammation, Fibrinolysis and Oxidative Stress Markers in 

Coronary Artery Disease Prediction: A Cross-Sectional Study. Arq. Bras. Cardiol. 

113(4), 667–674 (2019). 

18 Habibi S, Jamshidian H, Kadivar M et al. A study of lipid- and protein- bound sialic 

acids for the diagnosis of bladder cancer and their relationships with the severity of 

malignancy. Reports Biochem. Mol. Biol. 2(2), 70–5 (2014). 

19 Feijoo C, Páez de la Cadena M, Rodríguez-Berrocal FJ, Martínez-Zorzano VS. Sialic 

acid levels in serum and tissue from colorectal cancer patients. Cancer Lett. 112(2), 

155–60 (1997). 

20 Watts GF, Crook MA, Haq S, Mandalia S. Serum sialic acid as an indicator of change 

in coronary artery disease. Metabolism 44(2), 147–148 (1995). 

21 Cavdarli S, Dewald JH, Yamakawa N et al. Identification of 9-O-acetyl-N-

acetylneuraminic acid (Neu5,9Ac 2 ) as main O-acetylated sialic acid species of GD2 

in breast cancer cells. Glycoconj. J. 36(1), 79–90 (2019). 

22 Cavdarli S, Delannoy P, Groux-Degroote S. O-acetylated Gangliosides as Targets for 

Cancer Immunotherapy. Cells 9(3) (2020). 

23 Cheeseman J, Badia C, Thomson RI et al. Quantitative Standards of 4-O acetyl and 9-

O acetyl N-acetyl Neuraminic Acid for the Analysis of Plasma and Serum. 

ChemBioChem (2021). 

24 Ogura H, Furuhata K, Sato S, Anazawa K, Itoh M, Shitori Y. Synthesis of 9-O-acyl- 

and 4-O-acetyl-sialic acids. Carbohydr. Res. 167(C), 77–86 (1987). 

25 Martín MJ, Vázquez E, Rueda R. Application of a sensitive fluorometric HPLC assay 

to determine the sialic acid content of infant formulas. Anal. Bioanal. Chem. 387(8), 

2943–2949 (2007). 

26 Allevi P, Anastasia M, Costa ML, Rota P. Two procedures for the syntheses of labeled 

sialic acids and their 1,7-lactones. Tetrahedron Asymmetry 22(3), 338–344 (2011). 

27 Clarke PA, Mistry N, Thomas GH. Synthesis of the complete series of mono acetates 

of N-acetyl-d-neuraminic acid. Org. Biomol. Chem. 10(3), 529–535 (2012). 

28 Y S, G K, AL L et al. O-acetylation and de-O-acetylation of sialic acids in human 

colorectal carcinoma. Eur. J. Biochem. 271(2), 281–290 (2004). 



175 
 

29 Visser EA, Moons SJ, Timmermans SBPE, de Jong H, Boltje TJ, Büll C. Sialic acid O 

-acetylation: From biosynthesis to roles in health and disease. J. Biol. Chem. 297(2), 

100906 (2021). 

30 Liu YC, Yu MM, Chai YF, Shou ST. Sialic acids in the immune response during 

sepsis. Front. Immunol. 8(NOV), 1601 (2017). 

31 Cui ZG, Liu KM, Wang AQ, Liu SH, Wang F, Li JJ. Correlation between sialic acid 

levels in the synovial fluid and the radiographic severity of knee osteoarthritis. Exp. 

Ther. Med. 8(1), 255–259 (2014). 

32 Sirsikar M, Pinnelli VBK, S. RD. Elevated levels of serum sialic acid and C-reactive 

protein: markers of systemic inflammation in patients with chronic obstructive 

pulmonary disease. Int. J. Res. Med. Sci. 4(4), 1209–1215 (2016). 

33 Severi E, Hood DW, Thomas GH. Sialic acid utilization by bacterial pathogens. 

Microbiology 153(Pt 9), 2817–2822 (2007). 

34 Matrosovich M, Herrler G, Klenk HD. Sialic Acid Receptors of Viruses. SialoGlyco 

Chem. Biol. II 367, 1 (2015). 

35 Freire-de-Lima L, Oliveira IA, Neves JL et al. Sialic acid: A sweet swing between 

mammalian host and Trypanosoma cruzi. Front. Immunol. 3(NOV), 356 (2012). 

36 AnazawA K, Furuhata K, Ogura H. Synthesis of 7-O-acetyl-N-acetylneuraminic acid 

derivative. Chem. Pharm. Bull. 36(12), 4976–4979 (1988). 

37 Park SS, Gervay-Hague J. Synthesis of Partially O-Acetylated N-Acetylneuraminic 

Acid Using Regioselective Silyl Exchange Technology. Org. Lett. 16(19), 5044-5047 

(2014). 

38 Forstner M, Freytag K, Paschke E. A simple, one-step synthesis of N-acetyl-9-O-

acetylneuraminic acid by enzymic transesterification mediated by porcine pancreas 

lipase in pyridine. Carbohydr. Res. 193(C), 294–295 (1989). 

39 Takayama S, Livingston PO, Wong CH. Synthesis of the melanoma-associated 

ganglioside 9-O-acetyl GD3 through regioselective enzymatic acetylation of GD3 

using subtilisin. Tetrahedron Lett. 37(52), 9271–9274 (1996). 

40 Kim MJ, Hennen WJ, Sweers HM, Wong CH. Enzymes in carbohydrate synthesis:  N-

acetylneuraminic acid aldolase catalyzed reactions and preparation of N-acetyl-2-

deoxy-D-neuraminic acid derivatives. J. Am. Chem. Soc. 110(19), 6481–6486 (2002). 



176 
 

41 Kooner AS, Yu H, Chen X. Synthesis of N-glycolylneuraminic acid (Neu5Gc) and its 

glycosides. Front. Immunol. 10(AUG), 2004 (2019). 

42 ‘Sialic Acid Reference Panel’. www.ludger.com. 

43 Zhang Q, Wang Y, Zheng Q, Li J. Analysis of O-Acetylated Sialic Acids in Dried 

Blood Spots. Anal. Chem. 91(4), 2744–2751 (2019). 

44 Wylie AD, Zandberg WF. Quantitation of Sialic Acids in Infant Formulas by Liquid 

Chromatography-Mass Spectrometry: An Assessment of Different Protein Sources and 

Discovery of New Analogues. J. Agric. Food Chem. 66(30), 8114–8123 (2018). 

45 Hurum DC, Rohrer JS. Determination of sialic acids in infant formula by 

chromatographic methods: A comparison of high-performance anion-exchange 

chromatography with pulsed amperometric detection and ultra-high-performance 

liquid chromatography methods. J. Dairy Sci. 95(3), 1152–1161 (2012). 

46 Bhavanandan VP, Sheykhnazari M. Adaptation of the periodate-resorcinol method for 

determination of sialic acids to a microassay using microtiter plate reader. Anal. 

Biochem. 213(2), 438–440 (1993). 

47 Rebello OD, Gardner RA, Urbanowicz PA et al. A novel glycosidase plate-based 

assay for the quantification of galactosylation and sialylation on human IgG. 

Glycoconj. J. 37(6), 691–702 (2020). 

48 Lindberg G, Eklund GA, Gullberg B, Rastam L. Serum sialic acid concentration and 

cardiovascular mortality. Br. Med. J. 302(6769), 143–146 (1991). 

49 Dhar P, McAuley J. The Role of the Cell Surface Mucin MUC1 as a Barrier to 

Infection and Regulator of Inflammation. Front. Cell. Infect. Microbiol. 0(APR), 117 

(2019). 

50 Zheng N, Shi X, Chen X, Zheng Y. Relationship between Serum Sialic Acid and 

Hemostatic Markers in Patients with Type 2 Diabetes Mellitus. Clin. Lab. 61(5–6), 

607–14 (2015). 

51 Clerc F, Reiding KR, Jansen BC, Kammeijer GS, Bondt A, M. Wuhrer. Human 

plasma protein N-glycosylation. Glycoconj. J. 33(3), 309–343 (2016). 

52 Jones SR, Carley S, Harrison M. An introduction to power and sample size estimation. 

Emerg. Med. J. 20(5), 453–458 (2003). 



177 
 

53 Alturfan AA, Uslu E, Alturfan EE, Hatemi G, Fresko I, Kokoglu E. Increased serum 

sialic acid levels in primary osteoarthritis and inactive rheumatoid arthritis. Tohoku J. 

Exp. Med. 213(3), 241–248 (2007). 

54 Altay M, Karakoç MA, Çakır N et al. Serum Total Sialic Acid Level is Elevated in 

Hypothyroid Patients as an Atherosclerotic Risk Factor. J. Clin. Lab. Anal. 31(2) 

(2017). 

55 Sillanaukee P, Pönniö M, Jääskeläinen IP. Occurrence of sialic acids in healthy 

humans and different disorders. Eur. J. Clin. Invest. 29(5), 413–425 (1999). 

56 Chrostek L, Cylwik B, Gindzienska-Sieskiewicz E, Gruszewska E, Szmitkowski M, 

Sierakowski S. Sialic acid level reflects the disturbances of glycosylation and acute-

phase reaction in rheumatic diseases. Rheumatol. Int. 34(3), 393–399 (2014). 

57 Dobrenkov K, Ostrovnaya I, Gu J, Cheung IY, Cheung NK V. Oncotargets GD2 and 

GD3 are highly expressed in sarcomas of children, adolescents, and young adults. 

Pediatr. Blood Cancer 63(10), 1780–1785 (2016). 

58 Cavdarli S, Dewald JH, Yamakawa N et al. Identification of 9-O-acetyl-N-

acetylneuraminic acid (Neu5,9Ac 2 ) as main O-acetylated sialic acid species of GD2 

in breast cancer cells. Glycoconj. J. 36(1), 79–90 (2019). 

59 Yu H, Zeng J, Li Y, Thon V, Shi B, Chen X. Effective one-pot multienzyme (OPME) 

synthesis of monotreme milk oligosaccharides and other sialosides containing 4- O -

acetyl sialic acid. Org. Biomol. Chem. 14(36), 8586–8597 (2016). 

60 Tasnima N, Yu H, Yan X, Li W, Xiao A, Chen X. Facile chemoenzymatic synthesis of 

Lewis a (Lea) antigen in gram-scale and sialyl Lewis a (sLea) antigens containing 

diverse sialic acid forms. Carbohydr. Res. 472, 115–121 (2019). 

61 Monestier M, Latousakis D, Bell A et al. Membrane-enclosed multienzyme (MEME) 

synthesis of 2,7-anhydro-sialic acid derivatives. Carbohydr. Res. 451, 110–117 (2017). 

62 Haab BB, Klamer Z. Advances in Tools to Determine the Glycan-Binding 

Specificities of Lectins and Antibodies. Mol. Cell. Proteomics 19(2), 224–232 (2020). 

63 Liu J, Zheng X, Pang X et al. Ganglioside GD3 synthase (GD3S), a novel cancer drug 

target. Acta Pharm. Sin. B 8(5), 713 (2018). 

64 Planinc A, Bones J, Dejaegher B, Van Antwerpen P, Delporte C. Glycan 

characterization of biopharmaceuticals: Updates and perspectives. Anal. Chim. Acta 



178 
 

921, 13–27 (2016). 

65 Clarke PA, Mistry N, Thomas GH. Synthesis of the complete series of mono acetates 

of N-acetyl-d-neuraminic acid. Org. Biomol. Chem. 10(3), 529–535 (2012). 

66 Groher A, Hoelsch K. Mechanistic model for the synthesis of N-acetylneuraminic acid 

using N-acetylneuraminate lyase from Escherichia coli K12. J. Mol. Catal. B Enzym. 

83, 1–7 (2012). 

67 Berg TO, Gurung MK, Altermark B, Smalås AO, Ræder ILU. Characterization of the 

N-acetylneuraminic acid synthase (NeuB) from the psychrophilic fish pathogen 

Moritella viscosa. Carbohydr. Res. 402, 133–145 (2015). 

68 Humphrey AJ, Fremann C, Critchley P, Malykh Y, Schauer R, Bugg TDH. Biological 

Properties of N-Acyl and N-Haloacetyl Neuraminic Acids: Processing by Enzymes of 

Sialic Acid Metabolism, and Interaction with Influenza Virus. Bioorg. Med. Chem. 

10(10), 3175–3185 (2002). 

69 Calveras J, Nagai Y, Sultana I et al. New chemo-enzymatic route toward N-

acetylneuraminic acid derivatives with alkyl groups at C-7 hydroxyl group. 

Tetrahedron 66(24), 4284–4291 (2010). 

70 Yehuda S, Padler-Karavani V. Glycosylated Biotherapeutics: Immunological Effects 

of N-Glycolylneuraminic Acid. Front. Immunol. 11, 21 (2020). 

 

 




