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Abstract 

In biopharmaceutical processing, the glycosylation of a therapeutic protein must be 

stringently monitored as this can affect the efficacy and safety of the final 

formulation. Current methods of analysis are time consuming, expensive, and require 

skilled personnel. Therefore, it would be advantageous to have rapid, cheap, and 

user-friendly assays to sensitively assess glycan composition. This research has made 

progress in the development of such assays. 

The first objective was to create sensing beacons which could be easily detected 

when binding to a target glycan occurred. Gold nanoparticles were investigated for 

this role due to their ease of functionalisation and optical properties. These were 

conjugated with a Raman-active molecule to act as a beacon, and a carbohydrate-

binding protein via a heterobifunctional ligand. The conjugation procedure was 

shown to be successful and versatile, allowing for the attachment of various lectins 

using two different linking molecules. 

Next, a solution-based assay was investigated to characterise the sensing capabilities 

of the functionalised gold nanoparticles. This could allow for the development of a 

glycosylation evaluation kit whereby a library of nanoparticle conjugates could be 

mixed with protein samples and analysed to assess glycan composition. Originally, 

the drive was to use surface enhanced resonance Raman scattering (SERRS) as a 

sensitive method of analysis. However, this was shown to be less useful in this setting, 

but localised surface plasmon resonance measurements proved to be a simple and 

rapid avenue for glycan characterisation. Detection of mannose was shown to have 

a limit of detection of 29.2 nM using the lectin from Galanthus nivalis. This technique 

was also shown to be versatile using various lectins for the detection of different 

glycan targets, and could potentially be more sensitive.  

A second route for glycan detection was investigated to provide a rapid and user-

friendly method of analysis. Lateral flow assays were used to show the binding 

capabilities of the prepared nanoparticle conjugates, but had significant 
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disadvantages arising from the application of the target glycoprotein to the 

nitrocellulose surface as a spot rather than a line spanning the width of the strip. This 

led to an unsatisfactory assay sensitivity. To overcome this, a simpler and more 

sensitive format was investigated to create a high-throughput glycan analysis 

platform. For this to remain user-friendly, evaluation methods involved the use of a 

simple flatbed scanner to provide rapid colorimetric results, but this assay was also 

coupled with SERRS to investigate the capabilities of producing highly sensitive glycan 

detection. This paper-based analytical device still requires research, but has shown 

excellent potential for use as a valuable tool in biopharmaceutical glycan analysis.  

Finally, the development of an enzyme-linked immunosorbent assay was 

investigated. This relied on the production of hydrogen peroxide by glucose oxidase 

when the target glycan was present. Hydrogen peroxide would then act as a reducing 

agent and induce the growth of gold nanoparticles in the presence of Au3+ cations. 

Although still in the early stages of development, this assay produced interesting 

results with many issues still to consider, but showed that it could have the capability 

of becoming a sensitive method of glycan detection. The common use of enzyme-

linked immunosorbent assays in biochemical detection means that a glycosylation 

analysis kit based on this assay format could be an attractive alternative to current 

industrial analysis methods.  
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1. Introduction 

On 28th October 1982, the first recombinant human insulin drug, Humulin® (Eli Lilly), 

was approved by the US Food and Drug Administration (FDA).1,2 This marked the 

emergence of biopharmaceuticals, medicinal products derived from, or 

manufactured in, biological sources, which then flourished and became the fastest 

growing sector of the biopharmaceutical industry. This highly competitive sector 

made $99 billion (US) sales in 2009,2 which grew to almost $100 billion (US) in 2010.3 

Nowadays, there are more than 130 therapeutic proteins approved for use by the 

FDA.1 

The majority of biopharmaceuticals are glycoproteins,2 proteins with carbohydrate 

structures, also known as glycans, covalently attached to amino acid side chains on 

the surface. The glycan attachments are usually a result of post-translational 

modifications (PTMs), called glycosylation, that take place in vitro during the protein 

synthesis in the cell harvesting process. These glycoproteins are much more complex 

than small molecule pharmaceuticals, which presents new challenges in 

characterisation and quality control during bioprocessing.  

At present, many therapeutic protein patents are due to expire.2 This will allow for 

generic versions of these drugs to be produced. In the case of small molecule drugs, 

abbreviated regulatory pathways are available to gain approval for these generics. 

This means that pharmaceutical companies only need to prove that the generic is 

pharmaceutically equivalent by having the same active ingredient, purity, strength, 

dosage form, and administration route. As these drugs do not need to go through the 

same level of evaluation, it is less costly, and therefore the generics can be sold at a 

substantially cheaper price.3 

This process, however, is not as simple in the case of biopharmaceuticals due to their 

size and complexity. Biosimilars, generic versions of therapeutic proteins, are now 

being considered, and with them various analytical challenges are met. Abbreviated 

regulatory pathways for generic biopharmaceuticals are not as well established as for 
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small molecule drugs, and existing analytical techniques used for small molecule 

drugs may be more limited when dealing with therapeutic proteins.3 

The FDA have highlighted three properties of therapeutic proteins that it deems 

important for the behaviour of biopharmaceuticals to be understood, but which 

cannot currently be measured sufficiently. These are PTMs, 3D structures, and 

protein aggregation.3,4 PTMs, with glycosylation being the most prominent,2 are 

vastly important in that they can affect the structure, efficacy and safety of the 

proteins.2,3,5 It is therefore necessary that the glycosylation states of the proteins are 

monitored closely, especially as these can be altered in vitro by changes in the 

manufacturing process.3–5 

In order to analyse glycosylation of therapeutic proteins, sophisticated instruments 

and skilled analysts are required, and the process is normally time consuming.3 Since 

analytical methods typically used for small molecule drugs are very limited in their 

capabilities to measure the structural differences between large and complex 

proteins, the analysis process can be slowed down significantly in this case. The FDA 

has stated that they are hindered by their inability to accurately evaluate structural 

differences of therapeutic proteins, which could be a result of alterations to the 

manufacturing process. Therefore, they may require results from both animal and 

human studies before approving a manufacturing change.4 This in turn could 

potentially hamper the approval of innovative process improvements, and also affect 

the manufacturers ability to react to sudden raw material changes.4 Therefore, an 

improvement in the analysis methods used for biosimilars, and biopharmaceuticals 

in general, could greatly improve bioprocessing of therapeutic proteins. 

 

1.1 Biomolecules 

1.1.1 Proteins 

Proteins are organic macromolecular structures containing one or more polymeric 

chains of amino acids, known as polypeptides. These are complex biomolecules which 

have a wide variety of functions. An amino acid is a molecule with a carboxylic acid 
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group at one end, and an amino group at the α-carbon. The general structure of an 

amino acid is shown below in Figure 1.1. 

 

Figure 1.1:  General amino acid and zwitterion structures, showing the proton transfer between the 

carboxylic acid and amine groups. 

Within amino acids the carboxylic acid group can donate a proton, and the amine 

group can accept a proton. The amino acid can therefore become zwitterionic, 

carrying both a positive and negative charge. There are 20 different natural amino 

acids in total, the simplest being glycine where R = H. Amino acids are polymerised 

through condensation reactions in various combinations within a cell to form 

numerous diverse protein structures.  

 

1.1.1.1 Protein Synthesis 

In 1902, Archibald Garrod first hypothesised the direct relationship between 

deoxyribonucleic acid (DNA) and proteins.6 As a result of this hypothesis, scientists 

believed at the time that protein synthesis took place within the nucleus. However, 

subsequent experiments by Haemmerling7 disproved this. Haemmerling removed the 

nucleus from Acetabularia cells and observed that proteins continued to be 

produced. This suggested that the nucleus was not the primary protein-producing 

organelle. Scientists were initially unable to explain this as no DNA exists outside of 

the cell nucleus. However, earlier research by Brachet et al8 showed that there was a 

second type of nucleic acid known as ribonucleic acid (RNA), which was the missing 

link between DNA and proteins. Brenner et al9 then deduced that messenger RNA 

(mRNA) was able to transfer genetic information from the nucleus in to the 

cytoplasmic ribosomes to be translated in to protein structures.  
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There are two major processes involved in the synthesis of a protein: transcription, 

followed by translation.10 Transcription is the synthesis of RNA from DNA. DNA and 

RNA have similar structures. DNA is comprised of two complementary strands, each 

consisting of sequences of deoxyribose sugars, nucleotides, and phosphate groups. 

Hydrogen bonding exists between complementary nucleotides, adenine to thymine 

and guanine to cytosine, to give DNA the double helix structure. RNA differs in 

structure in that it is single stranded and consists of sequences of ribose sugars, 

nucleotide bases and phosphate groups. They also differ in that the nucleotide base 

uracil is present instead of thymine.10 There are different types of RNA, with each 

having different functions. One type is mRNA. This is coded from the DNA through 

RNA polymerase which creates a complementary strand to the DNA template. (Figure 

1.2) 

Translation is the synthesis of a polypeptide chain directed by RNA. In order for a 

polypeptide chain to be synthesised, the amino acids must firstly be synthesised and 

arranged in order. This requires information from the DNA, which is carried by mRNA. 

The mRNA uses triplets of nucleotide bases to code for each amino acid. These 

triplets are known as codons. The mRNA carries transcribed information from the 

DNA to ribosomes on the rough endoplasmic reticulum where the protein synthesis 

takes place.  

Here the mRNA is translated, aided by a second type of RNA, known as transfer RNA 

(tRNA). The tRNA is typically 80 nucleotides in length and single stranded. This single 

strand folds on itself to form a hydrogen bond stabilised three-dimensional structure, 

consisting of four regions of complementary base paired regions and three loops. On 

one of these loops there is a triplet nucleotide base sequence known as an anticodon. 

This anticodon is specific to one of the amino acids, which is covalently attached to 

the 3’ end of the tRNA structure. The tRNA anticodon is complementary to an mRNA 

codon and allows for the construction of an amino acid sequence as directed by the 

mRNA strand. (Figure 1.2) The interaction of the codons and anticodons bring the 

amino acids in to close proximity, allowing for a bond to form between them through 

condensation, enabling the formation of a polypeptide chain. 
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Figure 1.2: Transcription process where mRNA is produced by RNA polymerase using DNA as a 

template, followed by the process of translation where mRNA codons are translated by tRNA 

anticodons to synthesise a polypeptide chain. 

 

1.1.1.2 Protein Structure 

The structure of a protein as a whole is very complex, so in order to simplify this the 

structure is split up in to different levels: primary, secondary, tertiary, and 

quaternary.11 The primary structure of a protein is the basic sequence of amino acids 

in a chain, viewed as linear. As mentioned previously, the individual amino acids 

undergo a condensation reaction to form polypeptide chains, which in turn make up 

the primary protein structure. As there are 20 natural amino acids, which act as the 
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protein building blocks, the primary structures can be vastly varied, meaning that 

there can be a great diversity in protein function. (Figure 1.3) 

 

Figure 1.3: Condensation reaction between amino acids to form the polypeptide chain which makes up 

protein primary structure. 

The secondary structure describes the local conformations of the amino acids in the 

protein chain.11 These conformations are stabilised by different intramolecular 

interactions: hydrogen bonding between the carboxy oxygens and the amido 

hydrogens of different amino acid residues, and electrostatic interactions between 

different amino acid R groups. Although hydrogen bonding is a weak interaction, the 

sum of the bonding energies in the secondary structure can be relatively strong, 

making this the dominant force in stabilising these structures. 
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There are two common secondary structure conformations.11 The first common 

secondary structure is the α-helix. In an α-helix the polypeptide chain adopts a helical 

shape around an imaginary axis. Normally this has 3.6 amino acids per turn at an 

angle of about 100° between amino acid residues, with all R-groups pointing 

outwards. This is stabilised by hydrogen bonding between a carboxyl oxygen and an 

amino hydrogen 4 amino acids further along the chain. (Figure 1.4) 

The second common secondary structure is the β-strand. This is where the 

polypeptide chain is extended, with no hydrogen bonding between neighbouring 

amino acids. Hydrogen bonding does, however, take place between different β-

strands, which form an overall structure of a β-sheet. The R groups of the amino acid 

residues can point above and below the plane of the sheet, which then means that 

ionic bonds may also be present between strands. In schematic representations, the 

β-sheets of proteins are normally shown as broad arrows. (Figure 1.4) 

 

Figure 1.4: The two most common types of protein secondary structure, the α-helix, and β-sheets. 

Proteins contain other secondary structures, which are not as instantly recognisable. 

One such structure is a turn. In a polypeptide chain a 180° turn is important, especially 
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between different strands of β-sheets. These turns usually contain 3-4 amino acid 

residues.11 Often the turns contain glycine residues, as these are the smallest, and 

also tryptophan residues, as these can undergo CH-π interactions with neighbouring 

amino acids to stabilise the turn.11  

One other secondary structure is a coil. The coils may be described as ‘random’ or 

‘unordered’ but each amino acid still has a defined position in the protein structure. 

Their function is to give the protein added flexibility and also to allow for any 

conformational changes.11 

Following on from secondary structures within the protein, there are tertiary and 

quaternary structures also. The tertiary structure describes how the components of 

protein secondary structures are arranged to make up the overall protein 

conformation. (Figure 1.5) This overall structure is brought about by interactions 

between the amino acids that are far apart in the polypeptide chain but are brought 

in to close proximity by protein folding. Much like secondary structures, tertiary 

structure is stabilised by hydrogen bonding, as well as various other stabilising forces. 

Certain pockets are created within the protein as a result of hydrophobic interactions. 

Ionic interactions are present between charged R groups. Van der Waals forces are 

present throughout the structure, and disulfide bonds can be present between 

cysteine residues.11  

 

Figure 1.5: A cartoon of protein tertiary structure, where the overall conformation is formed by the 

arrangements of the secondary structures in the polypeptide chain. 
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Finally, the quaternary structure describes how two or more polypeptide chains come 

together to form one single functional protein with multiple subunits, each of which 

can be identical or different. Again, various interactions can stabilise these overall 

conformations, such as hydrogen bonding, disulfide bridges, ionic bonding and 

hydrophobic interactions. 

 

1.1.2 Post-translational Modifications 

During the process of protein synthesis in the cell, there are a series of additional 

structural changes that can occur through various modifications to the amino acids 

in the protein chain. These are typically a result of enzymatic processes, which can 

include cross-linking or cleavage reactions. These modifications can lead to changes 

to local or higher-order structures and are known as PTMs.12 These PTMs may or may 

not affect the overall protein function, but they further increase the diversity of 

possible structures. The five most common types of PTM are glycosylation, 

phosphorylation, acylation, alkylation and oxidation.11–13 Whilst the combination of 

amino acids in the protein polypeptide chain can create a variety of protein 

structures, each of these PTMs introduces a much greater source of diversity. 

 

1.1.3 Glycosylation 

Glycosylation is one of the most common PTMs, but is also accepted as the most 

structurally diverse.14,15 This involves the enzymatic process of covalently attaching 

an oligosaccharide, also known as a glycan, to an amino acid residue in the protein 

polypeptide chain. As the position and composition of these oligosaccharides can 

vary greatly, this introduces further diversity to the proteome. There are five main 

types of glycosylation: N-glycosylation, O-glycosylation, C-glycosylation, glypiation 

and phosphoglycosylation. N-linked glycosylation applies to the glycan binding to the 

amine group of an asparagine (Asn) residue in the polypeptide chain. O-linked 

glycosylation involves the binding of monosaccharides to the hydroxyl groups of 

serine (Ser) or threonine (Thr) residues. C-linked glycosylation is the attachment of 
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mannose to the indole ring of a tryptophan (Trp). Glypiation is the linkage of a protein 

to a phospholipid by a glycan core; an oligosaccharide chain. Phosphoglycosylation is 

the use of a phosphodiester to bind a glycan to a Ser residue. Of these five types, the 

most common are N-linked and O-linked glycosylation. 

 The complexity that glycosylation introduces to protein structures is 

particularly large, not only due to the five different types of glycosylation, but also 

due to the variability between the possible structures of these modifications. Taking 

N-linked glycosylation as an example, there are three main types.16 (Figure 1.6) These 

glycans are preformed before addition to the protein at the primary amine group of 

an Asn residue when it is in the sequence Asn – X –Ser/Thr, where X can be any amino 

acid except for proline (Pro). This occurs in the endoplasmic reticulum (ER) before 

further modification in the Golgi apparatus. The majority of the N-linked glycans have 

the same inner core sequence of sugars consisting of two N-acetylglucosamines 

(GlcNAc) and a mannose (Man) arranged linearly with two further Man groups 

branching from the first Man.11 The simplest form of N-glycan is of the high-mannose 

type, which consists of branches made purely from Man chains. However, in the Golgi 

the Man groups can be trimmed from the glycan structure and replaced with other 

carbohydrate groups, such as galactose (Gal) or a sialic acid (SA) such as N-

Acetylneuraminic acid (Neu5Ac), to create what is known as a complex N-glycan, 

which introduces significant variability to the glycans and in turn diversifies the 

overall protein structure. It is also possible to have a combination of these two N-

glycan types, with one branch being a complex oligosaccharide, and the other being 

similar to a high-Man glycan. This is known as a hybrid N-glycan.11,13–15 
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Figure 1.6: Three major types of N-glycans, all of which contain the same core pentasaccharide 

structure consisting of two N-acetylglucosamine, and three mannose residues. 

O-linked glycans differ from N-glycans in that they are enzymatically built up in a step-

wise fashion from monosaccharide units rather than being preformed before 

addition to the protein. This makes these much more complex than N-glycans, 

although they are less common. These modifications are initiated in the cell Golgi by 

attachment of a monosaccharide to the hydroxyl group of a Ser/Thr residue in the 

amino acid chain. Unlike N-glycans which only attach in the presence of a specific 

amino acid sequence, there is no specific known sequence for attachment of O-

glycans.2 However, there is evidence to suggest that regions rich in Ser/Thr, Pro and 

alanine (Ala) are preferable for O-glycan attachment.17 Also, unlike N-glycans, there 

are different possible core sequences of oligosaccharides. These diverse glycans can 

be initiated from the attachment of GlcNAc, Man, fucose (Fuc) or N-

acetylgalactosamine (GalNAc) with further monosaccharides sequentially added, 

adding to the variability of these complex glycan structures.17 

Glycosylation is a highly important PTM in that it is known to have an effect on the 

protein’s overall structure, which in turn can have an effect on its efficacy and safety 

as a biopharmaceutical drug.2,3,5 For example, the activity and half-life of 

erythropoietin, used to stimulate red blood cell production, is affected by its 

glycosylation sites. If it is lacking in sialic acid residues then its in vivo activity is 
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drastically reduced, and if it contains less branched glycans then it has a much lower 

half-life in the body.16 There is also a newer engineered version of erythropoietin that 

has two extra N-glycans added to the protein structure, which has led to it having a 

much longer half-life than the original erythropoietin protein.16 In the treatment of 

Gaucher’s disease, which is caused by mutation of the genes that encode for the 

lysosomal enzyme glucocerebrosidase (GCase), enzyme replacement therapy is 

required. This involves administering exogenously prepared GCase that has a very 

specific glycan pattern. The efficacy of the enzyme is critically dependent on it having 

terminal Man residues on its N-glycans, which allows it to target the Man receptors 

on macrophage cell surfaces.2 This required that the enzyme was deglycosylated 

prior to administering to a patient to cleave any other terminal carbohydrate residues 

to leave only the three core Man residues. However, a new, safe and cost effective 

method has now been developed which allows for GCase to be produced with 

oligomannose type glycans, which simplifies the bioprocessing of these enzymes.18 

These are just two examples of biopharmaceuticals where having the correct 

glycosylation pattern is essential for the efficacy of the drug, and highlights the 

importance of full characterisation of these complex PTMs. 

 

1.1.4 Lectins 

One type of protein which is of particular interest in this project is lectins. These were 

first discovered in nature towards the end of the 19th century, and were known as 

hemagglutinins due to their ability to agglutinate red blood cells. Stillmark was the 

first to describe such a biomolecule when he isolated the highly toxic hemagglutinin 

ricin from castor tree seeds during his doctoral studies.19 This was further studied by 

Hellin at the same university, who described another toxic hemagglutinin, abrin.20 

Subsequent immunological studies by Ehrlich at the Royal Institute of Experimental 

Therapy in Frankfurt using ricin and abrin showed that there was a specific antibody 

response to these hemagglutinins in mice, allowing him to establish many of the 

fundamental principles of immunology.19,20 
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In 1919, Sumner isolated concanavalin A (Con A) from jack bean, which was the first 

time a pure hemagglutinin had been obtained.19 In 1936, however, Sumner and 

Howell first described the carbohydrate specificity of Con A when they noticed that 

the hemagglutinin activity was inhibited by the presence of sucrose.21 They were the 

first to suggest that the hemagglutination by Con A was due to the protein binding to 

surface carbohydrates on red blood cells.19 By the 1940s, different hemagglutinins 

were shown to only agglutinate certain blood groups over others, which led to a 

major application of this class of proteins in blood typing. This specific agglutinating 

activity prompted Boyd and Shapleigh to propose the name lectins, which is taken 

from the Latin word, legere, meaning to pick out or choose.22 Interest in lectins grew 

and many had been identified by the 1970s, mainly in plants, but few had been 

isolated and purified until the development of affinity chromatography. This allowed 

scientists to finally purify and characterise lectins.19 

Lectins are now defined as carbohydrate binding proteins that do not have an 

immune origin, such as antibodies, and are not catalytic, like enzymes.23 It is 

understood nowadays that carbohydrate recognition by lectins is important in 

protein trafficking, cell adhesion, inflammation and immune responses, and 

cancer.23,24 However, their properties are being harnessed as recognition molecules. 

It has been shown that lectins can be used in detecting over-expression of sialic acid 

and fucose on cells, which is a biomarker for cancer,25,26 as well as differentiating 

between different IgG glycoforms, which can play a role in various diseases such as 

rheumatoid arthritis and Crohn’s disease.27 In a bioprocessing setting, lectins have 

also been shown as useful for glycoprotein analysis. They have been used in lectin 

affinity columns to isolate glycosylated proteins from unglycosylated proteins28 and 

also used as aggregating agents to probe the glycosylation states of proteins tethered 

to gold nanoparticles (Au NPs).29 Whilst these studies provided alternative methods 

for investigating the glycans present on proteins, mass spectrometry (MS) 

measurements remain the gold standard for glycan analysis. However, they prove to 

be interesting and useful tools which could hold the key to faster and potentially 

cheaper methods of analysis. 
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Lectins have the same hierarchy of structure as other proteins, but they differ in that 

they possess carbohydrate recognition domains (CRDs), which allow them to target 

and bind to specific carbohydrate moieties. These CRDs are specific amino acid 

sequences that allow for multivalent interactions between the polypeptide chain and 

the carbohydrate molecule.30,31 As an example, the high density of hydroxyl groups 

on carbohydrates allow for multivalent hydrogen bonding interactions with amino 

acid groups in the lectin structure. The directionality of these hydroxyl groups also 

means some carbohydrates can be amphiphilic. This allows for further stabilisation 

and specificity through hydrophobic interactions by orienting the carbohydrate to 

align complementary regions.32  

Some lectins require the presence of Ca2+ and Mn2+ cations in order for their CRDs to 

have the correct conformation and to allow for lectin activity. These cations aid the 

orientation of important lectin functional groups for coordination to the 

carbohydrate ligand.32 This is the case for Con A, which is specific for glucose (Glc) 

and Man. (Figure 1.7) 

 

Figure 1.7: Structure of concanavalin A, showing the Ca2+ and Mn 2+ cations present (circled) which are 

necessary for carbohydrate recognition. (Protein data bank - 3CNA) 

The CRD in this lectin, however, does not form any hydrogen bonds with one of the 

oxygens present on these carbohydrates, which accounts for its inability to 
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distinguish between these two moieties.30 In contrast to this, galanthus nivalis 

agglutinin (GNA) from snowdrops is specific purely for Man residues. (Figure 1.8) This 

is due to the hydrogen bond formed by its CRD to the O2 of the pyranose ring in 

mannose, which is missing in Con A.30 

 

Figure 1.8: Structure of the mannose-specific galanthus nivalis agglutinin, showing the mannose 

residues (circled). (Protein data bank - 1MSA) 

 

1.2 Bioprocessing 

1.2.1 From Cell to Drug 

A long and complex process is used in the manufacture of biopharmaceuticals: from 

cell growth, harvest and disruption to gain the therapeutic proteins, to the 

purification and isolation of the protein of interest. This process is split in to two 

streams: upstream and downstream. (Figure 1.9) 

The upstream process involves the cell or bacteria growth, often from mammalian 

cells such as Chinese hamster ovary (CHO) cells or bacteria like E.coli.33 These cells 

may have been transfected with specific DNA plasmids to amplify the production of 

the protein of interest via the transcription and translation process described 

previously.34 The bioprocessing steps begin with the preparation and sterilisation of 

appropriate medium containing the necessary nutrients such as a carbon source, 
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often glucose, and a nitrogen source, often ammonia. This is then fed to a bioreactor 

where cell seeds are added. The fermentation process allows the cells to grow and 

multiply until they are harvested to be processed. 

 

Figure 1.9: Simplified scheme of the harvest and purification process in biopharmaceutical 

manufacture, showing the general upstream and downstream steps. 

The downstream process contains a variety of steps that are dependent on the cells 

and target proteins used. The first step is to extract the protein of interest from the 

harvested cells. This may be through homogenisation, which disrupts the cells to 

release the protein, but this method leaves cell debris along with DNA that can cause 

the resulting broth to be more viscous, making isolation and purification difficult. 

During the transfection process, however, it is possible to transfect an additional 

plasmid, which engineers the cell to produce periplasmic nuclease. This then has 

access to the DNA following homogenisation and causes it to hydrolyse in to more 

manageable smaller molecules.35 Another method of protein extraction, especially 

used for proteins in the periplasmic space in E.coli, is the use of chemicals and/or 

heat, which can draw the proteins out of the bacteria without disrupting the inner 

cytosol, reducing the volume of DNA release.36  
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Following on from the homogenisation or buffer extraction it is important to remove 

any debris or unwanted matter from the broth. This is commonly carried out by 

centrifugation and filtration steps. The centrifugation steps are useful for removing 

large heavy contaminant particles to clarify the broth. Next, a series of filtration steps 

with microporous membranes can be used to separate out any larger proteins or 

biomolecules based on their molecular weight. This will leave a broth containing the 

target protein and other similar sized molecules. 

In order to finally purify the broth to obtain the target protein of interest, a series of 

chromatography steps are often used. The types of column used depend on the 

properties of the target protein and any other known contaminants. Often the first 

step is to use affinity chromatography as an initial capture step to bind the protein of 

interest, whilst impurities in the broth flow through. The target protein can then be 

eluted separately to be further purified by other columns. Common stationary phases 

include anionic exchange and cationic exchange resins, or hydrophobic interaction 

steps. Finally, the chromatographic steps are followed by ultrafiltration to 

concentrate the product, and diafiltration to exchange the target protein in to the 

desired final formulation buffer. 

The various steps can be altered in response to the target product. In some instances, 

however, it will be necessary for a manufacturer to reassess their processes in 

response to a new protein or change in raw materials or equipment. It is obvious then 

that the costs of new testing at plant scale would be unreasonable. Lab based 

evaluations are therefore carried out, which are comparable to plant scale processes. 

These ultra scale down (USD) techniques can be applied to centrifugation, filtration 

and chromatographic steps allowing for parameters such as shear stresses, buffer 

compositions, pH and stationary phase resins to be assessed in terms of their effect 

on the target protein and the processing efficiency.37,38 Also assessed at small scale 

are any PTMs present on the final product, such as glycosylation. Upon scale up the 

change in cell growth and harvest conditions may cause a change in the 

oligosaccharide patterns on the protein chains, and therefore affect the efficacy and 
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safety of the final product.39 This therefore means that extensive comparability 

studies must be carried out before full scale-up to biopharmaceutical production. 

The guidelines set out by the European Medicines Agency (EMA) have stated that any 

change to the manufacturing process and/or raw materials must be characterised to 

ascertain whether or not the heterogeneity of the product PTMs are maintained.40 

This indicates that the manufacturing process may have an effect on the glycosylation 

profile of the therapeutic protein. It has been shown that changes to upstream 

processes in cell culture and harvest can have various effects on the final 

glycosylation profile.41,42 However, there is little data to show that there are changes 

made through downstream processing. At this stage, the proteins are put under 

various stresses such as shear forces in centrifugation, or pH adjustments. It would 

therefore be reasonable to expect that this could have an effect on the glycosylation 

profile of the proteins. Work by Hoare et al,43 however, showed in their USD studies 

of the effect of centrifugation following cell harvest on the protein PTMs that the 

fermentation process could greatly affect the PTM profile, and therefore should be 

kept consistent to avoid introducing additional heterogeneity. However, they did also 

find in their study that shear forces introduced by centrifugation did not alter the 

protein PTMs, including the glycan profiles, but could affect the quaternary structure 

of the proteins or antibodies being processed. The influence of glycosylation on the 

efficacy of the final product, however, is too great to ignore through processing, so 

must be characterised in every stage of the process, especially following 

manufacturing and raw material changes. Fast and reliable assessments are therefore 

essential in order to continually validate the production process to ensure the safety 

of the final product. 

 

1.2.2 Current Therapeutic Protein Glycosylation Analysis 

Methods 

The EMA has set out standards for testing of therapeutic proteins to ensure that they 

are safe for use in biopharmaceuticals. In comparison to the testing of small molecule 
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drugs, this is a much more thorough process due to the heterogeneous nature of 

complex biomolecules. These standards are set out in their document “Specifications: 

Test Procedures and Acceptance Criteria for Biotechnological/Biological Products” 

(ICH Topic Q6B, 1999).40 This document states that, due to the fact that proteins are 

produced by living organisms, structural heterogeneity is to be expected and, 

therefore, the final product may be a mixture of different forms of the same protein 

as a result of various PTMs. A review by Greer44 summarised the main structural 

characteristics that must be defined for biopharmaceutical products, as set out in ICH 

Topic Q6B mentioned previously.40 This highlighted the need to understand the 

amino acid sequence and composition in the primary structure as well as the terminal 

amino acid sequence. The characteristics of the peptide map must be known, along 

with the position of sulfhydryl groups and disulfide bridges. Finally, it was highlighted 

that the carbohydrate structures must be well understood in glycoproteins.44 It is 

therefore the manufacturer’s responsibility to define the heterogeneity of the target 

product and prove that there is consistency in the heterogeneity between batches 

with preclinical and clinical studies. This heterogeneity, however, can be introduced 

during manufacture and/or storage of the product. It is therefore paramount that the 

product be thoroughly characterised throughout the manufacturing process.  

The most common method of characterising biomolecular structures is by MS.45,46 

This technique has proven itself to be sensitive and versatile in detecting and 

quantifying changes in the primary and higher order structures of proteins. There is, 

however, no one spectrometer that can fully characterise a therapeutic protein 

product, which therefore often requires the use of multiple instruments. Whilst there 

are strong advantages of using MS, this throws up a major disadvantage from the 

high costs involved.46 Although significant advances have been made in MS 

technology, which has improved the analysis of protein structures, for a full structural 

characterisation it is important to not only use modern soft ionisation MS techniques, 

but also techniques such as gas chromatography MS (GC-MS) in order to define 

branches and linkages in protein structure as well as distinguishing between same 

mass sugar isomers.45  
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The development of electrospray ionisation MS (ESI-MS) and matrix assisted laser 

desorption/ionisation MS (MALDI-MS) methods has made elucidation of glycoprotein 

structure easier. These techniques are important for initial protein analysis in 

molecular weight determination. ESI-MS can determine masses of proteins up to 150 

kDa, but MALDI-MS is the more sensitive of the two techniques and can detect much 

larger biomolecules up to 500 kDa.46 These methods, however, are very gentle and 

can result in little or no fragmentation. Therefore, they often require tandem MS 

instruments to allow for the mass of the parent ion to be detected by the first 

analyser, before collisions induced dissociation of the molecular ions produce 

fragments to be analysed by the second analyser.45 These methods are often also 

combined with quadrupole orthogonal acceleration time of flight component to 

increase sensitivity further.45 However, digestion steps may also be required for more 

in-depth analysis of the glycans present on the protein.46 

As mentioned previously, the MS instruments along with their additional 

modifications are expensive, and the analyses are time consuming. This is especially 

true with the additional digestion steps required to fully elucidate the glycan 

structures. In the biopharmaceutical industry, where competition is high to bring 

therapeutic proteins to the market quickly and cost effectively, it would therefore be 

advantageous for techniques to be developed that could rapidly assess the 

glycosylation states of therapeutic proteins at various stages in the manufacturing 

process. 

 

1.3 Nanotechnology 

Officially, for a substance to be described as ‘nano’ it must have at least one 

dimension within the range of 1-100 nm.47 This allows for different nanoparticle 

geometries. Spherical nanoparticles have all three dimensions within this range, 

nanorods and nanofibres have two, and platelets only one.48 Each can have different 

properties that open up a wide variety of uses. 
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Although this technology may appear to be relatively new, Au and Ag NPs have 

actually been used for hundreds of years. The most well-known piece of evidence for 

this is the Lycargus cup, a Roman artefact thought to be from the 4th century CE. This 

cup has colour changing properties in different lights. When light is shone from 

above, the cup is a green colour, but when the light is shone from within the cup, it 

turns a bright red.49 This is due to the fact that the glass contains colloidal Au and Ag, 

with diameters of around 70 nm, which appear green in scattered light, and red in 

transmitted light. 

In more recent times, nanotechnology has grown with a long list of applications. 

Particular focus has been placed on biomedical applications31,47,50,51, catalysis,31,52–54 

optical and electrochemical sensors,50,54,55 and as polymer fillers.56,57 The wide variety 

of research being conducted makes apparent just how useful nanotechnology is in 

current research and in future applications. 

 

1.3.1 Localised Surface Plasmon Resonance 

Metal NPs, in particular, have received significant attention due to their optical 

properties. Au and Ag NPs, for example, are known for being optically ‘bright’ and 

thus can be detected in solutions by the naked eye at very low concentrations.58 This 

is a result of the metallic nanoparticles having free conductive electrons on their 

surface that can collectively oscillate upon irradiation by an electromagnetic field, 

such as a light source.59,60 The electron cloud alters in position in relation to the metal 

nuclei, but due to the coulombic attraction between the nuclei and the electrons this 

results in the oscillation of the electron cloud. (Figure 1.10) This collective oscillation 

of electrons on each individual nanoparticle is known as the localised surface 

plasmon resonance (LSPR).  
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Figure 1.10: Illustration of the localised surface plasmon resonance of a metal nanoparticle. 

The oscillating electrons will scatter electromagnetic radiation at the same frequency 

as the electron oscillation. This allows the LSPR to be seen in the ultraviolet-visible 

(UV-vis) extinction spectrum of the metal nanoparticles where it presents itself as a 

characteristic peak. The peak position can change in relation to the size, shape and 

homogeneity of the nanoparticles, but also in response to the refractive index of the 

surrounding medium.59,61,62 This can be explained by a theory that was proposed by 

Gustav Mie in 1908.59,62,63 Mie proposed that as the size of the particles increases, 

there is a shift of the absorption and scattering to longer wavelengths. This has been 

shown to be true in particles that are in the range of 5-100 nm. The effect of size 

alone on the LSPR can be illustrated by the fact that Au NPs in solution change from 

a dark ruby red colour at diameters of around 5 nm to a light blue/violet colour at 

larger diameters of around 100 nm. 

 

1.3.2 Nanoparticle Biosensing 

The LSPR phenomenon of metallic nanoparticles has been harnessed to provide 

powerful techniques in biological and chemical sensing.64–66 DNA functionalised 

nanoparticles have been used as biosensors that target complementary DNA 

sequences, inducing aggregation of nanoparticles upon DNA hybridisation.67,68 This 

hybridisation brings particles closer together, causing the LSPR absorbance band to 

shift to longer wavelengths due to the coupling of LSPRs of neighbouring 
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nanoparticles. Shifts in the LSPR have also been used in detection of interactions 

between proteins, and also between proteins and DNA.69 Similar measurements have 

also been used to probe interactions between carbohydrates and lectins.65,70 Metallic 

nanoparticles have become useful tools in biosensing, and the LSPR phenomenon has 

paved the way for surface enhancement techniques. One such analytical technique 

that has become increasingly useful with the use of metallic nanoparticles is Raman 

spectroscopy, where the coupling of the nanoparticles LSPRs upon aggregation has 

led to surface enhanced Raman scattering (SERS), which has allowed for analysis with 

much higher sensitivity. 

 

1.4 Raman Spectroscopy 

Raman scattering was first observed experimentally in 1928 by Raman and 

Krishnan,71 although the theory was first proposed in 1923 by Smekal.60,72,73 It is a 

widely used technique that has advantages in that vibrational and rotational 

information can be obtained in a variety of physical states, such as solids, liquids, 

vapours, and also in a variety of solvents.60 

 

1.4.1 Raman Scattering 

Photons from a light source, such as a laser, will interact with the electrons of an 

analyte of interest. These photons can be absorbed, scattered, or can have no 

interaction. If the energy of the incident photon matches the energy difference 

between the ground and excited state, then the molecule absorbs the photon and is 

promoted to an excited state. During this interaction of the electrons with the 

incident photon, the electron clouds surrounding the molecule are distorted. This 

interaction induces a polarisation of the electron cloud, which in turn causes a photon 

to be scattered.60 Scattering, however, can also occur in the absence of absorption, 

where the energy of the incident photon is not equal to the energy difference 

between the ground and excited state. In this case, the polarisation of the electron 

cloud results in the formation of a short-lived excited state, known as a ‘virtual state,’ 
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which then scatters upon relaxation. The vast majority of scattered photons have a 

wavelength equal to that of the incident photon. This elastic scattering phenomenon 

is known as Rayleigh scattering. In some cases, however, the energy of the incident 

photon can be different from the scattered photon. During inelastic scattering, light 

can gain or lose energy as it relaxes from the virtual state, and thus the molecule 

returns to a different vibrational state. This is known as Raman scattering. 

There are two types of Raman scattering: Stokes and anti-Stokes scattering. When 

energy is transferred from the incident photon to the molecule, this is known as 

Stokes scattering. The scattered photon, therefore, has an energy one vibrational unit 

lower than the incident photon. This is the strongest form of Raman scattering at 

room temperature. When the scattered photon has greater energy than the incident 

photon, this is known as anti-Stokes scattering. This occurs when energy is 

transferred from the nuclei to the scattered photon due to thermal energy, since 

some molecules would already exist in an excited vibrational state.60 (Figure 1.11) 

 

Figure 1.11: Jablonski diagram illustrating the differences between Rayleigh, Stokes, and anti-Stokes 

scattering. 

Raman spectroscopy does, however, have a disadvantage in that it is a very weak 

process when compared to Rayleigh scattering as only one in 106-108 scattered 

photons are Raman scattered, with the intensity of Raman scattering being described 

by Equation 1. 
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𝐼 = 𝐾𝐼𝐿 ∝2 𝑣4     Equation 1 

Where the Raman intensity is given by I. K is a constant, IL is the laser power, α is the 

polarizability, and v is the laser frequency. This relationship allows for tuning of the 

instrumentation to produce more intense spectra. Since the intensity is directly 

proportional to the laser frequency to the fourth power, shorter excitation 

wavelengths can be used to increase the intensity of the Raman signal.  

The lack of Raman scattered photons, however, is the primary reason why it is not as 

commonly used as other analytical techniques. Recently, however, significant 

advances in technology have reduced the downfalls of Raman spectroscopy and 

simplified the equipment required, bringing it more in to the foreground in analytical 

chemistry.60 

 

1.4.2 Resonance Raman Scattering 

Initially in Raman spectroscopy, coloured compounds were avoided in analysis due 

to the fact that the visible radiation used to excite the coloured molecules was often 

absorbed by the sample. This absorption process could cause strong fluorescence, 

which prevented Raman scattering from being detected. It was later discovered, 

however, that when the frequency of the incident laser is close to the frequency of 

an electronic transition, enhancement of the Raman scattering was observed, often 

in the order of 103 or 104. These scattering enhancements have also been seen in the 

order of 106.60  

During this process, the electrons from the chromophore of an analyte molecule are 

promoted to an electronic excited state. In the absorption process, the nuclei reach 

equilibrium positions with electrons in the excited state. However, in the resonant 

scattering process, the time that the electrons occupy the excited state is significantly 

shorter, and therefore prevent the nuclei from reaching equilibrium positions.60 This 

is known as resonance Raman scattering. (Figure 1.12) This resonance effect has 

made Raman spectroscopy a much more sensitive analytical tool. Also, since it is only 
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the chromophore that experiences the resonance effect, this process is therefore 

selective for the chromophore in the analyte molecule. 

 

Figure 1.12: Jablonski diagram showing the resonance Raman scattering process. 

Another advantage of this effect is that it does not require an excitation laser 

wavelength that corresponds exactly with the energy difference between the ground 

and excited state, as enhancement can also be obtained with a laser that has an 

excitation frequency which is close to that of the electronic transition.60 However, 

whilst this phenomenon has meant that more molecules can be analysed with Raman 

spectroscopy, fluorescence is still a problem, which can make observing the Raman 

spectra difficult. 

 

1.4.3 Surface Enhanced Raman Scattering 

Raman spectroscopy can be used effectively with solid samples as strong scattering 

can be obtained, but with samples in solution, Raman can be considered a relatively 

insensitive technique. As mentioned previously, one of the key limitations of Raman 

scattering is that it is very weak. However, techniques have been developed to 

provide a marked enhancement of the Raman spectra when adsorbed on to a 

roughened metal surface. This technique is known as SERS, and can give an 

enhancement of up to around 106 over Raman scattering alone.60  
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SERS was first reported by Fleischmann et al.74 This study observed an increase in the 

Raman scattering from pyridine molecules, which had been adsorbed on to the 

surface of a roughened silver electrode. They attributed this to an increased number 

of pyridine molecules on the electrode surface due to an increase in the surface area. 

However, later studies by Jeanmarie and Van Duyne75 and Creighton and Albrecht76 

showed that, since the enhancement obtained was of the order of 106, much greater 

than could be obtained from surface roughening, this effect was in fact due to a 

specific surface enhancement from the silver electrode. 

As mentioned previously, on a metal surface there exists free conductive electrons 

that oscillate upon interaction of light, known as the LSPR. (Figure 1.10) When this 

surface is roughened, the plasmons can further oscillate, which increases the 

scattering efficiency, which in turn enhances the Raman scattering and therefore the 

Raman signal. Two different theories are currently used to explain this phenomenon.  

Firstly, the electromagnetic enhancement is generally believed to be the strongest 

contribution to the enhancement of the Raman signal.60 This is due to the molecule 

that is adsorbed on to, or in close proximity to, the metal surface experiencing an 

increased local electric field due to the LSPR. The interaction between the electrons 

of the adsorbed molecule and the LSPR causes a greater polarisation of the electrons 

around the adsorbed molecule, resulting in a significant enhancement of the Raman 

scattering.60,77 This principle allows for the use of nanoparticle aggregation to 

generate further surface enhancement of the Raman signals. This technique takes 

advantage of an increase of the localisation of the electromagnetic field between 

nanoparticles, sometimes referred to as ‘hot spots,’ providing significant increases in 

the SERS intensity.  

The second theory used to explain this phenomenon is chemical enhancement. This 

is also referred to as charge transfer, due to the formation of a bond between the 

analyte and the metal surface. The new molecular species, consisting of the analyte 

and a few of the metal surface atoms, allows for a transfer of charge from the metal 

surface to the analyte, increasing the polarisability of the analyte molecule. It is 

proposed that the formation of the metal-analyte bond creates new electronic states, 
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which are resonant intermediates in Raman scattering, and therefore enhance the 

Raman signals. This suggests that instead of the incident photon being absorbed or 

scattered by the metal surface, it is absorbed in to the metal and transferred to the 

analyte. The Raman excitation then occurs and is transferred back to the metal before 

being re-radiated.60,78 

 

1.4.4 Surface Enhanced Resonance Raman Scattering 

It is possible to combine the effects of SERS with the use of an analyte molecule with 

a resonant chromophore. This is known as surface enhanced resonance Raman 

scattering (SERRS). This shows significant enhancement over SERS and resonance 

Raman spectroscopy alone, with enhancements of up to 1014 in the Raman spectrum 

being observed.60 It also overcomes the issues with fluorescence in resonance Raman 

spectroscopy, since the adsorption of a chromophore containing analyte on to a SERS 

active substrate results in almost complete quenching of any fluorescence.60  

Further advantage of SERRS include that it lowers issues with contaminants in the 

analyte due to the resonant component of the chromophore. It also means that lower 

laser powers and shorter accumulation times can be used due to the enhancement 

effects, which is advantageous when working with analytes that are sensitive to 

photodecomposition.60 These favourable features have made SERRS a much more 

widely used technique, which can significantly increase the sensitivity of Raman 

spectroscopic measurements. 

 

1.5 Advances in Glycan Detection Assays 

In order to overcome the disadvantages of current glycosylation analysis methods, 

research has been carried out to provide new means of assessing this vital 

biopharmaceutical characteristic. The diversity of this research shows its importance 

and significant advancements have been made towards alternative detection assays.  
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An interesting development in glycoprotein detection is the use of molecular 

imprinting. This has been carried out on Au surfaces to selectively bind specific 

glycoproteins, monitored by changes to the SPR.79,80 A glycoprotein template is 

bound by boronic acid groups at basic pH and a polymer layer is formed surrounding 

the protein. The template is then removed by changing to acidic pH leaving a 

specifically shaped cavity with sugar-binding properties. This same technique has also 

been applied to nanoparticles and has shown to be able to selectively bind to a 

specific glycoprotein target in complex mixtures.81 These are significant advances 

with a promising future in biomedical assays. However, for specific structural 

component analysis of glycans, further research is required to improve the specificity 

for individual carbohydrates.  

Raman spectroscopy has also been investigated to assess the glycosylation status of 

glycoproteins. Brewster et al82 utilised this powerful technique alongside multivariate 

data analysis to distinguish the glycoprotein ribonuclease B (RNase B) from its 

non-glycosylated counterpart, ribonuclease A (RNase A) and could even quantify 

their presence in mixtures. Further to this, Ashton et al83 used chemometric 

techniques to identify variations in the Raman spectra of proteins caused by 

structural changes induced by glycosylation. This could also not only distinguish 

between glycosylated and non-glycosylated transferrin, but could also be used for 

quantification in mixtures. This research in to the use of Raman was a considerable 

step forward for this technique which has a history of use in protein characterisation 

due to its non-destructive nature.84 Raman spectroscopy could therefore be an 

attractive analysis method. The only real disadvantage to this technique is the 

requirement for chemometric data analysis techniques. Otherwise, this could provide 

a wealth of protein structural information rapidly and non-destructively. 

Whilst Raman scattering has been very useful in biopharmaceutical analytics, it is an 

inherently weak technique due to the fact that only 1 in 106 photons are Raman 

scattered.60 Therefore, enhancement techniques could be used in order to improve 

the sensitivity of glycan detection. Cowcher et al85 used tip-enhanced Raman 

scattering (TERS) and showed that this could not only differentiate between the 
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native and glycosylated forms of bovine pancreatic RNase B, but also made steps 

towards structural characterisation. This technique is still in its infancy, but has 

excellent potential for sensitively obtaining structural information.  

Fluorescence measurements are commonly used in biochemical assays, and have 

been applied to the detection of protein glycosylation characterisation through lectin 

microarrays. This has allowed the high-throughput detection of immobilised 

glycoproteins using fluorescently labelled lectins.86 Similar techniques have also led 

to therapeutic protein glycan analysis which utilised a broad range of lectins to build 

a picture of the overall glycan structure.87 These assays provide rapid and cheap 

analysis methods with good sensitivity. However, if SERS measurements could be 

used in these formats, the sensitivity could be improved further, and the possibility 

for multiplexing could significantly reduce the number of samples required for full 

analysis.  

The biopharmaceutical industry would benefit from new analysis methods which give 

clear, rapid, and sensitive results regarding glycan structure. The wealth of research 

in this area, and the advancements made towards rapid and sensitive assays for 

glycan characterisation is promising. Further research in this field could eventually 

produce viable assays for therapeutic protein characterisation, reducing time, cost 

and the need for highly trained analysts. 
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2. Research Aims 

The overall aim of this project was to investigate new methods of assessing the 

glycosylation characteristics of biopharmaceutical proteins. The current methods are 

time consuming and expensive, so alternatives which are rapid, cheap, and have high-

throughput capabilities would be advantageous. The overall concept of this detection 

involved the use of carbohydrate-binding proteins to selectively seek out specific 

glycan components. When these were tethered to Au NPs, this allowed for the 

capability of sensing via SERRS and LSPR measurements.  

This research investigated the use of these functionalised NPs in selective and 

sensitive protein glycosylation detection. Methods were selected for their ease-of-

use and applicability to industrial settings. Three main routes were considered. 

Firstly, to develop a simple solution-based assay whereby glycan detection could be 

tracked and quantified via shifts in the LSPR peak position. The versatility of this 

method was also investigated to broaden the scope of the detection capabilities, for 

a more detailed analysis of the glycan structural components.  

A paper-based assay was also investigated to provide a cheap, and rapid alternative 

to current glycan analysis methods. This involved the evaluation of common lateral 

flow assays, as well as the consideration of alternative assay formats to increase both 

throughput and sensitivity. This method was coupled with two different analysis 

methods. Firstly, a user-friendly colorimetric evaluation utilising a simple flatbed 

scanner. Secondly, the assay was coupled with SERRS measurements to provide a 

sensitive detection platform. 

Finally, due to the commonplace use and commercial availability of enzyme-linked 

immunosorbent assays (ELISAs) this assay format was investigated for use in glycan 

detection. These are often available as pre-prepared kits and can allow for rapid and 

sensitive detection of analytes. Research was therefore started on the development 

of such an assay relying on the induced growth of Au NP seeds as a sensitive detection 

method. 
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3. Functional Gold Nanoparticles for Glycosylation 

Detection 

3.1 Introduction 

Metallic nanoparticles have been used widely in biochemical detection mechanisms 

due to their optical properties. These structures can be readily functionalised to 

produce beacons for the selective detection of biomolecular targets, and coupled 

with techniques such as SERS can produce highly sensitive assays. The ease of 

functionalisation for an array of targets makes them attractive for use in detection 

assays. 

In the characterisation of glycoproteins, the use of metallic NPs have been 

investigated using a variety of techniques. Sanchez-Pomales et al29 coated Au NPs 

with biopharmaceutical glycoproteins and aggregated them using lectins. The 

changes observed in the LSPR peak following aggregation allowed for sensitive 

detection of the high-Man glycan on RNase B, with a limit of detection of 1 µg/mL, 

which could also be applied to biopharmaceutical samples. This assay showed the 

possibility for LSPR measurements in protein characterisation. Since their assay relied 

on NP aggregation, they could have incorporated a Raman reporter molecule (RRM) 

to produce a SERS assay for glycan quantification, which could have improved the 

sensitivity of their assay. One drawback to this assay format, however, was the need 

for sample preparation. They had to attach the glycoprotein to the NP surface before 

inducing aggregation with a lectin. Whilst this produced a sensitive assay, removal of 

sample preparation steps would increase its viability in industrial settings.  

Similar approaches were used to show the potential of functionalised NPs to quantify 

protein-carbohydrate interactions using LSPR measurements. Tsutsumi et al88 used 

LSPR measurements of peptide-carbohydrate coated Au NPs to detect lectins by 

quantifying changes in the peak position. Van Duyne65 showed that there were LSPR 

shifts when Man-functionalised NPs bound to Con A. Craig et al70 also showed that 
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LSPR measurements could identify the aggregation of glycol-NPs in the presence of 

Con A, and used SERS measurements to produce a sensitive assay.  

It would be advantageous if pre-functionalised NPs could be used in simple LSPR 

measurements for biopharmaceutical glycoprotein analysis. In past research, 

functionalised NPs have been used to detect specific glycan components. Chen et al89 

used sialidase-coated NPs to detect and map glycosylation on single cells by binding 

to SA. NPs have also been functionalised with lectins for the detection of cancer cells. 

Wang et al90 used lectin-coated NPs to bind to HeLa cells, and used extinction 

measurements to show that binding was successful. Craig et al25 also used lectin-

coated NPs. They showed that NPs functionalised with WGA would bind to 

overexpressed SA on cancer cells, which could be mapped through SERS 

measurements.  

Au NPs have excellent potential to be used in the characterisation of 

biopharmaceutical glycosylation. They can be readily functionalised with targeting 

biomolecules, such as lectins, which can selectively bind to glycan structures. Their 

versatility in measurement options makes them attractive avenues for rapid 

diagnostic tests. LSPR measurements can be made through extinction spectroscopy 

to show shifts in the characteristic Au NP peak position to confirm binding, and the 

optical properties of metallic NPs lend themselves well to SERS measurements which 

have the potential for sensitive detection. Therefore, lectin-coated Au NPs were used 

here to selectively bind to glycans, elucidating information about the structural 

components.  

 

3.2 Results and Discussion 

3.2.1 Gold Nanoparticle Synthesis 

A method for producing citrate-capped Au NPs was first reported by Turkevich in 

1951,91 which was later refined by Frens in 197392 to produce monodisperse colloids. 

Lee and Meisel also utilised a similar method in their research.93 A modified Lee-

Meisel method was used to synthesise Au NPs in this work. This can be applied to the 
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reduction of Au or silver salts using sodium citrate to produce spherical particles. The 

initial step involves the partial reduction of the metal ions by the citrate to metal 

atoms which flocculate to form small seed particles. The remaining Au cations are 

attracted to and held in the electronic double layer of the seed particles. Finally, the 

remaining Au cations are reduced on to the seed particle surfaces causing growth 

controlled by the capping citrate groups.94 This introduces stability to the NPs by 

providing a negatively charged surface layer which prevents aggregation by 

electrostatic repulsion. The Au NPs were characterised using extinction spectroscopy, 

dynamic light scattering (DLS), and zeta potential measurements. The extinction 

spectroscopy results are shown in Figure 3.1. 

 

Figure 3.1: Extinction spectrum of gold nanoparticles prepared via the modified Lee-Meisel method. 

Spectrum has been normalised to one. 

As shown in Figure 3.1, the Au NPs had an LSPR peak with a λmax at 526 nm, which is 

characteristic of nanoparticles of this size.95  DLS measurements showed the Au NPs 

to be 41 ± 1 nm in diameter. The particles also had a zeta potential of -40.6 ± 1.27 mV 

indicating that the particles were stable, with the negative charge arising from the 

negatively charged citrate layer that caps the nanoparticles. The closer the zeta 

potential value is to zero, the greater the nanoparticle instability,96 and high degrees 
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of stability have been reported for NPs that have a zeta potential lower than -25 mV.97 

Finally, using the extinction spectrum and size data the NP concentration was 

calculated to be 0.13 nM using the Beer-Lambert Law.95 (molar extinction coefficient 

= 9.26 × 109 M-1cm-1) 

The characterisation showed that the Au NP synthesis method was successful, so 

work was carried out on providing the NPs with functionality using Raman reporter 

molecules and linking molecules.  

 

3.2.2 Nanoparticle Functionalisation and Bioconjugation 

The Au NPs are stabilised through the electrostatic interaction between the charged 

groups of trisodium citrate (Figure 3.2) and the NP surface. The overall negative 

charge provided by the citrate group provides stability by creating repulsive forces 

between the NPs and preventing aggregation.  

 

Figure 3.2: Structure of trisodium citrate showing negatively charged groups which interact with the 

gold nanoparticle surface and provide an overall negative charge. 

The interaction between the NPs and the citrate is relatively weak in comparison to 

other surface modification processes involving chemisorption. The use of salt 

solutions, for example, can disrupt the electrostatic forces between the NPs and 

induce uncontrolled and irreversible aggregation causing them to precipitate out of 

solution.98 Capping the NPs via alternative chemisorption methods, however, can 

provide the necessary protection to withstand such conditions.  

Thiol group-containing molecules are most widely used for chemisorption on to Au 

NP surfaces, due to the high affinity of the Au-S interaction.99 The specific mechanism 

of this reaction has been a cause for discussion, but it is commonly agreed to be like 
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a strong covalent interaction, due to the very similar electronegativities of the Au and 

sulfur.100 Thiolated ligands with terminal functional groups are therefore commonly 

used to replace electrostatic capping agents on Au surfaces, forming self-assembled 

monolayers (SAMs) to provide stability to the NP and functionality for further 

modification.100,101 In turn, modification of these available terminal functional groups 

can provide opportunities for NPs to target a variety of biomarkers in biological 

detection assays.  

 Thiolated-polyethylene glycol (PEG) with a terminal carboxylic acid or amine are 

commonly used heterobifunctional linkers.102,103 One example is carboxy-(PEG)12-

thiol (CT(PEG)12) (Figure 3.3) which contains a thiol for binding to the NP surface, a 

PEG spacer, and a carboxylic acid which can be further modified with targeting 

biomolecules.104,105  

 

Figure 3.3: Carboxy-polyethylene glycol-thiol (CT(PEG)12), which contains a thiol for chemisorption to 

the nanoparticle surface, and a carboxylic acid for further modification. 

The variable length of PEG linkers, and their resulting flexibility, in combination with 

their polarity makes them viable choices for NP surface coverage. These linkers can 

fold and interact intermolecularly to form stable monolayers around a nanoparticle 

whilst containing a functional carboxylic acid terminus.  

Another example of a functional linker is the pentapeptide molecule, CALNN.106–108 

(Figure 3.4) This molecule makes use of three main properties to form stable 

monolayers surrounding a NP surface. Firstly, the cysteine (C) at the amine terminus 

has a thiol-containing side chain which is used for binding to the metal surface, which 

may be further stabilised by the presence of the amine. Secondly, this is followed by 

alanine (A) and leucine (L) which contain aliphatic side chains. This segment is 

therefore hydrophobic so forms a dense monolayer of protection, excluding water. 

The fact that the leucine group has a longer side chain helps account for the curvature 



37 
 

of the NP and further stabilises the monolayer. Finally, this is followed by two 

asparagine (N) groups which have polar side chains, allowing the coated NPs to be 

soluble and stable in aqueous solutions.107 The final asparagine is also the carboxylic 

acid terminus, which can be modified with biomolecules to provide the NPs with 

detection capabilities.  

 

Figure 3.4: The structure of the pentapeptide CALNN, showing each of the individual amino acid 

components: Cysteine (C); Alanine (A); Leucine (L); Asparagine (N). 

Both PEG and CALNN are suitable linkers for NP conjugation experiments. Initially, 

CALNN was used in the successful functionalisation of Au NPs to GNA. However, when 

expanding this research to include other lectins, PEG was used as an alternative to 

maintain nanoparticle stability. (Section 3.2.4) 

Overall, the functionalisation process involved two main steps. (Figure 3.5) Firstly the 

RRM was added to the Au NPs to allow for attachment to the surface. Next, the 

linker-lectin ligand which was prepared separately using carbodiimide-crosslinking 

chemistry was added to the NPs, allowing for a stable mixed-monolayer to form 

around the NPs. Centrifugation was then used to remove unbound ligands, leaving a 

solution of SERRS-active lectin-functionalised NPs. This process required that studies 

were first performed to select the optimal RRM and linker concentrations for stable 

NP production.  

 

C A L N N
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Figure 3.5: General step-wise process of preparing functionalised gold nanoparticles. The Raman-active 

beacon was added first to allow for attachment to the gold surface before addition of the pre-prepared 

linker-lectin ligand which then forms a mixed monolayer around the nanoparticle.  

 

3.2.2.1 Producing Stable and Functional SERRS-Active Nanoparticles 

The Au NPs were functionalised with a RRM to provide a unique Raman fingerprint 

spectrum that can indicate detection of the target analyte. Its signal intensity could 

then be correlated to the concentration of target detected.  In this research, 

malachite green isothiocyanate (MGITC) was used. (Figure 3.6) This was chosen as it 

contained an isothiocyanate group allowing for strong adsorption on to the Au NP 

surface and scatters strongly to provide a characteristic, recognisable SERS signal. 
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Figure 3.6: The structure of malachite green isothiocyanate (MGITC) used to provide a unique SERS 

fingerprint to indicate analyte detection. 

MGITC exhibits a strong absorption band at 625 nm, making it an ideal candidate for 

SERRS measurements using available laser wavelengths at 633 nm and 638 nm.109 

Selecting a laser line close to the MGITC absorbance maxima increased the intensity 

of the scattering due to the resonance enhancement of the dye signal. 

It was also important that the Au NPs were stable, so that any aggregation to induce 

an increased SERRS response was due to specific detection and not an uncontrolled 

aggregation process. Salt solution can be used to assess the stability of Au NPs by 

disruption of the electrostatic forces between the NPs.98 Uncoated NPs will aggregate 

in an uncontrolled manner, whereas NPs coated in a protective layer would remain 

stable. The pentapeptide linker CALNN was used to provide this protection, but still 

retain functionality for further modification. An optimum coating concentration of 

CALNN on the Au NPs therefore had to be determined.  

Firstly, 1 mL NP stock solution was coated with various final concentrations of CALNN 

(0.75, 1.00, 1.25, 1.50, 1.75, and 2.00 µM) by mixing different volumes of 1.87 mM 

CALNN with 1 mL stock Au NPs. To test their stability, 100 µL NaCl stock solution (120 

mM) was mixed with 275 µL Au@CALNN and then studied using extinction 
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spectroscopy in order to determine which CALNN coating concentration provided the 

greatest protection from aggregation. (Figure 3.7) 

For bare Au NPs (Figure 3.6(A)), the extinction spectrum showed a marked difference 

following the addition of salt. The dampening of the extinction showed that the 

concentration of free NPs in solution had reduced, and the increased signal at higher 

wavelengths is characteristic of the formation of aggregates. In this condition, the Au 

NPs were only coated electrostatically with citrate, which can easily be disrupted with 

salt ions, causing the particles to aggregate. However, following coating of the Au NPs 

with CALNN, the extinction spectra (Figure 3.6(B)) indicated that the colloid remained 

stable at all coating concentrations following salt addition. The CALNN coatings 

around the NP surfaces at all concentrations tested were sufficient enough to protect 

them from the salt in the surrounding solution.   



41 
 

 

Figure 3.7: (A) Extinction spectra of gold NPs before (black) and after NaCl addition (red), showing the 

aggregation taking place; (B) Extinction spectra of CALNN coated gold nanoparticles following the 

addition of NaCl solution. No observable NP aggregation was recorded at any of the CALNN coating 

concentrations, highlighting the stability of the colloid due to the CALNN coating. Extinction spectra 

normalised to 448 nm for clarity and ease of comparison. 

Good NP stability and protection from uncontrolled aggregation due to the presence 

of salt was observed for all the CALNN coating concentration tested. Therefore, it was 

decided to carry forward the two lowest concentrations used (0.75 µM and 1.00 µM) 

since any higher would be in excess.  

Following selection of the CALNN linker concentration for coverage of the Au NPs 

surface, the concentration of the RRM, MGITC, had to be determined. Varying 

volumes of MGITC solution (1 µM) were briefly mixed with the Au NPs to give 

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

N
o

rm
a

lis
e

d
 E

x
ti
n

c
ti
o

n
 (

a
.u

.)

Wavelength (nm)

 Au Citrate

 Au Citrate with NaCl

A

N
o

rm
a

lis
e

d
 E

x
ti
n

c
ti
o

n
 (

a
.u

.)

Wavelength (nm)

 0.75 uM CALNN with NaCl

 1.00 uM CALNN with NaCl

 1.25 uM CALNN with NaCl

 1.50 uM CALNN with NaCl

 1.75 uM CALNN with NaCl

 2.00 uM CALNN with NaCl

B



42 
 

different final concentrations (10, 20, 30, 40, and 50 nM) followed by the addition of 

the fixed final concentrations of CALNN. (0.75 µM - Figure 3.8; and 1.00 µM - Figure 

3.9) These were mixed for 3 h, centrifuged, and resuspended in dH2O to remove any 

excess unbound ligands. The SERRS responses of the coated Au-MGITC-CALNN NPs 

were then measured with a laser excitation of 638 nm. This wavelength was close to 

the absorbance band of MGITC, ensuring that SERRS was achieved instead of SERS. 

Salt was also added to see if the SERRS signal would increase to simulate an on-off 

change once detection had taken place.  
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Figure 3.8: SERRS spectra of gold nanoparticles coated with 0.75 µM CALNN and (A) 10 nM MGITC; (B) 

20 nM MGITC; (C) 30 nM MGITC, (D) 40 nM MGITC; (E) 50 nM MGITC. (F) The average SERRS intensities 

from each set of experiments was plotted to show the changes following addition of NaCl.  Two samples 

were analysed for each condition. Each spectrum shown is a single replicate, recorded with a 638 nm 

laser excitation, 40 mW laser power, and 1 s acquisition. All spectra were baseline corrected using 

Matlab. The black and red lines are from the conjugates in dH2O. The blue and green lines are from 

samples after addition of 120 mM NaCl stock solution. 
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Figure 3.9: SERRS spectra of gold nanoparticlescoated with 1.00 µM CALNN and (A) 10 nM MGITC; (B) 

20 nM MGITC; (C) 30 nM MGITC, (D) 40 nM MGITC; (E) 50 nM MGITC. (F) The average SERRS intensities 

from each set of experiments was plotted to show the changes following addition of NaCl.  Two samples 

were analysed for each condition. Each spectrum shown is a single replicate, recorded with a 638 nm 

laser excitation, 40 mW laser power, and 1 s acquisition. All spectra were baseline corrected using 

Matlab. The black and red lines are from the conjugates in dH2O. The blue and green lines are from 

samples after addition of 120 mM NaCl stock solution. 
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In both sets of experiments, no overall increase in the SERRS spectra were observed 

with the addition of salt, except in the samples with 20 nM MGITC. (Figure 3.8(B) and 

Figure 3.9(B)) In both of these samples, there was a low SERRS signal observed from 

the functionalised Au NPs alone, but with the addition of salt there was a large 

increase of the SERRS intensity. This simulated the expected response when a target 

analyte was present, and appeared to be the optimum concentration of MGITC for 

use in future assays. In comparing the two sets of data, the samples with 1.00 µM 

CALNN and 20 nM MGITC  gave the most consistent SERRS intensities before and 

after salt addition, whereas when looking at other concentrations of MGITC there 

was no overall trend before or after addition of NaCl.  

Due to the consistency of the signals achieved from the sample containing 1.00 µM 

CALNN and 20 nM MGITC, these conditions were used in further functionalisation 

with a lectin using carbodiimide crosslinking chemistry.  

 

3.2.2.2 Lectin-functionalisation via Carbodiimide Crosslinking 

To conjugate sugar-binding proteins on to the nanoparticles, carbodiimide 

crosslinking chemistry was used. The CALNN ligand and the lectin were prepared for 

conjugation prior to the addition of the MGITC functionalised Au NPs, as this allowed 

for a simple final conjugation of the terminal CALNN thiol to the Au metal surface. 

The crosslinking reaction was performed using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysulfosuccinimide (sNHS). (Figure 3.10) 

 

Figure 3.10: Full structures of EDC and sNHS used in carbodiimide coupling reactions to conjugate 

lectins to gold nanoparticles. 
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EDC is often used alone to react with a carboxylic acid group to form an O-acylisourea 

intermediate. This group is easily displaced by primary amines through nucleophilic 

attack, which can allow for proteins to bind to terminal carboxylic acids. However, 

the O-acylisourea group is not a stable intermediate, and readily hydrolyses in 

aqueous conditions to re-form the carboxylic acid if it does not first react with a 

primary amine, resulting in poor efficiency in the coupling reaction.  Therefore, sNHS 

is often used to stabilise this intermediate and form a reactive sNHS ester.110 This 

then allows for a much more efficient coupling process, so that complete ligands can 

be synthesised consisting of a thiol-terminated linker and a lectin which can 

subsequently be attached to SERRS-active MGITC coated Au NPs. (Figure 3.11) The 

use of sNHS rather than N-hydroxysuccinimide also aids solubility and stability since 

it is a sodium salt.  
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Figure 3.11: Reaction scheme showing the use of EDC-sNHS coupling to bind a terminal carboxylic acid 

group of a thiolated linker (eg. CALNN) to a primary amine of a lectin. 

Initial studies used the Man-binding GNA as the lectin. Briefly CALNN was pre-mixed 

with EDC and GNA was mixed with sNHS. The solutions were combined and mixed 

overnight to complete coupling. EDC, sNHS, and GNA were kept in excess of CALNN 

to ensure all linkers were attached to GNA. Following preparation of the CALNN-GNA 

ligand, it was mixed with MGITC functionalised Au NPs for 3 h and then separated 

from any excess unbound ligand via centrifugation. MGITC was added first to allow 

for attachment to the NP surface before mixed-monolayer formation. The Au@GNA 
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NP conjugates were then characterised using extinction spectroscopy, DLS, gel 

electrophoresis, and SERRS measurements. 

The LSPR peak of the Au@GNA NP conjugates was measured and compared to that 

of the unfunctionalised Au NPs. (Figure 3.12) The LSPR of the Au@GNA conjugates 

had the same characteristic peak shape as the unfunctionalised NPs, but the λmax had 

red-shifted 4 nm, from 526 nm to 530 nm. This shift was caused by a change in the 

dielectric medium surrounding the particle, such as when the surface is 

functionalised or coated.59,61–63 Therefore, this shift indicated that the attachment of 

the pentapeptide ligand was successful. 

 

Figure 3.12: Extinction spectra of the lectin-functionalised nanoparticles (Au@GNA) (black) in 

comparison to the unfunctionalised citrate-capped nanoparticles (red) showing the shift in the LSPR 

peak upon conjugation. Spectra were normalised to one for clarity and ease of comparison. 

To confirm this conjugation, DLS and zeta potential measurements were used, as well 

as gel electrophoresis. DLS confirmed an increase in the hydrodynamic radius of the 

particles due to the conjugation process, showing an increase from 41 ± 1 nm to 46 ± 

1 nm. The zeta potential of the citrate-capped Au NPs was -40.6 ± 1.27 mV, which 
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lowered to -30.0 ± 2.65 mV when the NP was coated in MGITC and the CALNN-GNA 

ligand indicating that attachment was successful. Gel electrophoresis measurements 

were made with samples from each stage in the conjugation process. (Figure 3.13) 

The first sample was citrate-capped Au NPs which had not been subjected to any 

conjugation steps. The second had been functionalised with MGITC. The third had 

been functionalised with both MGITC and CALNN. Finally, the last sample had 

completed the entire conjugation process with GNA. These results showed that the 

unfunctionalised Au NPs aggregated within the well (dark purple colour) due to being 

unprotected from the tris-borate-EDTA (TBE) buffer and the applied charge. The 

MGITC functionalised NPs mostly aggregated, again due to incomplete surface 

coverage. For the CALNN coated NPs, however, no aggregation was observed and 

they travelled through the gel. The NPs which had been conjugated with the pre-

prepared CALNN-GNA ligand were also stable and travelled through the well. 

However, the distance travelled by these NPs was less than those just coated by 

CALNN. This confirmed the successful conjugation of the lectin to the Au NPs, due to 

their increased size hindering their movement through the gel. 

 

Figure 3.13: Gel electrophoresis of samples from each stage in the conjugation process, highlighting 

the aggregation of the gold nanoparticles, and the malachite green isothiocyanate functionalised 

nanoparticles due to the lack of protection from the gel matrix. The CALNN and lectin coated particles 

remained stable and travelled through the gel, with the lectin-coated particles travelling a shorter 

distance due to an increased diameter, suggesting that the conjugation was successful. 
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The final stage in the characterisation of the GNA-conjugated NPs was to measure 

the SERRS response. (Figure 3.14) In the conjugation process, the MGITC was added 

first to the Au NPs before the CALNN-GNA ligand. This was to ensure that the Raman 

reporter had direct access to the NP surface to anchor itself in place. It is possible 

that the addition of the CALNN linker can displace the MGITC due to its ability to form 

a more thermodynamically stable monolayer around the NP surface. Therefore, it is 

important to confirm that the MGITC is still present in each purified conjugated 

nanoparticle through SERRS measurements. The SERRS measurement taken from 

these conjugates showed that the characteristic MGITC peaks could still be obtained, 

and therefore could be used in assays to detect the presence of Man-containing 

glycoproteins. 

 

Figure 3.14: SERRS spectrum obtained from the nanoparticles functionalised with malachite green 

isothiocyanate and galanthus nivalis agglutinin.  The spectrum shown is a single replicate, recorded 

with a 638 nm laser excitation, 40 mW laser power, and 1 s acquisition. The spectrum was baseline 

corrected using Matlab. 
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The obtained SERRS signals were lower in these measurements than previously, 

which could be due to the addition of GNA to the end of the CALNN linker displacing 

the attached MGITC molecules. Regardless, the SERRS measurement taken from 

these conjugates showed that the characteristic MGITC peaks could still be obtained, 

and therefore could be used in assays to detect the presence of Man-containing 

glycoproteins. 

 

3.2.3 Glycosylation Detection in Solution 

3.2.3.1 LSPR Detection experiments 

3.2.3.1.1 Initial Glycoprotein Detection Experiments 

Initial studies on glycan detection using lectin-functionalised Au NPs were carried out 

using RNase A and RNase B as glycoprotein standards. These two proteins are 

identical in structure, except that RNase B is a glycosylated form, containing one high-

Man glycan.111 RNase A was therefore used as a negative control in detection 

procedures. 

Solutions of RNase B, ranging in concentration from 81 nM to 1.63 µM, were added 

to the Au@GNA NP conjugates HEPES buffer (10 mM, pH 7.4) and monitored with 

extinction spectroscopy immediately, and after 10 min. The RNase A was assessed as 

a negative control at 1.63 µM, also at the same time intervals. The extinction 

measurements were used in this way to track any changes in the medium 

surrounding the NP conjugates59,62,63 via binding to the high-Man glycan of RNase B.  

Firstly, the Au@GNA conjugates were analysed alone without the presence of RNase 

A or B, to show that no change to the colloid occurred during the analysis time frame. 

(Figure 3.15(A)) This also served to obtain an initial LSPR peak position, allowing for 

the observation of any shifts taking place upon successful detection. Next, increasing 

concentrations of RNase B were added in the same way and the extinction spectrum 

recorded. (Figure 3.15(B-F)) The extinction spectrum showed that addition of the 

glycoprotein RNase B induced a red-shift in the LSPR peak, indicating that the 

Au@GNA NPs were binding to the high-Man glycan. With increasing concentrations 
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of RNase B, a more pronounced shift was observed, showing that more of the 

Au@GNA NPs were involved in interactions with the oligosaccharide structures on 

the RNase B surface. The concentrations of RNase B added and the associated LSPR 

shifts are detailed in Table 3.1. For comparison, 1.63 µM RNase A was also added to 

the Au@GNA NP conjugates. Since there are no glycans present on RNase A, no shift 

in the LSPR peak was expected. However, as shown in Figure 3.15(G), there was an 

initial LSPR peak shift of 3 nm, which then after 10 min, reverted back to a 1 nm shift 

from the unbound NP measured LSPR peak. Although this is small in comparison to 

the shift observed when RNase B was present, this still indicated that some non-

specific interactions were taking place between the Au@GNA and RNase A.  
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Figure 3.15: Extinction spectra showing responses of Au@GNA to glycosylated and unglycosylated 

ribonuclease B and A, respectively. (A) Au@GNA initially and after 10 min without any ribonuclease 

present, showing no change in LSPR peak at 530 nm; Following addition of ribonuclease B and after 10 

min at concentrations of (B) 81 nM; (C) 163 nM; (D) 407 nM; (E) 815 nM; (F) 1.63 µM; (G) Following 
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addition of 1.63 µM ribonuclease A and after 10 min. Spectra were normalised to one for clarity and 

ease of comparison. 

 

Table 3.1: LSPR peak shifts of Au@GNA nanoparticle conjugates once bound to various concentrations 

of ribonuclease B and ribonuclease A after mixing for 10 min. Δλmax shows the deviation of the LSPR 

from its original position before addition of ribonuclease. 

Sample λmax 10 mins / nm Δλmax / nm 

Au@GNA 530 0 

Au@GNA and 81 nM RNase B 531 1 

Au@GNA and 163 nM RNase B 533 3 

Au@GNA and 407 nM RNase B 539 9 

Au@GNA and 815 nM RNase B 543 13 

Au@GNA and 1.63 µM RNase B 556 26 

Au@GNA and 1.63 µM RNase A 531 1 

 

These initial experimental results were encouraging. They demonstrated that the 

conjugates could potentially bind selectively to a specific glycan on a protein surface, 

and that concentration dependent responses could be obtained. However, the 

interaction observed with the negative control, RNase A, indicated there may have 

been some non-specific binding of the conjugates occurring.  

 

3.2.3.1.2 Timed Glycosylation Detection Experiments 

In order to further evaluate the detection of RNase B, and to investigate the 

interactions with RNase A, timed experiments were used following a similar 

procedure. The same concentrations of RNase A and RNase B were used, with 

extinction spectra taken immediately following mixing with Au@GNA, and then every 

12 min for 1 h. (Figure 3.16) 
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Figure 3.16: Extinction spectra taken from samples of Au@GNA and various concentrations of 

ribonuclease A and B. Spectra were taken immediately following mixing, and every 12 min for 1 h. (A) 

81 nM ribonuclease B; (B) 163 nM ribonuclease B; (C) 407 nM ribonuclease B; (D) 815 nM ribonuclease 

B; (E) 1.63 µM ribonuclease B; (F) 1.63 µM ribonuclease A. Spectra were normalised to one for clarity 

and ease of comparison. 
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Using extinction spectroscopy to monitor the LSPR peak is convenient in that it gives 

a visual change to the spectra upon detection. It is clear to see that with increasing 

concentration of glycoprotein present, there is a greater red-shift of the peak, as was 

expected from the previous experiment. In addition, especially with increasing 

concentrations of RNase B, the spectral broadening was an indicator of NP 

heterogeneity in terms of size and shape.112 This fits with the theory that the 

Au@GNA conjugates were binding to the RNase B glycans, effectively altering the 

overall size and shape of the NP, which would continue to increase as more 

glycoprotein was bound. (Figure 3.17) 

The timed experiments also showed that the greatest shifts were observed soon after 

mixing of the Au@GNA conjugates and the glycoprotein. After 12 min the shift of the 

LSPR peak was less obvious and would increase more slowly. (Figure 3.17) This would 

indicate that most of the conjugates were binding to RNase B quickly, invoking the 

large initial LSPR shift, and binding would slow as the RNase B glycans were taken. 
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Figure 3.17: Shift in the Au@GNA conjugates’ LSPR peak from the original λmax of 527.5 nm over a 

period of 60 min at each concentration of glycoprotein. 

Important to note, however, is the shifts observed in the sample containing RNase A. 

This should not have induced any change in the extinction spectrum of Au@GNA 
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since it should not have any glycans on its surface.111 The shift observed, in fact, 

surpassed that of samples containing 81 nM and 163 nM RNase B. This suggested 

that either the Au@GNA conjugates were binding non-specifically, or that the RNase 

A contained glycosylated impurities. Therefore, an alternative negative control was 

investigated.  

Bovine serum albumin (BSA) is a protein often used in biochemical assays as a 

blocking agent due to its relative inactivity and small size.113 In immunochemical and 

biosensing reactions, BSA can be used to adsorb on to surfaces via physicochemical 

interactions and minimise non-specific binding of biomolecules to these unoccupied 

sites. BSA’s inactivity, along with the fact that it is not a glycoprotein, made it an ideal 

candidate for a negative control in place of RNase A.114  

Au@GNA was mixed with BSA in the same way as RNase A and the extinction 

spectrum was measured after 1 h. (Figure 3.18) The results showed that there was 

no significant shift in the extinction spectrum of Au@GNA mixed with BSA (Figure 

3.17(B)), compared with the 4.5 nm shift observed when RNase A was added (Figure 

3.17(A)). From this comparison it was concluded that the RNase A may have 

contained some glycosylated impurities. As such, BSA was used in future experiments 

as a negative control.  
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Figure 3.18: Comparison of (A) ribonuclease A and (B) bovine serum albumin as negative controls in 

glycosylation detection experiments at a concentration of 1.63 µM. 

Using BSA as a negative control, the LSPR peaks of the Au@GNA conjugates were 

then monitored again in the presence of RNase B at concentrations ranging from 

40 nM to 815 nM. The relationship between the shift in λmax of Au@GNA conjugates 

and the RNase B concentration after 12 min were then plotted and a theoretical limit 

of detection (LOD) for the assay calculated. (Figure 3.19)  
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Figure 3.19: Linear response from monitoring LSPR peak shifts of Au@GNA conjugates when mixed 

with ribonuclease B for 12 min, when compared to the original LSPR peak at 527.5 nm. A negative 

control, BSA, was also used and its corresponding shift in λmax is shown on the plot. The equation of the 

line is also shown. Error bars are the standard deviation of the measurements taken. 

Figure 3.18 showed good linearity within the assay and a theoretical LOD of 29.2 nM 

for RNase B was calculated by taking 3 × standard deviation of the blank sample 

divided by the gradient of the line. This equates to 29.2 pmol in a sample. Commercial 

glycoprotein detection assays can detect glycoproteins in gel experiments at 1.67 

pmol per sample. This assay isn’t far from this limit but has the benefit of potentially 

being applicable to specific glycan components rather than a glycoprotein as a whole.   

There are, however, limitations to this method of detection. Firstly, the 

instrumentation has a minimum possible wavelength step size of 0.1 nm. Although 

this could generate large quantities of data, it sacrifices speed of analysis, which could 

mean that the crucial LSPR peak position could be prone to error if the timings of 

experiments are not exact. In these experiments, a 0.5 nm step size was used in order 

to provide sufficient information with reasonable speed. However, this means that 

calculating a limit of detection perhaps is not particularly accurate, since the standard 

deviation of the blank sample is limited by the capabilities of the instrument.   
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Also worthy of note is the high standard deviation of the higher concentration 

samples. The detection of LSPR shifts are not sensitive, again due to instrumental 

limitations, so any variations can be seen as large deviations. Therefore, in order to 

improve the LOD of these experiments, a better linear relationship between the shift 

in λmax and the glycoprotein concentration would be required. 

A final point to note, in comparing Figure 3.17 with Figure 3.19, there is a clear 

difference in the LSPR shifts observed when the experiment was repeated. This could 

be a lack of reproducibility in the experiment when new conjugates are prepared. 

There could be batch to batch variability when conjugates are prepared, resulting in 

different sensitivities of the assays, which would be an issue when used as a glycan 

detection method.  

 

3.2.3.2 SERRS Glycosylation Detection in Solution 

The glycan detection experiments via extinction spectroscopy indicated that there 

was a change to the surface of the NP occurring through shifts in the LSPR peak, and 

a subsequent change in the heterogeneity of the size and shape of the NPs. Following 

this work, SERRS was then applied to determine if these changes were a result of NP 

clusters being formed. If so, the plasmonic coupling of proximal Au NPs would provide 

an increase in the scattering efficiency of the NPs, and in turn an increase in the SERRS 

intensity from the MGITC bound to the Au surface would be observed.60,77 

The Au@GNA conjugates were mixed with RNase A and B for 1 h and then 

interrogated with a 638 nm excitation laser to evaluate the SERRS response. (Figure 

3.20) Although the key characteristic peaks of MGITC were observed, the SERRS signal 

intensity did not follow a linear relationship with respect to the glycoprotein 

concentration. If controlled aggregation were being induced from the addition of 

RNase B, a marked increase in the SERRS intensity would be observed.60,77 Therefore, 

from these SERRS measurements, it was deduced that no significant aggregation was 

taking place.  
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Figure 3.20: SERS response from Au@GNA following addition, and 1 h of mixing, of different 

concentrations of RNaseB and RNase A. Single spectra for each glycoprotein concentration added were 

collected using a 638 nm laser excitation, 40 mW laser power, 1 s acquisition. The spectra were baseline 

corrected using Matlab.   

RNase B has a single high-Man glycan,82,111 to which GNA binds in solution. However, 

the lone glycan makes binding of multiple NPs to terminal Man residues difficult. The 

proximity of the terminal carbohydrate moieties creates too much steric hinderance 

to allow multiple NPs to come in to close proximity through binding to different Man 

residues, and in turn induce an increased SERRS response. This highlighted a 

significant flaw in the SERRS solution assay design. If a glycoprotein contained only a 

single glycan, then a solution assay would not be suitable for SERRS measurements, 

so alternatives must be investigated. One such design could be to use a surface, on 

which the SERRS-active functionalised NPs could be selectively immobilised to allow 

for plasmonic coupling, resulting in concentration-dependent SERRS responses.  

 

3.2.4 Lectin Variation for Further Solution Studies 

In order to increase the diversity of the assay, different lectins were investigated to 

determine if it would be possible to detect different carbohydrate moieties on 
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glycoproteins. For these studies, wheat germ agglutinin (WGA) from triticum vulgaris 

was used in the detection of GlcNAc, which is the other carbohydrate component 

forming the constant inner core of an N-glycan. Con A was also investigated as an 

alternative lectin in the detection of Man groups.  

Often the N-glycan core sequence can be fucosylated, which can have significant 

effects on the action of a biopharmaceutical in the body. As an example, it is 

important to monitor the level of fucosylation in a therapeutic antibody which is 

designed to induce antibody dependent, cell-mediated cytotoxicity, since this 

carbohydrate moiety can greatly influence the action of the therapeutic.115 The lack 

of Fuc can increase a therapeutic antibody’s cytotoxic capabilities, which could be 

particularly useful in cancer treatments.115–117 Therefore, this glycan component is of 

interest, so agglutinin from Ulex Europaeus I (UEA) was used in efforts to detect this 

carbohydrate. 

Another carbohydrate of interest is SA. This carbohydrate is known for influencing 

the in vivo activity of erythropoietin if the presence of this moiety is lacking.16 

Therefore, bioprocessing is optimised to produce highly sialylated erythropoietin to 

maximise its efficacy in the body.117 It is also known that a lack of SA can reduce the 

half-life of a therapeutic protein, thus reducing its efficiency.118 Since SA can have 

different conformations in a glycan structure, two lectins were investigated in the 

detection of this carbohydrate: Maackia amurensis II (MAL) and sambucus nigra 

(SNA). MAL binds to SA with an α2-6 linkage with Gal, whereas SNA binds to SA with 

an α2-3 linkage with Gal.87   

 

3.2.4.1 N-Acetyl Glucosamine Detection 

3.2.4.1.1 Functionalisation with Wheat Germ Agglutinin 

The functionalisation of Au NPs with WGA was not as simple as previous experiments 

involving GNA. When CALNN was used in the conjugation process as before the NPs 

would aggregate. It is unclear what caused this, but to circumvent this problem, 

CT(PEG)12 (from here referred to as PEG) was used. (Figure 3.3) This was chosen due 



63 
 

to it containing a thiol group for conjugation to the Au NP surface, a flexible polar 

backbone to aid NP coverage and provide solubility, and a terminal carboxylic acid 

group for further modification. The same procedure was used as with CALNN for the 

preparation of the PEG-lectin ligand involving EDC-sNHS coupling. The WGA was used 

at two concentrations, 4 µM and 8 µM. The Au@WGA conjugates were purified by 

centrifugation and the extinction spectra were measured. (Figure 3.21) 

 

Figure 3.21: Extinction spectra of the gold nanoparticles functionalised with a PEG-WGA linker with 4 

µM WGA (red line) and at 8 µM WGA (blue line) in comparison to the unfunctionalised stock solution. 

(black line) 

The experiment involving 8 µM WGA caused the NPs to become unstable, as viewed 

by the dampening and broadening of the LSPR peak. The 4 µM WGA sample remained 

monodispersed in size, and there was an LSPR red-shift of 4 nm indicating a change 

to the surface composition. Due to the instability of the conjugation using 8 µM WGA, 

the lower concentration of 4 µM was used to detect the GlcNAc in the high-Man N-

glycan of RNase B. 
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3.2.4.1.2 LSPR Detection of N-Acetyl Glucosamine 

As mentioned previously, all N-linked glycans have the same core structure 

containing two GlcNAc residues convalently linked to three Man residues. Therefore, 

the Au@WGA conjugates were used to detect these core GlcNAc structures. The 

same procedure was used as with the detection of Man on RNase B by Au@GNA NPs 

with extinction spectra taken every 12 min following mixing of the glycoprotein and 

the NP conjugates. (Figure 3.22)  

The shifts in λmax  were again plotted over time to easily view to the changes in the 

LSPR peak as the Au@WGA conjugates were incubated with RNase B. (Figure 3.22(F)) 

Similar to the reaction of Au@GNA with RNase B, the greatest LSPR shift took place 

within the first 12 min of incubation, after which the LSPR changes were minimal. 

Again, this shows that the majority of the interactions between he WGA and the core 

GlcNAc residues took place immediately following mixing, after which binding was 

slow due to the lower concentration of free RNase B. It is worthy to note, however, 

the fluctuation in the LSPR peak position in the sample containing Au@WGA and 815 

nM RNase B after 24 min. (Figure 3.22(F)) This could be due to the reaction still 

equilibrating over time, where some previously bound RNase B dissociated from the 

Au@WGA conjugates before being taken up again shortly after.  
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Figure 3.22: Extinction spectra taken from samples of Au@WGA and various concentrations of 

ribonuclease B, and BSA as a negative control. Spectra were taken immediately following mixing, and 

every 12 min for 1 h. (A) 81 nM ribonuclease B; (B) 163 nM ribonuclease B; (C) 407 nM ribonuclease B; 

(D) 815 nM ribonuclease B; (E) 815 nM BSA; (F) Shifts in λmax observed over the experimental time 

frame. Spectra were normalised to one for clarity and ease of comparison. 
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The shift in the LSPR peak position was plotted as a function of protein concentration 

using the values obtained from the reaction after 12 min of mixing. (Figure 3.23) This 

seemed to follow a similar linear trend as was observed with the Au@GNA conjugates 

detecting the Man groups on RNase B. (Figure 3.19) There was also no shift observed 

in the sample containing Au@WGA and BSA. Therefore, it could be deduced that the 

interactions between the Au@WGA and RNase B was due to the specific detection of 

the core GlcNAc groups of the surface N-glycan.  

 

Figure 3.23: Comparison of the shifts in λmax from the Au@WGA LSPR at 530 nm when mixed with 

RNase B for 12 min, indicating successful detection of N-acetyl glucosamine. A linear relationship is 

proposed with the equation of the line shown. BSA was used as a negative control, showing a lack in 

LSPR shift. 

The LSPR shifts observed when Au@WGA was mixed with RNase B showed that 

specific glycan detection was taking place. This showed that the use of lectins-

functionalised NPs could be used to detect not only terminal glycan components, but 

could also be used to specifically bind to inner core saccharides. Detection of such 

glycan residues shows that conjugated NP systems have the potential for glycan 

profiling in biopharmaceutical protein manufacturing processes.  
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3.2.4.2 Mannose Detection 

3.2.4.2.1 Functionalisation with Concanavalin A 

Although GNA had already been used in the detection of the high-Man glycan on 

RNase B, Con A was also investigated. Con A is very well characterised19 and is often 

using in lectin assays.29,70,119 In lectin microarrays, Con A has been shown to exhibit 

much greater sensitivity in Man detection over GNA.87,120 Therefore Au NPs were 

functionalised with Con A and used in the detection of Man on RNase B.  

Like WGA, functionalisation was attempted using CALNN and PEG. The 

functionalisation process was carried out in the same manner as GNA where the 

ligand was synthesised with the lectin in excess (8 µM for PEG, 6 µM for CALNN) of 

linker, EDC, and sNHS, and also at a concentration equal to that of sNHS. (4 µM for 

PEG, 3 µM for CALNN) However, this resulted in NP aggregation. (Figure 3.24) The 

samples changed from red to blue/purple. Extinction measurements showed the 

dampening and broadening of the LSPR peaks, confirming the instability of the NPs. 

 

Figure 3.24: Attempted gold nanoparticle functionalisation with Con A using PEG and CALNN as linkers. 
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Following the success of the WGA conjugation, PEG was used as the linker instead of 

CALNN, but the functionalisation procedure was altered to contain lower 

concentrations of Con A. Although the concentration of Con A was now lower than 

that of the sNHS and in some cases lower than the PEG concentration, it was assumed 

that in the presence of water the sNHS ester would hydrolyse to re-form the 

carboxylic acid terminus of the PEG linker. When attached to the particle, this would 

provide protection of the NP surface from the surrounding medium, whilst tethering 

Con A with less steric hinderance.  

The samples appeared much more stable following the conjugation procedure, 

retaining their red colour. Extinction spectroscopy was used to confirm the NP 

stability and successful tethering of the Con A to the NP surface. (Figure 3.25) This 

showed that samples containing 1 µM, 2 µM, and 3 µM Con A began to lose their 

stability, shown by the decrease in LSPR intensity, and the broadening of the peak. 

Therefore, these samples were discarded.  

 

Figure 3.25: Extinction measurements of gold nanoparticles functionalised with PEG-Con A linkers at 

lower concentrations. 
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Samples containing 0.25 µM, 0.5 µM, and 0.75 µM Con A, however, exhibited intense 

LSPR peaks with minimal broadening. The LSPR peak position also red-shifted due to 

a change in the NP surface composition, indicating that binding was successful. All of 

these samples were then used in the detection of the high-Man glycan on RNase B.  

 

3.2.4.2.2 LSPR Detection of Mannose 

The Au@Con A NPs were then used in the LSPR assay for glycan detection using the 

same procedure are before. The conjugates were mixed with varying concentrations 

of RNase B and the extinction was measured every 12 min over a period of 1 h. (Figure 

3.26) 

 

Figure 3.26: Shift in the LSPR peak positions for each of the Au@Con A conjugates at varying 

concentrations of RNase B. BSA was used as a negative control. (A) 0.25 µM Con A; (B) 0.50 µM Con A; 

(C) 0.75 µM Con A. 
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Firstly, these results showed that a positive result was obtained. The Au@Con A NPs 

were each able to selectively detect the high-Man glycan on RNase B as shown by the 

significant LSPR peak shifts upon mixing with the glycoprotein. In contrast, no 

significant changes were observed when BSA was used as the negative control. This 

once again shows that the lectin binding is specific to the presence of Man in the 

RNase B glycan.  

There were, however, discrepancies in the samples containing 81 nM and 163 nM 

RNase B. These did not follow the same trend as the other samples in terms of degree 

of LSPR shift compared to glycoprotein concentration. Often the shifts associated 

with these samples were much greater than expected, indicating that the binding of 

the Au@Con A conjugates was taking place much more rapidly than the samples 

containing higher RNase B concentrations. Whilst the specific reason for this is 

unknown, it could be down to the lower concentrations of Con A on the NP surface 

being less hindered in its binding to the glycan. Therefore at lower glycoprotein 

concentrations there is less competition for binding, resulting in faster uptake by the 

lectin. At higher glycoprotein concentration, there could be increased competition 

for binding to the lectin, resulting in more hindered binding. The shift in LSPR peak 

would then appear at a slower rate. However, the lack of a trend in the LSPR peak 

shifts at these concentrations makes defining a cause difficult.  

Overall, the binding of NPs conjugated to Con A through a PEG linker were shown to 

be specific for the Man residues in the RNase B glycan, as shown by the significant 

shifts in the positive controls, and the maintained LSPR peak position in the negative 

controls. The lectin concentrations used here was much lower than the 

concentrations used with GNA, yet the LSPR shifts were much more pronounced with 

Con A. this could be a result of the greater spacing between the lectin units on the 

NP surface, but could equally be a result of the more favourable binding of Con A to 

Man over GNA as shown in previous published material.87,120 The successful binding 

of Con A to Man on RNase B gave further diversity to the build-up of a viable and 

simple solution assay for glycan detection. Again, due to the single RNase B glycan, 

SERRS detection in solution was not possible. 
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3.2.4.3 Fucose and Sialic Acid Detection 

3.2.4.3.1 Functionalisation with Ulex Europaeus I, Maackia Amurensis II, 

and Sambucus Nigra Lectins 

High-Man glycans are the most common of the N-glycans found in glycoproteins. 

However, complex and hybrid glycans exist which contain particularly important 

carbohydrates contributing to biopharmaceutical protein function. Therefore, it was 

important to diversify the Au NP conjugates further to allow for full glycan 

characterisation. In addition, the presence of other forms of glycosylation such as the 

more complex O-glycans, would require a broader repertoire of functional NPs for a 

fully working assay.  

As mentioned previously, Fuc and SA were of particular interest, so two glycoproteins 

were chosen which contained these chosen carbohydrates. The first is α-acid 

glycoprotein (α-AG) which contains five surface glycans in three possible 

conformations: bi-, tri-, and tetra-antennary.121 (Figure 3.27 (Top)) This was chosen 

due to its terminal SA residues, and was used with MAL and SNA. The second is 

horseradish peroxidase (HRP) which contains eight or nine identical hybrid glycans.81 

(Figure 3.27 (Bottom)) This short glycan contains a Fuc moiety attached to a core 

GlcNA. It had already been shown that Au@WGA could detect core GlcNAc residues, 

so this glycoprotein was used to assess the specific detection capabilities of UEA 

conjugated NPs.  
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Figure 3.27: Glycan structures present on the two glycoproteins chosen for this study. (Top) The bi-, tri- 

and tetra-antennary sialic acid-containing glycans of α-acid glycoprotein; (Bottom) The fucose-

containing glycan present on the surface of horseradish peroxidase. 

MAL and SNA are large proteins, with molecular masses of 130 and 140 kDa, 

respectively. These are comparable to the size of Con A which has a mass of 104 kDa. 

Con A made the NPs unstable at concentrations above 1 µM, as shown previously. 

Therefore, these two SA-binding lectins were attached to Au NPs at low 

concentrations: 0.50, 0.75, and 1.00 µM.  

The Fuc-binding lectin, UEA, has a molecular mass of 63 kDa. Since this was much 

smaller than the SA-binding lectins it was treated like WGA (36 kDa) and was attached 

to the NPs at concentrations of 1, 2, 3, and 4 µM. Following the conjugation 

procedure, the extinction spectra of the NP solutions were measured to assess any 

shifts in the LSPR peak position (Figure 3.28) which are detailed in Table 3.2. 
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Figure 3.28: Extinciton spectra of Au NPs following conjugation to sialic acid and fucose-binding lectins: 

(A) MAL; (B) SNA; (C) UEA. 

 

Table 3.2: Shifts in the LSPR peak position following lectin conjugation from the original LSPR position 

of the citrate-capped gold nanoparticles at 529.5 nm. 

[MAL] / µM Δλmax / nm [SNA] / µM Δλmax / nm [UEA] / µM Δλmax / nm 

0.50 2.0 0.50 1.0 1.00 1.0 

0.75 2.0 0.75 1.5 2.00 1.5 

1.00 1.0 1.00 1.0 3.00 1.5 

    4.00 1.0 

 

 

 

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis

e
d
 E

x
ti
n
c
ti
o
n
 (

a
.u

.)

Wavelength (nm)

 Au NPs

 Au@MAL 1 µM

 Au@MAL 0.75 µM

 Au@MAL 0.50 µM

A

N
o
rm

a
lis

e
d
 E

x
ti
n
c
ti
o
n
 (

a
.u

.)

Wavelength (nm)

 Au NPs

 Au@SNA 1 µM

 Au@SNA 0.75 µM

 Au@SNA 0.50 µM

B

N
o
rm

a
lis

e
d
 E

x
ti
n
c
ti
o
n
 (

a
.u

.)

Wavelength (nm)

 Au NPs

 Au@UEA 4 µM

 Au@UEA 3 µM

 Au@UEA 2 µM

 Au@UEA 1 µM

C



74 
 

In comparison to previous Au NP conjugation procedures, the shifts observed with 

these lectins were small. This could be due to the use of low lectin concentrations, so 

the shifts are mainly observed from the attachment of CALNN molecules. To confirm 

that the lectins had been attached to the NPs, gel electrophoresis was used. (Figure 

3.29) This was used on the principle that NPs which were not sufficiently coated 

would aggregate, and that the more layers attached to the NPs, the slower they 

would travel through the gel matrix due to the increase in size. 

 

Figure 3.29: Gel electrophoresis of lectin-functionalised gold nanoparticles: (A) Citrate-capped gold 

nanoparticles; (B) Au@MGITC; (C) Au@CALNN; (D) Au@MAL, 1 µM; (E) Au@MAL, 0.75 µM; (F) 

Au@MAL, 0.50 µM; (G) Au@UEA, 4 µM; (H) Au@ UEA, 3 µM; (I) Au@UEA, 2 µM; (J) Au@UEA, 1 µM; 

(K) Au@SNA, 1 µM; (L) Au@SNA, 0.75 µM; (M) Au@SNA, 0.5 µM. 

The gel showed that the unfunctionalised Au NPs and those functionalised with 

MGITC aggregated in the well due to not having sufficient protection from the buffer 

salt. (Figure 3.29 (A + B)) The CALNN-coated NPs were shown to be fully coated and 
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travelled through the gel matrix. (Figure 3.29(C)) Once the lectins were attached the 

distance travelled was significantly reduced, indicating successful conjugation. 

(Figure 3.29(D-M)) Looking at the samples containing MAL (Figure 3.29(D – F)) the 

distance travelled by the conjugates slightly increases with decreasing lectin 

concentration. This shows that increasing the lectin concentrations produces slight 

increases in overall size of the conjugate, so it travels through the gel at a slower rate. 

A similar trend was observed with the SNA conjugates. (Figure 3.29(K – M)) Lower 

SNA concentrations resulted in faster movement through the gel. The greater mass 

of the lectin also resulted in a slightly slower rate of movement in comparison to the 

MAL conjugates. The results for the UEA conjugates were less consistent. (Figure 

3.29(G – J)) The samples containing 3 µM (H) and 1 µM (J) showed signs of instability, 

presented as the purple aggregates in the wells, as well as the continuous purple 

streak down the gel. The 2 µM sample (I) seemed stable, but travelled far down the 

gel, but less than that of the CALNN-coated NPs. This would suggest successful 

conjugation. The 4 µM UEA sample (G) also seemed stable and travelled a much 

shorter difference due to its greater size.  

The extinction spectroscopy measurements indicated that all samples had excellent 

stability in solution, and the gel electrophoresis results confirmed successful 

attachment of the lectins. The gel results also indicated that two of the UEA 

conjugates were not stable in the presence of the buffer salts so full coverage may 

not have been achieved. Using these results, the SNA and MAL conjugates were 

selected at 1.0 µM lectin concentration, and the UEA conjugates were selected with 

4 µM lectin. These were then carried forward for glycan detection by LSPR 

measurements.  

 

3.2.4.3.2 LSPR Detection of Fucose 

Au@UEA conjugates with 4 µM lectin were selected for Fuc detection within the HRP 

glycans. Fuc often appears in the core residues of an N-glycan, as is the case in HRP. 

Following the success of the detection of GlcNAc with WGA it was expected that the 

Au@UEA conjugates would be able to selectively bind to the core Fuc component. 
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The same procedure was followed as in previous experiments, whereby the Au@UEA 

conjugates were mixed with various concentrations of HRP and the extinction was 

measured over the course of 1 h. (Figure 3.30) 

 

Figure 3.30: Extinction spectra taken from samples of Au@UEA and various concentrations of HRP. BSA 

was used as a negative control. Spectra were taken immediately following mixing, and every 12 min 
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for 1 h. (A) 40 nM HRP; (B) 81 nM HRP; (C) 163 nM HRP; (D) 407 nM HRP; (E) 815 nM HRP; (F) 815 nM 

BSA. Spectra were normalised to one for clarity and ease of comparison. 

The presence of HRP in solution led to an observed absorption band from 

approximately 400 – 450 nm, which was not observed in the BSA sample. However, 

the shifts in LSPR peak positions were much less significant than in previous 

experiments. There were no overall shifts observed in the samples containing 40 nM 

and 81 nM HRP. (Figure 3.30(A + B)) The samples containing 163 nM and 407 nM HRP 

exhibited a small peak shift of 1.5 nm. (Figure 3.30(C + D) In the 815 nM HRP sample, 

there was a slightly more pronounced shift of 4 nm. (Figure 3.30(E)) This would 

suggest that some detection was taking place, but that this was not as sensitive as 

the detection of Man or GlcNAc. This could be due to increased steric hinderance 

since the Fuc moiety is attached to the core GlcNAc which in turn is attached to the 

protein polypeptide chain.  

UEA, like Con A and WGA, requires counter ions for activity. Here, the Au@UEA 

conjugates were resuspended in HEPES buffer (10 mM, pH 7.2) which contained 0.1 

mM Ca2+, Mn2+, and Zn2+ as recommended by the manufacturer. This was fixed for 

this experiment, but if this was altered it would perhaps affect the binding efficiency 

and improve the sensitivity of the assay.  

The sample containing Au@UEA and 815 nM BSA (Figure 3.30(F)) also exhibited a 

shift in the LSPR peak. This had not been observed in previous experiments, since BSA 

should not contain any glycans. However, following 1 h of mixing there was a shift of 

2.5 nm in the LSPR peak which would indicate that some interaction was taking place 

in solution, causing a change in the refractive index of the medium surrounding the 

NP. This shift was slightly less than that observed with the HRP sample, but still 

indicated that some nonspecific binding could be taking place.  

Whilst there were some observed changes in the LSPR peak position at higher HRP 

concentrations, it was not sensitive in comparison to previous experiments. It was 

also not very specific, since some changes were observed in the sample containing 

BSA, as well as the Fuc-containing HRP samples. Therefore, whilst some Fuc detection 
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may be taking place, it could not be said that this was a successful specific glycan 

detection event.  

 

3.2.4.3.3 LSPR Detection of Sialic Acid 

MAL and SNA were tethered to Au NPs at a concentration of 1 µM for the detection 

of SA. For this, α-AG was used as a positive control, since it possessed five 

glycosylation sites with bi-, tri-, and tetra-antennary SA-containing glycans. Au@MAL 

(Figure 3.31) and Au@SNA (Figure 3.32) were mixed with varying concentrations of 

α-AG and the extinction was measured to monitor the position of the LSPR peak.   
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Figure 3.31: Extinction spectra taken from samples of Au@MAL and various concentrations of α-AG. 

BSA was used as a negative control. Spectra were taken immediately following mixing, and every 12 

min for 1 h. (A) 40 nM α-AG; (B) 81 nM α-AG; (C) 163 nM α-AG; (D) 407 nM α-AG; (E) 815 nM α-AG; (F) 

815 nM BSA. Spectra were normalised to one for clarity and ease of comparison. 
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Figure 3.32: Extinction spectra taken from samples of Au@SNA and various concentrations of α-AG. 

BSA was used as a negative control. Spectra were taken immediately following mixing, and every 12 

min for 1 h. (A) 40 nM α-AG; (B) 81 nM α-AG; (C) 163 nM α-AG; (D) 407 nM α-AG; (E) 815 nM α-AG; (F) 

815 nM BSA. Spectra were normalised to one for clarity and ease of comparison. 
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In both sets of the experiments, there was no significant shift in the LSPR peak 

position. This means that there was no change in the refractive index of the medium 

surrounding the Au NP conjugates, indicating that no binding took place between the 

lectins and the SA on the α-AG surface. Unlike Con A, WGA, and UEA, the SA-specific 

lectins don’t require counter ions to facilitate their binding. Therefore, the reason for 

the lack of binding could be a number of reasons. In terms of attachment to the NP, 

the conjugations were shown to be successful through gel electrophoresis (Figure 

3.29) so it would be expected that the lectins would facilitate the binding of the NPs. 

However, the EDC-sNHS coupling method used may pose problems due to its lack of 

conjugation site selectivity. This method facilitates binding of the carboxylic acid of 

the linker to a primary amine on the lectin. Therefore, any free primary amine could 

be used in the attachment, which could potentially obscure the CRD of the lectin and 

prevent it from binding to the glycans on the α-AG surface. 

Both lectins have been used in fluorescent microarrays in literature.87,120 They have 

been demonstrated to have glycan sensing capabilities, albeit not as sensitive as 

some other lectins. It could be this lack of sensitivity which presents issues in this 

assay. There was no indication that any binding took place at all in these experiments.  

 

3.3 Concluding Remarks 

The preparation of stable, monodispersed Au NPs was successfully carried out using 

the Turkevich-Frens method. These were subsequently functionalised with a RRM, 

MGITC, and a Man-binding lectin, GNA, via a bi-functional linker molecule, CALNN. 

The conjugation principles were also shown to be transferable to include the use of 

an alternative linker, PEG, and a variety of lectins. This facile method of NP 

functionalisation could therefore lend itself well to the detection and 

characterisation of protein glycosylation.  

Initial experiments using RNase B as a glycoprotein highlighted flaws in the assay 

design. It was hoped that glycan detection in solution would induce controlled 

aggregation of the NP conjugates, resulting in a quantifiable increase in the intensity 
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of the SERRS spectrum. However, since RNase B only has one glycan site, this 

aggregation could not take place. However, whilst SERRS may not have been a good 

technique for solution detection of all glycoproteins, it was shown that detection 

could be observed in the extinction spectra of the NP conjugates. When the 

functional NPs were mixed with the glycoprotein, a shift was observed in the position 

of the LSPR peak, due to the change in the dielectric field surrounding the NP. This 

indicated that binding was taking place between the attached lectin and the RNase B 

high-Man glycan.  

Further investigation showed that this shift in the LSPR peak was proportional to the 

concentration of glycoprotein present, and in the case of Au@GNA and RNase B gave 

a linear response with a possible LOD of 29.2 nM, which corresponded to 29.2 pmol 

RNase B in solution. Commercially glycoprotein quantification assays have a limit of 

detection of 1.67 pmol in gel experiments. However, this is in reference to the 

quantification of the glycoprotein as a whole but is not selective for specific 

carbohydrate moieties in the glycan structure. These initial experiments, whilst not 

as sensitive as commercial assays, raised the potential for a selective assay which 

could quantify glycoproteins with specific carbohydrates present, whilst still 

maintaining sensitive LODs.  

Research was then carried out to diversify the range of carbohydrate detection 

capabilities. Firstly, WGA was used for the detection of GlcNAc. These moieties are 

found within the core sequence of N-glycans, so are directly next to the polypeptide 

chain of the glycoprotein. This therefore presented a challenge for the NP conjugates 

to overcome steric hindrance and bind to these inner residues. However, the NP 

conjugates were shown to selectively bind these core carbohydrates, producing 

pronounced shifts in the LSPR peak position. 

Con A was then investigated as an alternative for Man detection. This was due to the 

fact that it is widely used in the study of lectin-carbohydrate interactions and has 

been shown to be very sensitive in detection of Man-containing structures. Even 

though this lectin was used at very low concentrations on the NP surface, they were 

able to produce significant shifts in the LSPR peak position in the presence of RNase 
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B. Whilst this shows the potential for the creation of a highly sensitive glycan 

characterisation assay, the results were not consistent across the NP conjugates, 

specifically with large shifts observed with low concentrations of RNase B present. 

Whilst the accuracy of the assay depends on the consistency of results, it highlighted 

that the concentration of RNase B present could be pushed to lower levels, with 

detection still taking place. The fact that no binding was observed in the sample 

containing BSA showed that this detection was specific for the presence of Man.  

Finally, the detection of other carbohydrates of interest were tested. These were Fuc 

and SA, due to the influence they can have on the efficacy of biopharmaceutical 

proteins. For the detection of Fuc, UEA was selected. This was used to detect the core 

Fuc present in HRP glycans. Following the success of WGA in detecting core N-glycan 

components, it was hoped that UEA would have similar results with HRP. However, 

this was not observed in the results. Whilst small shifts in the LSPR peak position were 

observed at higher glycoprotein concentrations, these were not sensitive 

measurements. This could indicate that this lectin is not as sensitive as those 

previously used, which could lead to an assay with lower detection. Further issues 

included the presence of a small, but significant, shift in the LSPR peak in the BSA 

sample. Since this protein should contain no glycan this highlighted that there may 

be a lack of specificity of the lectin and some other binding interactions could be 

taking place.  

In the detection of SA, MAL and SNA were selected due to their specificities of 

different conformations of SA. However, neither was shown to be successful in the 

binding of the SA-containing glycans of α-AG. These lectins have been successfully 

used in microarrays described in literature, showing that they would be viable 

selections for this purpose. However, they were shown to be successful at lower 

sensitivities in comparison to other lectins, so it may be that the glycoprotein 

concentrations used here were too low to elicit a response.  

The solution LSPR assays shown here have the potential for incorporation in to 

industrial settings for glycan characterisation. With further research, this could be 

built up in to a library of Au NP conjugates with various lectins which, when mixed 
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with a glycoprotein sample, could show rapid and sensitive changes to the LSPR peak 

position, selectively indicating the presence of specific carbohydrate moieties. This 

could be used in microplate readers for high throughput testing, giving valuable 

information of glycan composition which could help identify issues in the 

biopharmaceutical purification process.  
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4. Paper-based Assays as a Platform for 

Glycosylation Detection 

4.1 Introduction 

There are a multitude of different methods of detecting either small molecules, or 

large biomolecules, including MS and ELISAs. These methods can be highly sensitive 

and specific, with incredibly reproducible results. However, they are often complex, 

requiring highly trained personnel and expensive instrumentation, and can be time 

consuming.46 Therefore, alternative analytical methods, such as paper-based assays 

have become attractive tools due to their speed and versatility, whilst remaining 

cheap. They are user-friendly, and highly portable, which, along with giving 

colorimetric results visible to the naked eye, have contributed to their growth as a 

diagnostic aid.122 They can be used as a platform for immunoassays,123 and in 

combination with nanomaterials to achieve a colorimetric response to various target 

analytes.123–125 Lateral flow assays (LFAs) have also been used with SERS detection 

which has added advantages. SERS LFAs can be used to visualise binding of NPs 

functionalised with a RRM at low concentrations which do not produce a colorimetric 

response,126 and have also shown the capability of multiplexed analysis.127 

In 1976, the first LFA for home use was developed to detect human gonadotropin122 

and the approach is now widely used as a point-of-care diagnostic tool. This highlights 

their ease of use in that they can be used without extensive training by anyone with 

reliable results. Since then, these assays have been adapted in to various 2D and 3D 

conformations,128 and their uses have grown to include a variety applications. In 

healthcare this has included the detection of biomarkers for pneumonia,126 hepatitis 

B,125 and nucleic acids specific for the herpes virus127 and HIV.129 Paper-based assays 

have also been used in environmental,130–132 food safety,130 and defence 

applications133 highlighting their versatility and adaptability. 

These paper-based devices are normally made using a nitrocellulose 

membrane.122,134 This provides a support platform for the reaction between the 
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target analyte and sensing materials to take place. Nitrocellulose is often chosen due 

to its polar nature, which allows it to interact with proteins and other biomolecules 

electrostatically.122 The nitrate ester of nitrocellulose contains a strong dipole which 

can bind to the polar peptide bonds of proteins. (Figure 4.1) This binding is aided 

further by hydrogen bonding and hydrophobic interactions.122 Biomolecular targets 

can then be simply placed on the membrane and allowed to bind to be used in sensing 

applications. 

 

Figure 4.1: Structures of nitrocellulose ester and peptide dipoles, which allow for electrostatic binding 

of target biomolecules to a membrane. 

Any remaining unbound active sites on the membrane can be blocked using an inert 

biomolecule such as BSA, or a polymer such as polyvinyl alcohol. (PVA)113,114,135 The 

sensing moieties can then flow along the membranes via capillary action and bind to 

the targets, often giving an easily identified colorimetric response.122 

Paper-based LFAs were investigated as they provided an attractive alternative to the 

solution assays. They are cheap and easy-to-use detection methods with a wide array 

of applications.122,134,136 LFAs have also been used in quantitative SERS assays using 

DNA hybridisation127 and immunoassay formats.123,125 Typically, commercial LFAs use 

functionalised Au NPs to detect a target to give a user-friendly colorimetric result, 

which has meant that it can be used in home-testing kits for rapid responses. 

Literature searches suggest that these simple diagnostic tests have not been 

investigated in the detection of glycosylation, which could be an attractive rapid 

analysis method in biopharmaceutical production, where maintaining glycosylation 

profiles are vastly important.  
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4.2 Results and Discussion 

4.2.1 Lateral Flow Assays 

4.2.1.1 Lateral Flow Assay Design 

The proposed design for the glycosylation detection LFA was simple, consisting of 

three regions. (Figure 4.2) The first region was a conjugate pad where functionalised 

Au NPs are introduced to the membrane. The second region was the nitrocellulose 

membrane. Here, the target glycoprotein was spotted and allowed to dry. This 

allowed the protein to bind to the membrane. The last region was the absorbent pad. 

Excess running buffer and Au NPs are wicked away from the nitrocellulose on to this 

pad. 

 

Figure 4.2: An example of a lateral flow assay device, and how it was designed for glycosylation 

detection. The conjugate pad is placed in to a solution containing functionalised nanoparticles which 

flow on to the nitrocellulose membrane and bind to the attached analyte. A pink spot is produced, from 

which a SERS response can be measured. The absorbent pad allows any excess buffer and unbound 

nanoparticles to be wicked away. 

Performing the LFA was also simple. Once the glycoprotein target was dried on to the 

surface, the strip was placed vertically with the conjugate pad in to a well containing 

functionalised Au NPs in running buffer. The NPs travelled along the nitrocellulose 

membrane by capillary action and over the target spot. The conjugates bound to the 
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glycans on the protein surface to produce a colorimetric response. It was 

hypothesised that this spot could be used in quantitative SERRS experiments, with 

higher glycoprotein concentrations producing more intense SERRS spectra. (Figure 

4.2)  

 

4.2.1.2 Running of Lateral Flow Assay Strips 

In order to run the LFAs, first the protein target was spotted on to the nitrocellulose 

and allowed to dry at RT for 15 min. The conjugate pad was then placed in to a well 

with the strip vertical in to running buffer containing Au@GNA conjugates. The 

conjugates were concentrated using centrifugation to 1.88 nM and suspended in 

running buffer which consisted of 10 mM phosphate buffer (PB), 1 % BSA, and 0.05 % 

Tween 20. The role of the BSA was to block unoccupied sites on the LFA strip, so that 

the Au@GNA conjugates would not bind non-specifically to the nitrocellulose.113 

Tween 20 is a detergent which helps to disrupt intermolecular interactions, 

preventing non-specific binding by only allowing interactions to take place if there is 

specific binding energy, such as when the GNA finds its target glycan.137 The Au@GNA 

conjugates would travel along the strip by capillary action and over the protein spot. 

This provided a colorimetric response to show whether or not binding was taking 

place.  

Three strips were used initially to test the specificity of the Au@GNA to the high-Man 

glycan on RNase B. (Figure 4.3) To the first LFA, 73.3 µM RNase A was spotted on to 

the nitrocellulose strip and placed in running buffer with Au@GNA. (Figure 4.3(A)) No 

colorimetric response was observed, indicating that no binding was taking place as 

should be expected in the absence of a glycan. The second LFA used RNase B as the 

analyte protein, but with Au@CALNN as the conjugate in the buffer, and no lectin 

present. (Figure 4.3(B)) This was used to ensure that if any binding to the glycoprotein 

took place that it was through the interaction between the GNA and the Man 

residues, and not through interactions with any unfunctionalised CALNN linkers. 

Finally, a LFA was run using Au@GNA with 73.3 µM RNase B as the target protein. 
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(Figure 4.3(C)) This provided colorimetric confirmation that binding was taking place 

between the Au@GNA conjugates and the high-Man glycan on RNase B.  

 

Figure 4.3: Lateral flow assays showing specific binding of Au@GNA to the high-mannose glycan on 

ribonuclease B. (A) Au@GNA with a spot of ribonuclease A; (B) Au@CALNN with a spot of ribonuclease 

B; (C) Au@GNA with a spot of ribonuclease B. 

This confirmed that the binding of Au@GNA to RNase B was a specific interaction 

between the CRD of GNA and the terminal Man residues of the glycan on the protein 

surface. Therefore, the next logical development was to evaluate the sensitivity of 

LFAs in this assay, to see how low the concentration could be detected using 

colorimetric methods.  

 

4.2.1.3 Analysis and Quantification of Lateral Flow Assays 

The initial proof-of-principle experiments indicated that glycan detection was 

possible using LFAs. To develop this further, the responses gained were analysed 

using both colorimetric analysis and SERRS measurements to verify if quantitative 

results could be obtained. 

Strips were prepared using the same method, with different concentrations of target 

protein. (Figure 4.4) RNase A was again used as a negative control at a concentration 

of 73.3 µM. (Figure 4.4(A)) Here a grey streak appeared following the point of contact 

with RNase A. Normally for positive results a pink spot would be expected, and for 

negative results no spot should be seen at all. However, this had given a response 
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which seemed to suggest that contact with the protein produced some instability in 

the Au@GNA conjugates causing them to aggregate as they travelled along the strip. 

RNase B was then used at concentrations of 73.3 µM, 7.33 µM and 0.73 µM as 

positive controls. (Figure 4.4(B-D)) Here it was clear to see by a difference in intensity 

of the spot with the naked eye, especially with change from 73.3 µM to 7.33 µM 

RNase B. However, no spot could be seen in the strip with 0.73 µM RNase B.  

 

Figure 4.4: Colorimetric responses of lateral flow assays for mannose detection with Au@GNA and 

different concentrations of target proteins. (A) 73.3 µM RNase A; (B) 73.3 µM RNase B; (C) 7.33 µM 

RNase B; (D) 0.73 µM RNase B. 

The strips were placed in to a flatbed scanner to be visualised. ImageJ software was 

then used to analyse the image and produce values for the red, green, and blue pixels 

used in each spot. (RGB values) Since white light is shown when all three channels 

are at their maximum value (255), the obtained results were normalised by 

subtracting the value given from the maximum value and presented in Table 4.1. Due 

to the red/pink colour of the Au NPs the green channel is shown to be most sensitive. 

This gives the possibility of quantifying colorimetric responses but cannot detect 

beyond visual signals. Using this method, there was still no signal from the 0.73 µM 

RNase B strip. However, there was a marked difference in the responses from the 

higher concentrations of RNase B, which were higher than the response gained from 

the RNase A strips. These observations showed that quantifiable responses were 

possible using LFAs for the detection of glycoproteins but may be hindered by their 

lack of sensitivity. 

A B C D 
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Table 4.1: Normalised responses of the red, green, and blue channels from image analysis using ImageJ 

of scanned strips. Results from strip D have been omitted due to undefined analyte spot. 

LFA [Protein] / µM Mean Red / a.u. Mean Green / a.u. Mean Blue / a.u. 

A 73.3 µM RNase A 41.3 48.3 33.1 

B 73.3 µM RNase B 92.0 184.2 140.1 

C 7.33 µM RNase B 38.2 73.3 48.6 

 

The lack of sensitivity in LFAs continues to be one of their greatest disadvantages, as 

well as being difficult to quantify responses further than just a positive or negative 

result. In many cases, they are used as mostly to gain qualitative information.122 

However, research has been carried out to overcome this using various methods, 

such as electrochemical responses,122,124,136 enzymatic processes,123 and SERS,126,127 

all of which increase the sensitivity. Wang et al127 used SERS to significantly increase 

the measurable response from LFAs using DNA hybridisation in the detection of dual 

targets. This yielded limits of detection of 43 fM for Kaposi’s sarcoma-associated 

herpes virus, and 74 fM for bacillary angiomatosis which could be detected 

simultaneously. In comparison to previously reported values using standard Au NP 

aggregation-based detection methods, the SERS-based LFAs were found to be 

approximately 10 000 times more sensitive. Blanco-Covián et al126 also used SERS in 

combination with their LFAs in the detection of pneumolysin. Their research 

compared the use of SERS with colorimetric evaluations of point-of-care LFAs. They 

found that the use of SERS lowered the limit of detection to 1 pg/mL, 1000 times 

lower than the colorimetric method. There is therefore a place for SERS in diagnostic 

LFAs in improving not only the sensitivity, but also allowing for the quantification of 

responses which go beyond the reach of colorimetric methods.  

The spots containing MGITC functionalised Au@GNA bound to RNase B were tested 

using SERRS to assess the viability of this method in future quantifiable assays. The 

areas where the analyte proteins were applied to the strips were mapped using a 

633 nm laser excitation, which was in resonance with the MGITC reporter,138 with 

100 µm steps. (Figure 4.5) Using WiRE software, a look-up table was applied which 
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generated a signal intensity heat map for the 1614 cm-1 peak which corresponds to 

the phenyl C-C stretching of the MGITC.139,140 The heat maps showed that there was 

no discernible signal from RNase A (Figure 4.5(A), but a very clear signal from RNase 

B (Figure 4.5(B)), again confirming that the functionalised NPs were selectively 

binding to the Man residues on RNase B.  

The nitrocellulose membrane surrounding the analyte spot was also mapped. This 

showed a slight signal from the MGITC phenyl C-C stretching at 1614 cm-1 although 

at a very low intensity. (Figure 4.5(C)) This indicated that there may have been some 

residual Au@GNA conjugates in the nitrocellulose surrounding the spot. However, on 

the spot there was a significant enhancement of the SERRS spectra over the off-spot 

response, showing that the Au@GNA conjugates were brought in to close proximity 

with one another by binding to the RNase B, creating “hot spots” of increased 

electron density. The signal heat map generated by the SERRS responses also shows 

the highest signal responses towards the centre of the spot, with the intensity 

dampening towards the outer limits as would be expected. On solid supports it is 

common to see a “coffee ring” effect which results in dense array of analyte 

molecules at the borders of an evaporating droplet, which can be used to an 

advantage in SERS detection.141 However, here this is not seen, which indicates that 

the glycoproteins have electrostatically bound to the nitrocellulose membrane to 

create a more uniform distribution of the target. This positive and uniform SERRS 

result for glycan detection gives rise to the possibility for quantification of 

carbohydrate residues, and thus detailed glycan characterisation. 
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Figure 4.5: Signal intensity maps of the analyte spots showing (A) the lack of binding of Au@GNA to 

ribonuclease A, and (B) the conclusive binding to ribonuclease B. (C) The SERRS signals from off-spot 

and on-spot from Au@GNA and ribonuclease B. (633 nm laser, 100 µm step size, single 6 s acquisitions, 

10 % laser power, 0.8 mW) 

 

4.2.1.4 Issues with Lateral Flow Assay Strips 

The LFAs confirmed that the Au@GNA conjugates were selectively binding to RNase 

B over RNase A. However, they also had some issues. Firstly, the LFAs lack sensitivity. 

Colorimetrically, they were not able to detect low concentrations of RNase B. (Figure 

4.4, Table 4.1) In standard LFAs, the analytes are normally presented as lines 

traversing the whole width of the strip. This essentially creates a barrier through 

which the NPs must travel. The NPs therefore always come in to contact with the 

1 mm 1 mm 
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analyte, allowing for binding to take place, and providing a sensitive assay format. 

With the equipment available, a spot was created on the strip. This, however, allowed 

the NPs in the running buffer to travel around the spot. The analyte proteins provided 

some resistance to the flow, and so the running buffer initially flowed around the 

spots before eventually running over the spot. This creates a significant loss in 

sensitivity, since the visible spot is only being created by the minority of NP 

conjugates. Looking at the absorbent pads in Figure 4.4, they have a clear pink colour, 

showing that many NPs are bypassing the analyte completely and travelling to the 

end of the strip. 

Secondly, the LFAs didn’t seem to be entirely reproducible. In Figure 4.4(B), a streak 

is visible on the nitrocellulose following successful detection of RNase B. This could 

be due to flow issues again. The flow was no longer unidirectional, and a line 

appeared on the strips beyond the spot where the two separate flow paths around 

the analyte spots meet. However, this was not consistent with Figure 4.3(C), where 

no streak was observed on the strip. The reason for this could be that the flow in both 

strip is not reproducible, so therefore detection could be variable.  

Further to this, comparing Figure 4.3(A) and Figure 4.4(A), the results gained from the 

RNase A strips were also not consistent. Whilst it was expected that no binding should 

take place, as was demonstrated in Figure 4.3(A), there was some visual interaction 

in Figure 4.4(A). It has already been discussed that the presence of RNase A did cause 

changes to the LSPR peak of Au@GNA, indicating it contained glycosylated impurities. 

This, combined with the flow issues with these LFAs, could be a cause for the 

inconsistencies with the colorimetric responses from the RNase A.  

However, LFA strips were useful in that they provided confirmatory evidence that the 

Au@GNA conjugates were able to specifically bind to the Man residues in the single 

glycan present on the surface of RNase B. Therefore, the assay could provide 

colorimetric responses, which when combined with RGB measurements could be 

used as a quantifiable tool. It was also shown that SERRS measurements were 

possible from the nitrocellulose surface to visualise the presence of NPs once 

detection had taken place. This indicated that SERRS could be another viable method 
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in quantifying responses from these assays, with literature showing that this could be 

used even when the detection was not visible to the naked eye.126,127 However, the 

disadvantages with the LFAs meant that they would not be viable for this application 

in this format. The lack of sensitivity and reproducibility due to the analyte application 

and resulting conjugate flow required changes to be made to improve the assay 

design and achieved results.  

 

4.2.2 Nitrocellulose Spot Tests 

The nitrocellulose LFA was able to provide a support to detect the glycan on RNase 

B, but the conjugate flow was creating the greatest issues with sensitivity and 

reproducibility. Therefore, an alternative format of paper-based assay was 

investigated.   

Whitesides et al142 were the first to describe the method of patterning hydrophobic 

barriers on paper to create channels for use in bioassays, and from there they moved 

to demonstrate the versatility of this technique by creating 3D paper-based 

patterned structures.143  

This has since been investigated further so that a variety of 3D microfluidic paper-

based analytical devices (µPADs) in many formats are available in different 

applications. The Mace group at Tufts University have developed a freely available 

software tool, AutoPAD, which can be used to design a variety of µPADs.144 They have 

created both 2D and 3D formats for different diagnostic applications. A sandwich 

immunoassay 3D µPAD was developed and used in the detection of human chorionic 

gonadotropin, and compared to conventional LFA pregnancy tests.145 They showed 

that their modular assay format could be easily adapted, and the microfluidic 

channels created were particularly useful for small sample volumes. (Figure 4.6) 
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Figure 4.6: 3D microfluidic paper-based analytical device designed for sandwich immunoassays. 

Adapted from Ref 145 with permission from The Royal Society of Chemistry. 

This assay format was used with functionalised Au NPs. The sample with the human 

chorionic gonadotropin target was added in buffer to the sample addition layer 

where it flowed vertically through the Au NPs in the conjugate storage layer. The NPs 

and target then flowed laterally through the incubation layer, where they were able 

to bind together before flowing in to the capture layer. Here, antibodies specific to 

the target were stored, and a colorimetric response was given as the target bound to 

the capture antibodies. The buffer and excess NPs would enter the wash layer and be 

removed in to the wick pad below. The modular nature of the 3D µPAD permits the 

removal of the top layers to expose the capture layer, allowing for a qualitative 

colorimetric response to be obtained, or a quantitative response through RGB value 

measurement.145 The versatility, portability, and potentially high throughput nature 

of these devices gives them great potential for use in a wide range of detection 

assays.  



97 
 

4.2.2.1 Fabrication and Negative Control Studies 

In the detection of glycoproteins, the direct binding of the lectin-functionalised NPs 

removes the need for a sandwich assay. Therefore, a simpler assay format can be 

used. The use of a wax printer to create channels gives the µPADs versatility in that 

various 2D and 3D formats can be designed. A 96-well plate format was used here 

(Figure 4.7) so that many sites could be printed quickly, allowing for higher 

throughput studies. The yellow ring around the white channel aided in visualising the 

Au NPs.  

 

Figure 4.7: 2D design used for the microfluidic paper-based analytical device in glycoprotein detection. 

The 96-well plate design was printed directly on to the nitrocellulose membrane and 

melted through the paper in an oven at 85 °C for 1 min to create the channels. The 

analyte samples were then applied directly on to the spots and dried in an oven at 

60 °C for 10 min. At this temperature the wax would not melt but the sample buffer 

would evaporate to leave the protein bound to the nitrocellulose surface. The 

nitrocellulose and a wick pad were sprayed with an adhesive and bound together 

using a laminator to remove air bubbles. The device was then ready to use.  

In the solution-based studies, it was noticed that RNase A appeared to bind to the 

Au@GNA conjugates which presented as a shift in the λmax in the UV-vis spectra. This 

was tested again in the initial studies of the new 2D µPADs. (Figure 4.8) The 
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concentrations of the analyte samples were varied with two different negative 

controls used. The first row used BSA as the negative control, and the second row 

used RNase A.  

 

Figure 4.8: Initial studies using the 2D microfluidic paper-based analytical devices with Au@GNA and 

RNase B. The top row used BSA as a negative control, and the bottom row used RNase A. The samples 

used are as follows: (1) 24.4 µM RNase B; (2) 2.44 µM RNase B; (3) 0.24 µM RNase B; (4) Blank; (5) 24.4 

µM negative control. 

These initial assays showed a general visual colour gradient with the change in 

concentration of RNase B, which could be detected more efficiently with the naked 

eye than the LFAs. The greatest difference, however, came with the binding of the 

Au@GNA conjugates to RNase A. As mentioned previously, this protein should not 

contain any glycans, so should not be detected by lectins.111 The strong signal 

observed in comparison to BSA suggests that there may be some RNase B present as 

a contaminant. BSA was then used as a negative control in all subsequent studies. 

These initial experiments with the 2D µPADs gave promising results with the highly 

visual response and the colour gradient which was observable to the naked eye.  

 

4.2.2.2 Buffer Tween Study 

As with the LFAs, Tween 20© was used to disrupt any non-specific interactions 

between the Au NP conjugates and the nitrocellulose. This then means that binding 

will only take place when there is a specific affinity between species, such as that 

between a lectin and a glycan. However, if too little is used then non-specific 
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interactions could take place, and conversely if too much is used, then even specific 

binding could be disrupted.137  

The assay was run using the same procedure with Au@GNA, and with BSA as a 

negative control. (Figure 4.9) The concentrations of glycoprotein was also varied over 

a greater scale (Table 4.2) to see how the Tween 20 affected binding at lower 

concentrations. Initially the concentrations of Tween 20 used were 0.01 %, 0.05 %, 

and 0.10 %, but the addition of 0.10 % Tween 20 to the concentrated Au@GNA 

conjugates caused the particles to aggregate. Therefore, only the 0.01 % and 0.05 % 

Tween 20 buffer conditions were tested.  

 

Figure 4.9: Comparison of Tween 20 concentrations in running buffer with Au@GNA conjugates. Top 

row contains 0.01 % Tween 20, bottom row contains 0.05 % Tween 20. 

Table 4.2: Samples and concentrations used in Tween 20 study with Au@GNA. 

Column Sample Concentration / nM 

1 RNase B 10 000 

2 RNase B 5 000 

3 RNase B 2 500 

4 RNase B 1 000 

5 RNase B 500 

6 RNase B 250 

7 RNase B 100 

8 RNase B 50 

9 RNase B 25 

10 RNase B 10 

11 Blank 0 

12 BSA 10 000 
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The assays were scanned using a flatbed scanner, and the RGB values were calculated 

using ImageJ software. This allowed for a value to be attached to the visual response 

of the Au NP conjugates. These values then showed that there was a correlation 

between the visual response received and the concentration of glycoprotein present. 

(Figure 4.10) 

 

Figure 4.10: Signals received from the green channels of the RGB values for the Tween 20 study: (A) 

0.01 % Tween 20; (B) 0.05 % Tween 20. 

In both data sets, the signal obtained from the test spots increased with greater 

concentrations of glycoprotein, due to the higher proportion of functionalised NPs 

binding to the Man residues on the single RNase B glycan. The signal seemed to 

plateau around 5 µM, after which there was a slight decrease in signal. At this point 

the concentration of glycoprotein may have been too high so that the NPs were 

aggregating in defined areas rather than over the whole spot. This can be observed 

by eye at the higher concentration spots. There is a marbling effect over the spot 

where the NPs aggregated. (Figure 4.9) This localised aggregation could affect the 

results from the RGB values since the colour is not spread over the space of the entire 

spot.  

The RGB values obtained also showed that the response from the negative control, 

BSA, was low. The response was also comparable to the values obtained from the 

blank sample, showing that the Au@GNA binding was specific to the presence of a 

glycan, and not an interaction with the nitrocellulose membrane. Comparing both 
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data sets, it seemed that the Au@GNA samples containing 0.05 % Tween 20 had a 

slightly steeper gradient in the signals obtained from 0 – 2 µM RNase B.  

SERRS measurements were also taken from the spots to determine whether this 

could also be used to quantify the concentration of RNase B present. (Figure 4.11) 

These were taken by splitting the spots in to 4 quadrants and taking 6 spectra per 

quadrant at 6 s per acquisition with a 633 nm laser excitation. These spectra were 

then pre-processed using WiRE software and averaged using Matlab. The intensity of 

the 1614 cm-1 peak from MGITC phenyl C-C stretching was used to track the response 

with respect to the sample concentration.   

 

Figure 4.11: SERRS responses taken from the 1614 cm-1 peak of MGITC averaged over the sample spots: 

(A) 0.01 % Tween 20; (B) 0.05 % Tween 20. Spectra were averaged from 24 acquisitions of 6 s duration, 

using a 0.8 mW 633 nm laser. 

A general gradient was again observed with the SERRS signal increasing with the 

increase of RNase B present. In these data sets, however, the signal achieves a 

maximum slightly earlier at around 2 µM RNase B. The signal then decreases sharply. 

Again, this is due to the localised aggregation of the Au@GNA NPs, meaning that the 

average SERRS spectra obtained over the whole spot is much lower. The aggregates 

would also cause the signals gained to be much less reproducible. 

It is important to note from this data the signals obtained from the negative controls. 

The BSA signal is much higher in the 0.01 % Tween 20 experiments, in comparison to 

the 0.05 % Tween 20 experiments. Therefore, the Au@GNA may be interacting non-

specifically with nitrocellulose membrane when less detergent is present to disrupt 
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these interactions. This wouldn’t necessarily be observed visually, but the presence 

of functionalised NPs in the membrane could be picked up by SERRS. This is also 

shown by the fact that there is a smaller gradient of signal increase at lower 

concentrations of RNase B. (Figure 4.12)  

 

Figure 4.12: SERRS signals from the MGITC 1614 cm-1 peak obtained from 0 - 1 µM RNase B sample 

spots, showing the greater gradient from conjugates containing 0.05 % Tween 20: (A) 0.01 % Tween 

20; (B) 0.05 % Tween 20. 

The signal obtained from the blank signal in the 0.01 % Tween 20 data set (Figure 

4.12(A)) was around double the intensity of the signal obtained in the 0.05 % Tween 

20 data set. (Figure 4.12(B)) This gives a clear indication that the Au@GNA conjugates 

are interacting electrostatically with the nitrocellulose membrane when a lower 

Tween 20 concentration is used. The signal gradient over this concentration range is 

consequently much lower, which would hinder the sensitivity of the assays. Due to 

this, 0.05 % Tween 20 was used in future assays to ensure that all interactions were 

specifically between lectins and glycans.  

 

4.2.2.3 Issues with Assay Fabrication Method 

The previous studies were encouraging. They had shown that in general that these 

2D µPADs had potential to be used in glycoprotein detection. They were not 

particularly useful, however, at higher glycoprotein concentrations due to localised 

aggregation of the nanoparticles which affected both the RGB and SERRS signals 
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obtained since both techniques take average results from over the entire spot. 

Therefore, the next experiments focussed on lower concentrations RNase B, below 1 

µM. (Table 4.3) The Au@GNA conjugates contained 0.05 % Tween 20 to ensure the 

interactions were specifically between the GNA and the high-Man glycan. At a glance, 

the assay seemed to give a good visual response, with a noticeable colour gradient 

corresponding to the change in RNase B concentration. (Figure 4.13) 

Table 4.3: Sample concentrations used in detection of RNase B with Au@GNA. 

Column Sample Concentration / nM 

1 RNase B 1000 

2 RNase B 750 

3 RNase B 500 

4 RNase B 250 

5 RNase B 100 

6 RNase B 50 

7 RNase B 25 

8 RNase B 10 

9 RNase B 5 

10 RNase B 2.5 

11 Blank 0 

12 BSA 1000 

 

 

Figure 4.13: Paper-based assay detecting Man on the surface of RNase B using Au@GNA carried out in 

triplicate. Rows C, D, and E are replicates of the same experiment. 
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The 2D µPAD was scanned and the RGB values were calculated, again using ImageJ. 

This gave a generally linear response with respect to the glycoprotein concentration. 

(Figure 4.14) The signal obtained from the BSA sample was also very low, comparable 

with the blank sample. This indicated that the assay was adept at selectively detecting 

the high-Man glycan on RNase B. 

 

Figure 4.14: Signals obtained from the green channel of the RGB values taken from the RNase B 

detection assay showing the linear correlation to the RNase B concentration. 

Although the visual response was strong, there was still significant localised 

aggregation, as shown by the marble-like appearance of the sample spots. This was 

not as prominent in previous experiments (compare with Figure 4.9) where localised-

aggregation was much less at RNase B concentrations within this experimental range. 

The RGB values showed an overall linear correlation between the green channel 

signal and the concentration of RNase B up to 750 nM. This showed that a 

concentration dependent detection assay using these devices was possible. Plotting 

a trend line in this linear range allows for a limit of detection to be calculated by taking 

3 × standard deviation of the blank response and dividing by the gradient of the linear 
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trend line. This gave a limit of detection of 197.2 nM, equating to 2.96 µg/mL. A proof 

of concept study for the detection of prostate specific antigen through the binding of 

SNA to the α2-6 SA residue on the surface glycan produced a LOD of 2 µg/mL using 

RGB values.146 The 2D µPAD developed was comparable to this detection limit.  

The response from the 1 µM RNase B sample had a lower signal than the 750 nM 

RNase B sample. This was a direct consequence of the greater degree of localised 

aggregation, which causes the overall average signal of the entire spot to be reduced. 

This was concerning since the assays were not consistent when conducted at 

different times. This meant that there was a factor which was not reproducible and 

was hindering the success of the assay. The fact that the same Au@GNA conjugates 

had been used indicated that perhaps there was an issue with the assay fabrication. 

SERRS was used also to analyse the sample spots, with the 1614 cm-1 MGITC peak 

used again to track the response. (Figure 4.15) As before, there was a general trend 

that the SERRS signal would increase with higher concentrations of glycoprotein, but 

this was not deemed reproducible.  
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Figure 4.15: SERRS responses taken from the 1614 cm-1 peak of MGITC averaged over the sample spots. 

3 replicates of 24 point spectra of 6 s duration were averaged, using a 0.8 mW 633 nm laser. 

Unlike previous assays, the signal from the BSA negative control was considerably 

higher than the lower concentration samples. It has been shown previously through 

solution and paper-based assays that the Au@GNA conjugates should not be binding 

to this sample. The addition of Tween 20 should also interfere with any electrostatic 

interactions with the nitrocellulose membrane. The higher signal obtained therefore 

points to another issue. Also, there is a noticeably large variability in the SERRS signals 

obtained between samples. This suggests that the assays are not reproducible over 

different sample runs. A general trend is observed in that the SERRS signal increases 

with RNase B concentration, but there is a great degree of variability. The same 

conjugates were used, so this strengthened the case that an issue with the fabrication 

process was increasing the variability and thus decreasing the effectiveness of the 

assay.  
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In the assembly of the 2D µPAD, the nitrocellulose membrane and the wick pad were 

both sprayed with an adhesive before being passed through a laminator to ensure 

that both layers were in complete contact. This ensures that the running buffer will 

continuously travel through the membrane. Work by Lewis et al147showed that using 

a spray adhesive did not affect the flow behaviour of these devices, and could actually 

increase their reproducibility. This is understandable, since the nitrocellulose is then 

in direct contact with the wick pad and reduces the chance of air bubbles between 

the layers. However, their research used dye solutions to illustrate the flow through 

the nitrocellulose. The use of colloidal nanoparticles could therefore interact 

differently with the adhesive. It was hypothesised that this could be the source of the 

reproducibility issues with these assays and would also explain the localised 

aggregation of the nanoparticles which could be clearly observed in all previous 

experiments.  

Many µPAD designs use adhesive tape between layers which leave the channels free 

of interference.136,143,148–150 This design could provide a way of running the assay 

without compromising the stability of the nanoparticles.  

 

4.2.2.4 Effects of Changes to Fabrication and Analysis Parameters 

4.2.2.4.1 Using Adhesive Sheets  

Adhesive sheets were prepared using a Graphtec CE6000-40 Plus cutting plotter. This 

allowed for a design corresponding to the spots printed on the nitrocellulose to be 

made creating clear channels from the nitrocellulose membrane to the wick pad. 

After the adhesive sheet was applied it was put through a laminator to remove any 

air bubbles. Then following drying of the samples, it was attached to the wick pad 

and placed in the laminator again to ensure complete adhesion of the two layers. 

The assay was attempted using the adhesive sheets. (Figure 4.16) Here two lectins 

were compared initially, GNA and Con A. Since both lectins detect Man, RNase B was 

still used as the positive control at various concentrations. (Table 4.4)  
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Figure 4.16: Assays for the detection of Man on RNase B using two conjugates. Top row used Au@GNA. 

Bottom row used Au@Con A. 

 

Table 4.4: Sample concentrations used in Man detection assays with Au@GNA and Au@Con A. 

Column Sample Concentration / nM 

1 RNase B 500 

2 RNase B 250 

3 RNase B 100 

4 RNase B 50 

5 RNase B 25 

6 Blank 0 

7 BSA 500 

 

When an adhesive sheet was used, the nitrocellulose membrane was not held directly 

in contact with the wick pad as it was with the adhesive spray. The NP conjugates 

therefore had a longer residence time on the nitrocellulose surface. As such, they had 

a grey appearance due to the drying of the nitrocellulose once they had finished 

flowing through. In comparison to earlier assays, the colour was more consistent 

across the spot, and there was no localised aggregation. The assays were scanned as 

before and RGB values were obtained. (Figure 4.17) 
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Figure 4.17: Signals obtained from the green channel of the RGB values from the assays detecting Man 

on RNase B with (A) Au@GNA and (B) Au@Con A. 

In both cases a general increase in signal with the increase of RNase B concentration 

was observed as would be expected. The BSA negative control also gave the lowest 

signals, showing that the interactions were specific to the presence of the high-Man 

glycan on RNase B.  

Comparing the two different lectins, there was a difference in the shapes of the two 

plots. When Au@GNA was used (Figure 4.17(A)) there was a relatively steady 

increase in the signal with the increase in RNase B concentration. However, when 

Au@Con A was used (Figure 4.17(B)) the increase in signal follows a much steeper 

gradient, and seemingly reaches a plateau. This suggests that Con A binds to Man 

more readily that GNA. This is supported by earlier findings (Section 3.2.4.2.2) in 

which Au@Con A had greater shifts in its λmax in solution assays when detecting the 

high-Man glycan of RNase B.  

The use of the adhesive sheets instead of the adhesive spray seemed to be more 

effective in creating a more consistent signal over the entire spot, rather than 

allowing localised aggregation to take place. It was hoped that this would also make 

quantification using SERRS simpler also.  

 

0 100 200 300 400 500

30

40

50

60

70

80

90

0 100 200 300 400 500

10

20

30

40

50

60

70

80
 RNase B

 BSA

N
o
rm

a
lis

e
d

 S
ig

n
a
l 
(a

.u
.)

[Protein] (nM)

A

 RNase B

 BSA

N
o
rm

a
lis

e
d

 S
ig

n
a
l 
(a

.u
.)

[Protein] (nM)

B



110 
 

4.2.2.4.2 A Change of Objective 

SERRS measurements were taken of the sample spots with Au@GNA. This was carried 

out as all previous measurements. A montage of the spot was created with a 5 × 

objective, after which the spot was split in to 4 quadrants, and 6 point spectra were 

taken from each quadrant for a total of 6 s each, again using the 5 × objective. The 

spectra were then averaged and the 1614 cm-1 MGITC peak was used to correlate 

with the RNase B concentration.  

The localised aggregation of the NP conjugates in previous experiments where an 

adhesive spray had been used in the fabrication process was thought to be the reason 

for the lack of reproducibility in the SERRS responses. Therefore, it was hoped that 

the use of adhesive sheets would eliminate the problem. Initially, the 500 nM RNase 

B spot, the blank spot, and the 500 nM BSA negative control spot were tested first. 

(Figure 4.18) 

 

Figure 4.18: SERRS responses from the 500 nM RNase B positive control spot (black line), the blank spot 

(red line), and the 500 nM BSA negative control spot (blue line), averaged from 24 spectra of 6 s 

duration, using a 0.8 mW 633 nm laser and a 5 × objective. 
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These results showed that the blank signal was higher, which would suggest that 

more NPs were binding to this spot, allowing for plasmonic coupling and increasing 

the scattering efficiency of the MGITC tethered to the NP surface. This was not 

expected, and upon visual inspection of the assay (Figure 4.16) it was clear to see 

without instrumentation that more NPs were bound to the surface of the 500 nM 

RNase B sample spot, and the RGB analysis confirmed that there was a much greater 

response from the positive control samples. (Figure 4.17) Therefore, this highlighted 

that there was a further problem with the SERRS analysis of the 2D µPAD. 

The instrumentation was looked at to see what could be causing the issues. As 

mentioned previously, a 5 × objective was used to create a montage of the spot, so 

that the entire area could be visualised and points for interrogation could be selected. 

The same 5 × objective was then used to collect the SERRS spectra. The reason for 

this was that this was the procedure used for the previous LFAs. However, two 

significant differences were not taken in to consideration, Firstly, the nitrocellulose 

membranes in the LFAs were thicker than in the 2D µPADs. Secondly, and arguably 

more importantly, the direction of flow is different in the two assay formats. In LFAs 

the flow takes the Au NP conjugates laterally across the target and the excess is 

wicked to the absorbent pad at the side. In the 2D µPADs the Au NP conjugates flow 

vertically through the target spots and the excess NPs are collected in the wick pad 

bellow. Therefore, the objective used could have a large effect on the results 

obtained.  

The 5 × objective has a numerical aperture of 0.12, whereas the 50 × objective has a 

numerical aperture of 0.75. This means that the 50 × objective has a much wider 

collection angle, and a shorter working distance. Consequently, the longitudinal 

focussing spot size is shorter with this objective.151 Therefore, the long focussing spot 

of the 5 × objective means it could potentially be picking up the Au NP conjugates in 

the wick pad as well as the nitrocellulose membrane on the surface. In the LFAs this 

would not be as much of a problem due to the increased thickness of the membrane, 

and the fact the excess NPs flow away from the target spot. This could explain the 

lack of reproducibility between sample runs when using the 5 × objective. The 50 × 
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objective was then used to assess if the shorter longitudinal focussing spot size would 

allow for more precise and accurate SERRS signal collection from the NPs in the 

nitrocellulose membrane surface and avoiding interference from NPs in the 

absorbent pad below.   

 

Figure 4.19: SERRS responses using the 50 × objective from the 500 nM RNase B positive control spot 

(black line), the blank spot (red line), and the 500 nM BSA negative control spot (blue line), averaged 

from 24 spectra of 6 s duration, using a 0.8 mW 633 nm laser. 

Changing to the 50 × objective had a significant effect on the results of the SERRS 

analysis. The blank and negative control signals were low in comparison to the 

500 nM RNase B positive control. The SERRS signals were now being collected 

primarily from the nitrocellulose membrane on the surface, thus increasing the 

accuracy of the assay. The fact that signals were observed in the blank and negative 

control samples suggested that some signal may still be observed from the unbound 

NPs in the lower wick pad layer. These could also be an indication that further wash 

steps are required, as the NPs may be weakly bound to the nitrocellulose membrane, 

but this could result in loss of signals by also removing the NPs bound to the 
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glycoproteins. Following the change of objective, SERRS measurements were carried 

out on the rest of the assay spots. (Figure 4.20) 

 

Figure 4.20: (A) SERRS spectra observed using the 50 × objective from the sample spots on the 2D µPAD. 

(B) The signal intensities from the 1614 cm-1 MGITC peak., averaged from 24 spectra of 6 s duration, 

using a 0.8 mW 633 nm laser. 

Using the 50 × objective not only improved the accuracy of the SERRS measurements, 

but also hugely increased the difference in signal between concentration points, 

which would increase the overall sensitivity of the assay. The negative control had 

the lowest signal, and there was a large increase in SERRS signal intensity with 

increasing concentration up to 250 nM RNase B. The 25 nM signal was lower than the 
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blank sample. This could be down to experimental error, or potentially could be 

below the LOD of the assay. The lower signal of the 500 nM RNase B sample could be 

due to the target concentration being too high, and potentially causing some 

localised aggregation of the NPs.  

 

4.3 Concluding Remarks 

The fact that RNase B only had one glycosylation site highlighted an issue with the 

development of a SERRS solution assay. As previously discussed, the functionalised 

NPs would not aggregate and come in close enough proximity to induce an increase 

in the SERRS spectrum upon detection of a glycan. Therefore paper-based assays 

were investigated to provide a support for the target glycoproteins, upon which 

assemblies of functionalised NPs could be formed allowing for a SERRS signal to be 

measured.  

Initially LFAs were investigated due to their ease-of-use and versatility in both their 

applications and their analysis methods. This assay format showed promising results 

as colorimetric responses were easily obtained, indicating detection of RNase B was 

possible. It also showed that the functionalised NPs could discriminate between a 

glycoprotein and the unglycosylated BSA.  

The LFAs were analysed using two different methods: RGB values, and SERRS 

measurements. The RGB measurements were carried out by scanning the LFA strips 

using a conventional flatbed scanner, and using ImageJ to analyse the sample spots. 

This simple method was able to show differences between two different RNase B 

concentrations. SERRS measurements were also used to show the potential use of 

this technique for quantitative analysis of glycoprotein concentration. A heat map 

was generated, based on the intensity of the 1614 cm-1 MGITC phenyl C-C stretching 

peak, around the sample spot. This was able to show that the SERRS-active Au@GNA 

NPs could be detected specifically at the glycoprotein sample site, and could 

discriminate between a positive and negative sample.  



115 
 

The LFA strips, however, had some limitations. They lacked sensitivity due to the spot 

target on the nitrocellulose surface. This did not create a barrier which the NPs had 

to cross as they flowed towards the absorbent pad. The NPs travelled around the spot 

and did not efficiently bind to the target glycan. This loss of sensitivity meant that 

these assays could not detect a sample of 0.73 µM RNase B. A line of analyte could 

not be applied to the membrane since the correct instrumentation was not 

accessible. This limitation meant that an alternative paper-based format was 

investigated. 

To overcome the lack of sensitivity due to the flow issues of LFAs, a 96-well plate 

design was used, in which the flow was vertical rather than lateral. These designs 

were printed on to a nitrocellulose membrane using a wax printer, and then the wax 

was melted through in an oven to create channels with hydrophobic barriers through 

the membrane. The target samples were spotted and dried in to these channels to 

bind them electrostatically to the nitrocellulose membrane. The prepared assay could 

then be attached to a wick pad to allow the vertical flow to take place. The target NPs 

were then spotted on top and allowed to flow directly through the target 

glycoproteins. This ensured that the NPs were unable to flow around the target, so 

that maximum binding could take place upon detection of a glycan.  

This assay approach was effective as it promoted glycan detection, but had some 

limitations in their fabrication. Initially, an adhesive spray was used to bind the 

nitrocellulose membrane to the wick pad. The NPs flowed quickly through the 

membrane and give colorimetric responses, which through RGB measurements were 

shown to correlate well to the concentration of the glycoprotein present. These 

measurements, however, were not particularly sensitive, and an LOD of 197.2 nM 

was achieved. The SERRS measurements also varied greatly between samples, so was 

not very reproducible. This was due to the samples producing localised sites of 

aggregation on their surface. Since both analysis methods required average 

observations over the whole sample spot, these sites of aggregated NPs affected the 

results. This was determined to be due to the adhesive spray used to bind the 
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nitrocellulose membrane to the wick pad. The nature of spraying the adhesive on to 

the two layers created instability in the NPs, meaning that they lacked reproducibility. 

Adhesive sheets were investigated to ensure that the channels were kept clear. This 

helped avoid localised aggregation, and increased residence time of the NPs on the 

membrane, ensuring that glycan detection could take place. An assay was performed 

and a colorimetric response was observed. The RGB values showed an overall linear 

trend between the concentration of RNase B and the signal from the green channel. 

However, when SERRS measurements were collected the data highlighted that there 

was an issue with the signal collection. The difference in the assay format from the 

LFAs indicated that the SERRS microscope objectives had to be taken in to 

consideration. The 5 × objective had a longer longitudinal focussing spot size, which 

meant that unbound Au@GNA NPs from the wick pad below were being included in 

the measurements. Changing to a 50 × objective not only eliminated this problem, 

but also increased the sensitivity of the response received, with a much greater 

difference in signals between concentrations tested observed.  

There is still much work to be carried out with these 2D µPADs. They have shown that 

they can be used for detection of glycoproteins using a simple RGB measurement, 

but could also be used along with SERRS to increase sensitivity. The format of these 

assays lends themselves well to different applications, and also are simple to produce 

and assemble so could be used in different environments.  

In order to improve these assays, further research could include the use of temporary 

adhesive sheets which would allow the nitrocellulose membrane to be peeled back 

from the wick pad for analysis,150 to ensure more accurate analysis of the NPs bound 

to the surface. Also, the Raman reporter molecule could be investigated to improve 

the assays sensitivity. This could be increasing the concentration of MGITC on the NP 

surface, or by investigating other resonant dyes such as Alexa Fluor 633® or cyanine 

5.152 

Whilst the 2D µPADs require extensive optimisation, this research has shown that 

these devices have the potential for use in glycosylation detection. They can be 

simply and cheaply printed and assembled, and can produce rapid results that are 
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both colorimetric and qualitative by simple RGB measurements. Such a simple test 

could be attractive for rapid glycan characterisation during biopharmaceutical 

manufacture, easily performed by any employee with little training requirements. 

The design of the assay in a 96-well plate-style format gives the possibility for high-

throughput analysis where different NP conjugates could be used in the detection of 

various glycan structures, building a picture of the glycan composition. These assays 

are also versatile in that they can be coupled with SERRS to produce sensitive 

measurements at low analyte concentrations. Further advancements in the 2D µPAD 

technology and broadening of the assay scope to include other lectins could provide 

a highly useful and adaptable glycan assessment tool for biopharmaceutical 

production.  
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5. Towards an Enzyme-mediated Nanoparticle 

Growth Platform for Glycosylation Detection 

5.1 Introduction 

Radioactive immunoassays (RIAs) were first reported in the 1960s by Rosalyn 

Yalow,153 and in the following decade new analyte detection methods using this 

technique were published rapidly. This resulted in a Nobel Prize for Medicine being 

awarded to Yalow in 1977 for “the development of the RIA for peptide hormones.”154 

However, there was a need to overcome the use of radioactive materials due to the 

health implications with handling such materials. This inspired the progression of 

immunoassay techniques, so that new formats utilising enzymes instead of 

radioactive labels were developed and introduced in to clinical use in the 1970s and 

1980s.154 At this point the number of articles on enzyme-based immunoassays 

surpassed that of RIAs and continued to grow. Nowadays, ELISAs have become 

heavily relied on in analytical and clinical investigations. 

ELISAs have four distinct advantages as a diagnostic technique.155 First of all, they are 

versatile. Many different ELISA formats are available for a variety of antigen targets 

including proteins, vitamins and drugs.156 Secondly, they are rapid and user-friendly, 

with countless ELISA kits available for purchase.155 Thirdly, they are highly sensitive 

due to the amplification of the analyte signal from the enzyme catalyst.155 As an 

example, commercial ELISAs for the detection of cardiac troponin I following 

myocardial infarctions have been shown to detect this biomarker at picogram per 

millilitre levels.157 Finally, they are easily quantifiable as they give colorimetric results 

which can be analysed by simple absorption measurements with a 

spectrophotometer.155 

Enzyme-based assays have also been applied to the detection and analysis of 

glycoproteins.135,158–160 These assays have been developed to try and provide 

sensitive glycan analysis methods which are cheaper, more user-friendly, and more 

freely accessible than conventional routes of glycan characterisation, such as MS.135 
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It was also shown in these studies that glycan cleavage was not required,135 which 

allowed for intact glycoprotein analysis using different lectins to determine the 

presence of diverse glycan structures.135,158–160 Thompson et al135 focussed on the 

optimisation of enzyme-linked lectin assays, and showed that the choice of blocking 

agent was important to maximise possible glycoprotein binding, and in turn, increase 

the sensitivity. Fotinopoulou et al160 highlighted the use of lectins in sensitive 

immunoglobulin G (IgG) glycan detection assays using both ELISAs and SPR 

measurements. They found that both assays had comparative results, with some 

lectins being more favourable for use in SPR, and others being more favourable in the 

ELISA. However, both methods were able to detect changes in the IgG glycan profile 

which arose from a difference in production method.160 They also compared their 

findings with monosaccharide content measurements of the IgG glycans using high-

pressure anion exchange chromatography and found that their results were 

agreeable with these results. Interestingly, these results indicated that the 

chromatographic method was not able to detect the changes in sialic acid content 

due to their low levels, but that the lectin assays were able to adequately sense these 

minute changes.160 This supports the idea that the glycan recognition properties of 

lectins can be harnessed for use in glycosylation screening procedures in 

biopharmaceutical production. 

Most ELISA formats utilise colorimetric detection methods, due to their simplicity. 

Often, 3,3’,5,5’-tetramethylbenzidine (TMB) is used in the presence of an enzyme, 

like HRP to generate a colorimetric response.155 HRP facilitates the oxidation of TMB 

by H2O2 which forms a blue charge transfer complex with an absorbance maximum 

at 650 nm. This can then be further oxidised in the presence of a strong inorganic acid 

to yield a yellow diamine product, terminating the reaction. This yellow diamine has 

an absorbance maximum at 450 nm.161 Absorbance values can be taken using a basic 

spectrophotometer and used to sensitively determine an analyte concentration. 

However, recently there has been some investigation into the use of plasmonic NPs 

to obtain a quantitative signal upon detection of a target analyte.162 The size, shape, 

surface interactions, dielectric environments of a NP as well as their interactions with 
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one another can have an effect on the oscillations of the LSPR, and in turn induce a 

spectral change in the extinction, and often present as a colorimetric change. 

Researchers have harnessed this to create sensitive plasmonic assays for various 

targets.162 

Au NPs are synthesised by reducing ionic Au to Au metal by means of a reducing 

agent. As mentioned previously, this can be carried out using sodium citrate with 

heat.91,92 Other synthesis methods make use of stronger reducing agents such as 

sodium borohydride for room temperature preparations in both organic163 and 

aqueous solvents.164 However, it has been shown that H2O2 can be used as a reducing 

agent to mediate the growth of Au NPs, with the growth rate being dependent on the 

concentration of reducing agent.162,165,166 De la Rica and Stevens165 showed that the 

presence of catalase decomposed H2O2 and inhibited the reduction of HAuCl4 to Au 

NPs, forming ill-defined aggregated particles. This presented a blue colorimetric 

response, which was then used in a sensitive plasmonic sandwich ELISA for the 

detection of prostate specific antigen (PSA), a biomarker for prostate cancer, and the 

HIV-1 capsid antigen p24. Liu et al166 used a different approach in the detection of 

PSA using an ELISA where they induced the production of H2O2 when PSA was 

present, which in turn promoted the growth of 5 nm Au NP seeds. A schematic of 

their ELISA is shown in Figure 5.1. They tethered their detection antibody (blue) to 

glucose oxidase, (GOx) which they then used to functionalise an NHS-activated 

magnetic bead. This maximised the enzyme concentration when PSA was present, 

which was then used to generate the production of H2O2 by the reduction of Glc to 

D-glucono-1,5-lactone which subsequently hydrolyses to gluconic acid.   
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Figure 5.1: ELISA format used by Liu et al166 in the detection of PSA where they utilised the H2O2-

mediated growth of gold nanoparticles. 

The extinction coefficient of 5 nm Au seeds is low (9.696 × 106 M-1 cm-1) which means 

that when diluted the colloid appears colourless.166 However, once the particles 

begin to grow as the H2O2 reduces the gold salt on to the particle surface, the 

extinction coefficient of the NPs increases. The solution begins to exhibit a red colour, 

and there is a marked increase in the LSPR peak intensity. Using this method, they 

were able to detect the presence of PSA down to aM concentrations, showing that a 

plasmonic assay based on NP growth could be highly sensitive to changes in the 

concentration of a biomolecular target. 

 

5.2 Proposed Assay Design for Glycosylation Detection 

In this project, a similar approach was proposed to that reported by Liu et al166 in that 

GOx would generate the production of H2O2 when a target glycoprotein was present. 

This in turn would promote the growth of Au NP seeds by converting Glc to gluconic 

acid and H2O2. This would be facilitated through binding of the GOx to a lectin by a 

biotin-streptavidin interaction. (Figure 5.2)  
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Figure 5.2: Proposed assay design whereby the presence of a glycoprotein would be detected by a 

biotinylated lectin which would be bound by a streptavidin-conjugated glucose oxidase. This in turn 

would mediate the growth of gold nanoparticle seeds.  

In the research by de la Rica and Stevens165 NP growth could be initiated just through 

the presence of HAuCl4 and H2O2 alone. However, whilst the differences in intensity 

on the LSPR peak in the UV-Vis spectra were clearly visible with increasing 

concentration of H2O2, the relative intensities were low. This indicated that the NP 

growth was slow, and consequently resulted in small increases in the extinction 

coefficient over a period of 15 min. When Liu et al166 used Au NP seeds, they provided 

an existing nucleation site upon which the Au3+ ions could be reduced to Au0. This 

resulted in a much faster growth over a period of 20 min, meaning the LSPR peak 

intensity was much more sensitive to the changes in H2O2 concentration. Therefore, 

Au NP seeds were also used in this assay design.  
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5.3 Nanoparticle Seed Growth 

5.3.1 Seed Size Selection 

The first step in creating a NP growth-mediated assay for glycan detection was 

determining optimal starting seed diameter. This would involve seeds that would be 

highly sensitive to the concentration of H2O2 present in solution and grow in relation 

to this. The change in extinction coefficient would present itself as an increase in the 

intensity of the extinction spectrum. This is due to the Beer-Lambert law. (Equation 

2) 

𝐴 =  𝜀𝑙𝑐     Equation 2 

Whereby the absorbance (A) is directly proportional to the extinction coefficient, (ε) 

path length, (l) and concentration. (c) Since the path length is set at 1 cm by the 

spectrometer used, and the concentration of the Au NP seeds are kept constant, any 

changes in the extinction spectrum is due to a change in the extinction coefficient, 

which increases as the NPs grow in diameter.   

Two seeded growth methods were used. Nanoparticle seeds 5 nm in diameter were 

synthesised using a method described by Ieong et al164 and a method set out by 

Ghosh et al167 was used in the controlled synthesis of 10 nm and 15 nm seeds.  The 

seeds were diluted so that the extinction was between 0.05 and 0.10. (Figure 5.3) 

This would ensure that any changes in the spectrum with the growth of the 

nanoparticles were clearly observed. The corresponding concentrations of each 

diluted NP seed sample are shown in Table 5.1. 
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Figure 5.3: Extinction spectra of 10 nm gold nanoparticle seeds undiluted (black) and diluted (red) so 

that extinction was between 0.05 and 0.10. 

 

Table 5.1: Diluted extinction maxima and nanoparticle concentrations for each seed size. 

Seed diameter / nm Extinction Concentration / nM 

5 0.065 6.67 

10 0.076 0.84 

15 0.065 0.13 

 

The nanoparticle seeds were then placed in a 96-well plate and mixed with 0.6 mM 

HAuCl4 and various concentrations of H2O2. The samples were allowed to mix for 20 

min and then were analysed with extinction spectroscopy. This resulted in a change 

in colour of the samples from colourless to red (Figure 5.4(A)) arising from the 

increased scattering efficiency of the larger NPs. As the NPs grew the increase in their 

extinction coefficient led to an increase in the intensity of the extinction spectra. 

(Figure 5.4(B)) This was a direct consequence of the increase in concentration of 
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H2O2, which increased the rate of reduction of HAuCl4 on to the surface of the Au NP 

seeds. 

This growth of the Au NPs in presence of H2O2 was tested using different seed sizes; 

5 nm, 10 nm, and 15 nm. This would allow for an initial seed size to be selected which 

was most sensitive to the concentration of reducing agent present in the final assay 

when H2O2 is produced by the presence of GOx. In turn, this would result in an assay 

with greater sensitivity to the presence of a glycoprotein.  

As previously, the NPs were exposed to the same reaction conditions, where they 

were mixed with various concentrations of H2O2 in the presence of 0.6 mM HAuCl4 

Figure 5.4: (A) Colorimetric response from 5 nm gold nanoparticles mixed with 0.6 mM HAuCl4 and 

varying concentrations of H2O2. (1) Blank, (2) 10 µM, (3) 20 µM, (4) 50 µM, (5) 100 µM, (6) 200 µM, (7) 

500 µM, (8) 1000 µM; (B) Extinction spectra of 10 nm Au NP solutions following growth in presence of 

H2O2. 
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for 20 min. The maximum extinction from each sample was then plotted against 

concentration of reducing agent. (Figure 5.5) 

 

Figure 5.5: Maximum extinctions after mixing increasing concentrations of H2O2 with (A) 5 nm, (B) 

10 nm, and (C) 15 nm gold nanoparticle seeds with 0.6 mM HAuCl4 for 20 minutes. 

In each experiment, the growth of the Au NP seeds produced an increase in the 

maximum extinction that was linear with respect to the concentration of reducing 

agent and was highly reproducible. This gave good indication that NP growth would 

be a sensitive probe for glycoprotein detection in the final assay format. The linear 

response observed allowed for a LOD to be determined for each Au NP seed size by 

taking the standard deviation of the blank sample and dividing it by the gradient of 

the linear response. For the 5nm, 10nm, and 15nm seeds, this yielded detection limits 

of 4.89 µM, 6.08 µM, and 8.71 µM H2O2, respectively. It was clear then that the 5 nm 
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seeds provided the most sensitive response to the changes in reducing agent 

concentration. This could be due to the smaller NPs having a lower extinction 

coefficient, so any changes in size lead to a greater response in the extinction 

spectrum. The smaller NPs also have a greater surface area upon which the HAuCl4 

can be reduced by the H2O2, which will also lead to enhanced NP growth and result 

in changes to the NP extinction.  

This linear response to the concentration of H2O2, however, was not expected. In the 

research carried out by Liu et al166 the linear range under these conditions was only 

viewed between 10 µM and 100 µM H2O2, after which a plateau was observed where 

maximum growth was reached within 20 min. However, here the linear growth range 

was observed between 10 µM and 1000 µM H2O2 and there was no decrease in the 

rate of increase in the extinction. The only difference between the two experiments 

is that these researchers used 8.3 nM Au NP seeds, whereas here 6.67 nM was used. 

It could be that the increased concentration of the Au NP seeds provided more sites 

for reduction of Au3+ and subsequently the terminal particle size was reached with 

lower concentrations of H2O2. These experiments show a clear role of the H2O2 in 

inducing NP growth. In a study by Wang et al,168 it was shown that the molar ratio of 

NP seeds to HAuCl4 was important for a seeded growth method using H2O2 reduction 

to give specific NP sizes. Therefore all components could have influence on the 

reaction rates. Here, however, the NP seed and HAuCl4 concentrations have been 

kept constant to assess the effect of H2O2 on NP growth as this is the variable in the 

final assay format.  

 

5.3.2 Nanoparticle Growth Kinetics Experiments 

In order to better understand the growth of the Au NP seeds in the presence of H2O2 

and HAuCl4, kinetics experiments were set up. This involved monitoring the growth 

of the NP seeds over a longer period of time. The Au NP seeds were mixed with a 

solution of 0.6 mM HAuCL4 and varying concentrations of H2O2 as before, and the 

extinction was measured every 20 min overnight. (Figure 5.6) 
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Figure 5.6: Extinction of gold nanoparticle seeds measured every 20 min overnight in the presence of 

0.6 mM HAuCl4 and varying concentrations of H2O2. (A) Blank; (B) 10 µM H2O2; (C) 20 µM H2O2; (D) 50 

µM H2O2; (E) 100 µM H2O2; (F) 200 µM H2O2; (G) 500 µM H2O2; (H) 1000 µM H2O2. 
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The extinction spectra alone gave some interesting insights into the NP growth. At 

first glance, there didn’t seem to be any significant difference between the data sets 

for the lower reducing agent concentrations, (Figure 5.6 (A-E)) whereas the higher 

reducing agent concentrations (Figure 5.6 (F-H)) showed a greater rate in the 

extinction increase, showing that the growth rate was faster when more H2O2 was 

present.  

An interesting result, however, was that of the blank control sample (Figure 5.6(A)) 

where no H2O2 was present. Here the Au NP seeds still continued to grow, indicating 

that even in the absence of a reducing agent, the Au3+ will still be reduced to Au0 on 

to a crystal surface and result in the overall growth of the NP. It was clear, though, 

that the presence of H2O2 did increase the growth rate. 

There were also differences in the final LSPR position at the end of the experiment. 

(Table 5.2) The 5 nm NP seeds had a λmax of 519.5 nm and a red-shift was observed 

with increasing NP size. However, the λmax shifted to 551.5 nm in the sample without 

H2O2, to 527.0 nm in the sample containing 1000 µM H2O2 during the course of the 

experiment. Along with this, the LSPR peak was narrower at higher H2O2 

concentrations in comparison with the lower concentrations where the peak 

broadened as the NPs grew. This indicates that the faster growth with the higher H2O2 

concentrations results in more monodisperse NPs, whereas the slower growth result 

in greater polydispersity. This polydispersity then presents as a broad peak with a 

red-shifted LSPR peak. 

Table 5.2: LSPR peak positions following nanoparticle seed growth with varying concentrations of H2O2. 

[H2O2] / µM λmax / nm 

0 551.5 

10 550.5 

20 550.5 

50 549.0 

100 547.0 

200 544.0 

500 536.5 

1000 527.0 
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The maximum extinction reached throughout the course of the experiment also 

increased as more H2O2 was used. This ranged from around 1.6 at the lower H2O2 

concentrations, to around 2.0 at higher H2O2 concentrations. Figure 5.6 (H) also 

showed that the extinction reached a maximum very early in the experimental 

period. This suggested that the growth had stopped, which was confirmed, when the 

extinction was observed as a function of time. (Figure 5.7) 

 

Figure 5.7: Changes in maximum extinction with gold nanoparticle seed growth in the presence of 

varying concentrations of H2O2. 

Following around 100 min of reaction, the Au NPs had reached their maximum size 

in the presence of 1000 µM H2O2. This was due to the HAuCl4 in solution being fully 

consumed during the course of the reaction. However, it took the sample containing 

500 µM H2O2 10 h to reach this size, and during the course of the experiment none 

of the other samples with lower reducing agent concentrations grew to their 

maximum size. Previously the Au NP seeds were allowed to grow for 20 min before 

their extinction was measured. However, the overnight growth results indicated that 

a longer growth period could be advantageous. If the NP seeds were left for 80 min 
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there would be a greater difference between the extinction intensities at different 

H2O2 concentrations, which could lead to a more sensitive experiment. (Figure 5.8) 

 

Figure 5.8: Maximum extinction of gold nanoparticle seeds following incubation with varying 

concentrations of H2O2 and 0.6 mM HAuCl4 for 80 minutes. 

As shown in Figure 4.8, when the Au NP extinctions were plotted following 80 min of 

growth the trend was still linear, since the maximum NP seed size had not been 

reached. However, the gradient of the line was more than 2.5 × that of the 

experiment following 20 min of growth. Therefore, extending the experimental time 

frame could allow for a greater differentiation between the response of the NP seeds 

to the reducing agent concentration, and therefore provide a more sensitive final 

assay. 
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5.4 Nanoparticle Growth Generated by Glucose Oxidase 

5.4.1 Initial Glucose Oxidase Experiments 

The next step in building the proposed assay for the detection of protein glycosylation 

was to use GOx to generate the H2O2 required for the reduction of Au3+ to Au0. GOx 

is an enzyme that catalyses the oxidation of Glc to D-glucono-1,5-lactone which 

spontaneously hydrolyses to gluconic acid and H2O2.169 Therefore, attaching this 

enzyme to a glycan recognition molecule would ensure that H2O2 production would 

be representative of glycoprotein concentration, leading to a quantitative assay. As 

shown previously, Liu et al166 followed this approach in their detection of PSA. The 

same research group also used this approach to produce a clinically relevant glucose 

detection assay for use in screening for diabetes.170 Yan et al171 also used GOx in the 

sensitive detection of thrombin, whereby the analyte presence allowed for H2O2 

production, which caused Au seeds to grow on the surface of iron (III) oxide magnetic 

NPs. This resulted in a shift in the LSPR peak, and consequently a change in the colour 

of the solution.  

Here, in order to generate sufficient H2O2 for Au3+ reduction and in an attempt to 

maximise GOx concentration with each glycan present, a streptavidin-GOx polymer 

was used. This consisted of a polymer of 20 GOx enzymes functionalised with 

streptavidin at a ratio of 5:1, the presence of which would allow for binding to a 

biotinylated lectin in the final assay. Therefore, for every glycan detected there would 

be at least 5 GOx present for H2O2 production.  

To confirm the reduction of Glc by the GOx polymer, TMB and HRP were used to 

provide a colorimetric response to the presence of H2O2. GOx is active over a pH 

range of 4 - 7,172 with maximum oxidation of Glc taking place between pH 5.0 and 

6.0.173 Therefore, three sets of samples were prepared containing 1.67 mM Glc, 0.1 % 

v/v Tween 20, and 1 % BSA in pH 5.0 citrate-phosphate buffer with varying 

concentrations of GOx polymer. (3.33 µg/mL, 0.33 µg/mL, and 0.03 µg/mL) These 

were incubated with ELISA kit TMB and HRP for 1 h. (Figure 5.9) 
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Figure 5.9: Solutions of various concentrations of glucose oxidase incubated with 1.6 mM glucose, 

3,3’,5,5’-tetramethylbenzidine and horseradish peroxidase, producing a colorimetric response to the 

production of hydrogen peroxide. (A) 3.33 µg/mL GOx; (B) 0.33 µg/mL GOx; (C) 0.03 µg/mL GOx. 

There was a clear colorimetric response to the differences in GOx concentration with 

higher concentrations increasing the rate of Glc reduction and the subsequent 

oxidation of TMB to a blue charge-transfer complex. The darker blue colour produced 

showed that a higher concentration of the charge-transfer complex had been 

produced. This confirmed the production of H2O2 by the GOx polymer when Glc was 

present, so investigations could then be made in to the growth of Au NP seeds using 

this method of GOx production.  

Similar to the experiments with TMB and HRP, 1.67 mM Glc was mixed with varying 

concentrations of GOx polymer (3.33 µg/mL, 0.33 µg/mL, 0.03 µg/mL, and blank 

control) and 0.6 mM HAuCl4 in the presence of Au NP seeds in pH 5.0 citrate-
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phosphate buffer containing 0.1 % v/v Tween 20 and 1 % BSA. Following an hour of 

incubation at room temperature the samples showed no significant colour change. 

The samples were left overnight and checked again, at which point a difference in 

colour could be seen in the samples. (Figure 5.10) 

 

Figure 5.10: Change in colour of gold nanoparticle seed solutions in the presence of glucose and various 

concentrations of glucose oxidase: (A) 3.33 µg/mL; (B) 0.33 µg/mL; (C) 0.03 µg/mL. 

The colour change in the samples indicated that the GOx was oxidising the Glc to 

produce H2O2, which in turn was reducing the Au3+ to Au0 and causing the Au NP 

seeds to grow. These samples, along with the sample containing no GOx, were 

analysed using extinction spectroscopy. (Figure 5.11) This showed a clear increase in 

the extinction of the LSPR peaks of the Au NP seed samples as the concentration of 

GOx was increased. Therefore, as more H2O2 was produced, the rate of reduction of 

Au3+ increased and caused the extinction coefficient of the Au NPs to increase. 

However, the extinction of the blank sample containing no GOx did not follow the 

trend of the positive samples. The extinction of the Au NP seeds in the blank was 

between that of the 0.33 µg/mL and 3.33 µg/mL samples. As shown before (Figure 

5.6(A)), the Au NP seeds will continue to grow with Au3+ cations in solution without 

the presence of a reducing agent, but in this case the growth rate was faster than 

that of the samples where H2O2 was produced. The reason for this lies with the 

presence of proteins now in solution with the Au NP seeds. Previous experiments did 

not take in to account how the GOx would interact with the NP surface. It is well-
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known that metallic NPs can be functionalised with proteins using non-covalent 

electrostatic and hydrophobic interactions.110,174,175 Therefore, it is likely that the GOx 

polymer would interact with the NPs in solution and hinder the reduction of the Au3+ 

cations on to the NP surface, resulting in a slower growth than observed previously.  

 

Figure 5.11: Extinction spectra of the nanoparticle seeds grown using H2O2 produced by varying 

concentrations of GOx. 

This interaction between the GOx polymer and the Au NP seeds would influence the 

final assay. The growth would be much slower and result in an assay that required 

long incubation times, and potentially give blank samples with higher signals than 

positive controls. Therefore, different incubation conditions were explored in an 

attempt to increase the H2O2 production by the GOx.  

400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

E
x
ti
n

c
ti
o

n

Wavelength (nm)

 3.33 µg/mL

 0.33 µg/mL

 0.03 µg/mL

 0 µg/mL



136 
 

5.4.2 Varying Growth Conditions 

5.4.2.1 Room Temperature Conditions 

The GOx was incubated with Glc and the Au NP seeds under different conditions in a 

series of timed studies to determine whether or not the production of H2O2 could be 

improved. This would potentially produce enough reducing agent to overcome the 

hindrance by the proteins present in solution to give a concentration dependent 

growth pattern of the NPs, with a low blank signal.  

Firstly, the growth was measured with the whole experiment carried out at room 

temperature. Following the same procedure as in the previous experiment, the 

extinctions of the growing Au NP solutions were measured every hour overnight 

(Figure 5.12) This gave a trend which could be used for comparison with other 

incubation conditions.  

 

Figure 5.12: Growth of nanoparticle seeds in the presence of H2O2 produced by varying concentrations 

of glucose oxidase at room temperature over a period of 12 hours. 
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As expected from the previous experiment, the initial rate of NP growth was fastest 

for the sample where no protein was present. The samples containing GOx had slow 

initial growth. This was because the production of H2O2 was minimal at this point, 

and the interactions of the proteins with the NP surface were hindering the reduction 

of Au3+ on to the NP crystal faces. It was only after around 9-10 h that the samples 

containing the GOx produced enough H2O2 to produce larger NPs than the blank 

samples. Also, although the sample containing 3.33 µg/mL GOx produced the largest 

NPs by the end of the 12 h followed by the 0.33 µg/mL and 0.03 µg/mL samples, the 

discrimination between the samples in term of maximum extinction was minimal. 

This highlighted the need for increased H2O2 production to overcome the hindrance 

of the NP seed growth and to produce a sensitive response to the reducing agent 

concentration.  

 

5.4.2.2 Glucose Oxidase Incubation with Glucose Before Addition of 

Gold Nanoparticle Seeds 

Due to the poor discrimination between the growth of NPs from samples with varying 

GOx concentration, incubation conditions were investigated. There is an exponential 

relationship between temperature and the reaction rate of an enzyme, whereby for 

every 10 °C increase the reaction rate will double.173 Most enzymes will denature at 

temperatures between 40 °C and 70 °C. However, GOx shows an optimum oxidation 

rate of Glc at temperatures from 40 °C to 60 °C.173 Therefore, in order to investigate 

whether or not temperature could be used to an advantage in NP growth, GOx was 

incubated at 40 °C in a Glc solution for 1 h before the addition of HAuCl4 and Au NP 

seeds. The extinction was then measured every 10 min for 1 h. (Figure 5.13(A)) The 

sample containing no GOx showed a clear exponential increase in the NP extinction, 

showing an increasing rate of reduction of Au3+ on to the NP surface even though 

there was no reducing agent present. However, as previously shown the reduction of 

Au3+ still takes place in the presence of Au NP seeds, and the rate of this could be 

expected to increase at higher temperatures. The samples which had GOx present, 

and therefore should have produced H2O2 to increase the Au3+ reduction rate, also 
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showed an exponential trend, although much slower than the blank sample. The 

presence of protein in solution was still an issue in slowing the growth rate by 

hindering the access of the Au3+ to the NP surface. However, the sample containing 

3.33 µg/mL GOx did show the greatest growth in comparison to the 0.33 µg/mL and 

0.03 µg/mL GOx samples, although the difference in extinction was minimal.  

In comparing the trends viewed in Figure 5.12 and Figure 5.13(A), there are clear 

differences. The incubation of the GOx with Glc at 40 °C seemed to induce an 

exponential growth in the extinction, whereas this growth decreased over time in 

previous experiments. This was investigated further by measuring the extinction 

every hour overnight following 1 h of GOx and Glc incubation. (Figure 5.13(B)) 
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Figure 5.13: Growth of nanoparticle seeds after being added to a solution of glucose and glucose 

oxidase which had been incubated at 40 °C for 1 hour. (A) Extinction measurements every 10 minutes 

for 1 hour. (B) Overnight extinction measurements taken once every hour. 

This showed a trend which contrasted the exponential increase in extinction viewed 

within the first hour of measurements. (Figure 5.13(A)) This suggested that following 

around an hour of substrate-enzyme reaction, there was a change in reaction rate. 
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This was due to Michaelis-Menten enzyme kinetics where the rate of enzymatic 

conversion of a substrate to a product slows as the maximum number of enzyme sites 

are filled by substrate moieties.173 As the GOx and Glc were initially mixed, the 

substrate sites on the enzyme were filled and H2O2 was produced quickly. This H2O2 

could then be used to reduce the Au3+ on to the NP surface. However, following this 

initial production, the substrate dissociation rate from the enzyme would affect 

subsequent product generation, and the rate of H2O2 production would slow. This 

then means that initial NP growth would be faster than later growth once the enzyme 

sites were filled.  

The incubation of the GOx and Glc prior to addition of Au NP seeds and HAuCl4 did 

seem to be effective over the experimental time frame. Making a direct comparison 

between the samples without prior incubation of GOx and Glc (Figure 5.12) and those 

incubated at 40 °C (Figure 5.13(B)) the extinction of the samples containing 

3.33 µg/mL GOx became greater than that of the blank samples at a much earlier 

time point. Without incubation, the sample containing 3.33 µg/mL GOx took 8 h to 

reach the same extinction intensity as the blank sample, whereas in the incubated 

samples, this happened between 2 and 3 h of measurements. However, the results 

of the lower GOx concentrations were comparable regardless of whether there was 

incubation of the GOx and Glc at 40 °C or not. These results suggested that there was 

a benefit to the incubation step since there was a greater discrimination between the 

extinction of the Au NPs with the higher GOx concentration and those with the lesser 

GOx presence. However, the lack of difference between the lower concentrations 

suggested that the concentration of the enzyme could be an issue in developing a 

sensitive assay.  

 

5.4.2.3 Constant Incubation of Glucose Oxidase and Glucose in 

Presence of Gold Nanoparticle Seeds 

The effectiveness of the increased temperature on the enzymatic conversion of Glc 

to H2O2 was then investigated further. Here the GOx and Glc were added to Au NP 
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seeds and HAuCl4 and incubated at 40 °C. The extinction was measured every hour 

for 5 h, with the samples maintained at 40 °C between measurements. (Figure 5.14)  

 

Figure 5.14: Growth of the Au NP seeds in presence of glucose and glucose oxidase with constant 

incubation at 40 °C: (A) Maximum extinction of each sample measured every hour; (B) Extinction 

spectra measured every hour of the blank sample; (C) Extinction spectra measured every hour of the 

sample containing 3.33 µg/mL glucose oxidase. 

The constant incubation at 40 °C throughout the experimental time frame produced 

another difference in the Au NP growth pattern. Here, the samples containing GOx 

surpassed the growth level of the NPs in the blank sample just after 1 h of reaction. 

(Figure 5.14(A)) This was an improvement over the previous conditions with regards 

to the blank sample in the final assay. This could potentially allow for a much lower 

signal when no target glycoprotein is present. However, an interesting and 

unexpected result was that the maximum growth of the NPs in the blank sample was 

reached giving a much lower extinction than the samples containing GOx. (Figure 

5.14(A)) All samples contained the same concentration of Au NP seeds and HAuCl4. 

Therefore, in theory all Au NP seeds should eventually grow to the same size, with 
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the measurable difference coming in the rate in which the samples reached this level. 

This was not observed in this case. It is not known exactly why this happened, 

however some clues may be present in the extinction spectra.  

The spectra measured for the Au NP seeds in the blank sample (Figure 5.14(B)) did 

not initially have the characteristic shape of a monodispersed Au colloid. Following 1 

h of reaction, the LSPR peak had increased significantly in intensity, due to the NP 

growth and subsequent increase in extinction coefficient. However, the extinction 

measured at longer wavelengths was much higher than would be expected for Au 

NPs of this size. The greater extinction would normally indicate the aggregation of Au 

colloids, which could mean that the NPs were forming networks of multimers as well 

as growing. However, as the experiment continued the LSPR peak narrowed, but 

showed the appearance of a shoulder at around 575 nm. This could indicate the 

presence of different populations of NP sizes. The peak also continued to narrow as 

the experiment proceeded. These spectra were very different from the measured 

spectra in the sample containing 3.33 µg/mL. (Figure 5.14(C)) In those spectra the 

LSPR peak maintained a similar shape throughout the experiment with the main 

difference being the increase of the LSPR peak intensity.  

Through comparing these spectra, a hypothesis can be presented. The broader and 

more irregular shape, and the subsequent lower LSPR peak intensity of the blank 

sample, (Figure 5.14(B)) would suggest that there is irregular growth of the NPs 

occurring. The broad peak following 1 h of reaction could be due to lack of spherical 

growth of the NPs. The increased temperature of the sample, as mentioned 

previously, would increase the rate of reduction of Au3+ on to the NP surface, but this 

could take place in specific areas causing certain crystal faces to grow more rapidly 

than others. As the reaction proceeds, the remaining Au3+ could then be reduced on 

to the other crystal faces, resulting in a gradually more spherical particle, which 

would produce a much narrower LSPR peak, with the additional shoulder being due 

to the presence of more than one aspect ratio of the NPs, as seen in the case of gold 

nanorods.176 The consistent narrow LSPR peak when GOx was present (Figure 

5.14(C)) could be due to the presence of proteins in solution mediating the NP growth 



143 
 

by controlling the Au3+ reduction on to the NP surface. This would result in spherical 

growth and a much higher LSPR peak intensity, as viewed in the timed experiments.  

Aside from this, however, it was clear that there was no significant difference 

between the samples containing different concentrations of GOx. This suggested that 

the concentration of GOx would need to be increased significantly to produce the 

desired response in the NP growth.  

 

5.5 Using Magnetic Beads to Maximise Enzyme Activity 

It was clear that the concentrations of GOx were not enough to produce 

concentrations of H2O2 which were significantly different to induce varying NP 

growth rates. Therefore, a support was investigated to maximise the presence of GOx 

per unit of detected glycan. Liu et al166 used NHS-activated magnetic beads in their 

prostate cancer detection assay for facile attachment of GOx. This resulted in the 

presence of approximately 76 000 GOx units on each bead, significantly increasing 

the concentration per unit of target analyte.166 A similar approach was used here to 

increase the GOx concentration.  

Magnetic beads with a diameter of 1 µm were purchased already functionalised with 

an NHS ester. The beads (300 µL, 10 mg/mL) were first washed with ice cold HCl (1 

mM) and then mixed with GOX polymer, (300 µL, 0.5 mg/ml) allowing for facile 

binding of the enzyme through a primary amine in the protein structure. (Figure 5.15) 

The beads could then be purified using a magnet and washed to be used in the NP 

growth assay. 
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Figure 5.15: Functionalisation of NHS-activated magnetic beads with a streptavidinated glucose 

oxidase polymer. 

 

5.5.1 Measuring Protein Binding 

Following protein conjugation, the binding of the GOx polymer to the surface of the 

beads was measured using a bicinchoninic acid (BCA) assay which gives a colorimetric 

response that can be related to the protein concentration.  The BCA assay was first 

developed by Smith et al177 in 1985, which utilises the biuret-like reaction of 

polypeptides in reducing Cu2+ cations to Cu+ in alkaline conditions producing a pale 

blue colour. This is then followed by chelation of two BCA molecules to the remaining 

Cu+ to produce an intense purple colour. (Figure 5.16) 
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Figure 5.16: Following reduction of Cu2+ to Cu+ by a polypeptide, a complex forms between bicinchoninic 

acid and a Cu+ cation which is purple in colour, giving an absorption at 562 nm directly proportional to 

protein concentration. 

The resulting coloured complex has an absorbance at 562 nm which is directly 

proportional to the concentration of the protein in solution. This simple assay allows 

for simple protein quantification, so was ideal for the determination of GOx 

concentration bound to the magnetic beads.  

 

5.5.1.1 BCA Assay of Magnetic Beads Supernatant 

Following attachment of GOx to the magnetic beads, a magnet was used for 

purification. The beads were gathered, and the supernatant was tested using a BCA 

assay to determine the remaining concentration of GOx in solution, which would 

allow the bound concentration to be calculated.  

Firstly, the BCA standards were prepared alongside the supernatant sample dilutions. 

Each sample (150 µL) was mixed with the BCA working reagent (150 µL) in a 96-well 

plate and incubated at 37 °C for 2 h. The plates were then cooled to RT and the 

absorbance was measured at 562 nm. The overall absorbance for each sample was 

corrected using the values from the blank sample. (Table 5.3)  
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Table 5.3: Absorbance values obtained from the BCA assay of the supernatant from the magnetic beads 

conjugation, with final values following correction using the blank sample. 

Concentration Sample Abs Corrected Abs Ave Corrected Abs Std Dev 

µg/mL   
    

200 

A1 2.882 2.843 

2.850 0.012 A2 2.884 2.844 

A3 2.903 2.864 

40 

B1 0.882 0.842 

0.850 0.011 B2 0.884 0.844 

B3 0.902 0.863 

20 

C1 0.517 0.478 

0.468 0.024 C2 0.480 0.441 

C3 0.523 0.484 

10 

D1 0.258 0.218 

0.235 0.029 D2 0.257 0.218 

D3 0.308 0.269 

5 

E1 0.156 0.116 

0.117 0.008 E2 0.165 0.125 

E3 0.149 0.110 

2.5 

F1 0.093 0.054 

0.049 0.005 F2 0.083 0.044 

F3 0.088 0.049 

1 

G1 0.058 0.018 

0.018 0.002 G2 0.055 0.016 

G3 0.060 0.020 

0.5 

H1 0.047 0.008 

0.013 0.009 H2 0.063 0.024 

H3 0.048 0.009 

0 

I1 0.041 

N/A N/A N/A I2 0.040 

I3 0.037 

Unknown GOx 
concentration in 

supernatant 

U1in25 3.121 3.082 

N/A N/A 

U1in10 3.168 3.129 

U1in5 3.110 3.070 

U1in50 2.575 2.535 

U1in100 1.465 1.426 

 

The average corrected absorbance values for the BCA assay standards gave a linear 

response with respect to the protein concentration. (Figure 5.17) The micro BCA 

assay kit used is only linear up to concentrations of 40 µg/mL. Therefore, the 

supernatant samples were diluted to bring the GOx concentration in to the linear 



147 
 

range. However, the measured absorbance values were much higher than those 

obtained in the linear range, even when diluted by a factor of 100. (Table 5.3) 

 

Figure 5.17: Linear response from the BCA assay calibration graph relating the protein concentration 

to the measured absorption at 562 nm. 

Using the equation of the line from the calibration graph, the concentration of the 

most dilute supernatant sample would be calculated at 66.5 µg/mL, assuming the 

linear range extended beyond 40 µg/mL. This would translate to an initial 

supernatant protein concentration of 6.65 mg/mL which was much greater than the 

0.5 mg/mL GOx solution added. However, in order to obtain a more accurate result, 

the supernatant sample was further diluted, and compared to the original GOx stock 

solution.  
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5.5.1.2 Comparison of Glucose Oxidase Stock with Magnetic Beads 

Supernatant 

To obtain an accurate supernatant protein concentration, the sample was diluted by 

factors of 500 and 1000 to bring the concentration in to the BCA assay linear range. 

Alongside this, the GOx stock solution was also diluted by a factor of 1000. (Table 5.4)  

Table 5.4: Measured and corrected absorbance values from BCA assay comparing diluted supernatant 

and gluocse oxidase stock samples. 

Concentration Sample Abs Corrected Abs. Ave Corrected Abs Std. Dev. 

µg/mL       

200 

A1 2.878 2.802 

2.824 0.019 A2 2.909 2.833 

A3 2.914 2.838 

40 

B1 0.898 0.822 

0.855 0.046 B2 0.913 0.837 

B3 0.984 0.907 

20 

C1 0.527 0.451 

0.459 0.021 C2 0.519 0.443 

C3 0.559 0.483 

10 

D1 0.308 0.232 

0.238 0.018 D2 0.300 0.224 

D3 0.334 0.258 

5 

E1 0.189 0.112 

0.115 0.012 E2 0.180 0.103 

E3 0.204 0.128 

2.5 

F1 0.122 0.046 

0.062 0.035 F2 0.113 0.037 

F3 0.178 0.102 

1 

G1 0.085 0.009 

0.012 0.004 G2 0.088 0.012 

G3 0.092 0.016 

0.5 

H1 0.107 0.031 

0.014 0.016 H2 0.077 0.001 

H3 0.086 0.010 

0 

I1 0.075 

N/A N/A N/A I2 0.069 

I3 0.084 

Unknown 
U1in500 0.398 0.322 0.322 N/A 

U1in1000 0.243 0.167 0.167 N/A 

GOx 

GOx1 0.554 0.478 

0.471 0.011 GOx2 0.534 0.458 

GOx3 0.553 0.476 
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In this BCA assay, the absorbance values measured from the supernatant and stock 

GOx samples did fall within the assay linear range. A graph was then plotted to obtain 

the unknown concentrations. (Figure 5.18)  

 

Figure 5.18: Linear response from the BCA assay standard solutions (black squares) with the recorded 

absorbance values of the supernatant (blue triangles) and glucose oxidase stock solutions. (red circle) 

Using the equation of the line, the concentrations of the 500 × and 1000 × dilute bead 

supernatant samples were calculated to be 14.38 µg/ and 7.07 µg/mL, respectively. 

This equates to an average supernatant concentration of 7.13 mg/mL protein. This 

was interesting since a 0.5 mg/mL solution of GOx was added to the beads. The stock 

solution of 1 mg/mL GOx polymer was also tested at a 1000 × dilution and found to 

contain 21.42 µg/mL protein, meaning that the stock solution contained 

21.42 mg/mL protein.  

The GOx polymer solution is supplied as a 1 mg/mL solution in 0.1 M potassium 

phosphate buffer. However, it also contains 1200 ppm of 5-bromo-5-nitro-1,3-
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dioxane as a preservative, along with 10 mg/mL ultra-dialysed biotin-free BSA for 

stability. Therefore, the presence of the BSA in solution accounts for the higher than 

expected absorbance values. However, the measured concentrations were still much 

higher than would be expected. The presence of different proteins in solution, 

however, could potentially affect the accuracy of the assay. 

The stock solution of GOx polymer contained 1 mg/mL GOx which was diluted to 

0.5 mg/mL before addition to the magnetic beads. Using the stock solution 

concentration calculated from the BCA assay, (21.42 mg/mL) this would equate to a 

total protein concentration of 10.71 mg/mL. Therefore, since the supernatant was 

calculated to contain 7.13 mg/mL protein, it could be assumed that the total final 

protein concentration on the magnetic beads was 3.58 mg/mL. This would be a mix 

of BSA and GOx but would still result in an increased concentration of GOx present 

per detected analyte in solution. The beads were therefore tested for their GOx 

activity.  

 

5.5.2 Measuring Bound Glucose Oxidase Activity  

The functionalised magnetic beads were assessed for their glucose oxidase activity 

using TMB and HRP. The beads were diluted to various concentrations (Table 5.5) and 

mixed with a solution of 1.67 mM glucose containing ELISA kit TMB and HRP. They 

were also compared with dilutions of the GOx stock solution. The solutions were 

incubated at RT for 30 min and the colorimetric responses were viewed. (Figure 5.19) 
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Table 5.5: Concentrations of magnetic beads used to assess the catalytic activity of the attached 

glucose oxidase, in comparison to free polymeric glucose oxidase. 

  Sample Concentration 

A Magnetic beads 1 mg/mL 

B Magnetic beads 100 µg/mL 

C Magnetic beads 10 µg/mL 

D Magnetic beads 1 µg/mL 

E Magnetic beads 100 ng/mL 

F Magnetic beads 10 ng/mL 

G Magnetic beads 1 ng/mL 

H Magnetic beads 100 pg/mL 

I GOx polymer 10 µg/mL 

J GOx polymer 1 µg/mL 

K GOx polymer 100 ng/mL 

 

As can be seen clearly in Figure 5.19, in the magnetic bead samples there was no 

oxidation of TMB to form a blue charge transfer complex, indicating that no H2O2 was 

present. This suggests that the functionalisation of the magnetic beads was either 

unsuccessful, perhaps due to NHS hydrolysis, or that the concentration of BSA in the 

stock solution was too high, such that this completely coated the beads, without 

sufficient GOx attachment.  

Attempts were made to purify the GOx stock solution by using a centrifugal filter unit 

with a nominal molecular weight limit of 100 kDa. Therefore, the 66.5 kDa BSA should 

pass through the filter, leaving behind a concentrated solution of GOx polymer, which 

has a molecular weight of approximately 3500 kDa. However, both fractions were 

A B C D E F G H I J K 

Figure 5.19: Colorimetric responses of the magnetic beads in comparison to the polymeric glucose 

oxidase. Concentrations used are shown in Table 5.5. 
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tested using a BCA assay. This found the BSA fraction to contain 1.8 mg/mL, meaning 

that there would still be 8.2 mg/mL present in the GOx fraction. The diluted GOx 

fraction was still outside the linear range of the assay, so would be estimated at 

15.96 mg/mL, confirming that the purification was not effective. It was then decided 

to abandon the use of the magnetic beads in the assay due to time constraints.  

 

5.6 Final Glycosylation Detection Assay Attempt 

A final attempt was made to carry out the glycosylation detection assay utilising Au 

NP growth as the measured response. However, an enzyme-linked lectin assay 

format was followed, in that a capture antibody was not used. This relied on the 

binding of the glycoprotein, RNase B, directly to the 96-well plate. A biotinylated GNA 

was then used to detect the high-Man glycan, to which the streptavidinated GOx 

polymer could bind and provide the catalytic conversion of Glc to gluconic acid. This 

would produce the H2O2 required to reduce Au3+ cations on to Au NP seeds, causing 

the NPs to grow. (Figure 5.20) 
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Figure 5.20: Format of the enzyme linked lectin assay used showing RNase B bound directly to the 96-

well plate. This was then detected by a biotinylated lectin, which was subsequently bound by a 

streptavidinated-glucose oxidase polymer. This would produce H2O2 in the presence of glucose to 

promote nanoparticle growth.  

Different concentrations of RNase B were tested, 10 µg/mL (667 nM), 5 µg/mL (333 

nM), and 1 µg/mL (67 nM). Following the addition of the Glc, Au NP seeds, and 

HAuCl4, the assay was incubated for 1 h at 35 °C to allow the NPs to grow in the 

presence of the produced H2O2. The samples were then analysed using extinction 

spectroscopy. (Figure 5.21) 
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Figure 5.21: The extinction spectra of the nanoparticle seeds following growth in the glycosylation 

detection assay. 

The NP seeds had grown over the experimental time frame, but there was no 

significant difference in maximum extinction between the samples with varying 

concentrations of RNase B. The intensity of the blank sample was only slightly lower 

than the positive control samples, which indicates that the initial glycoprotein 

detection was unsuccessful. Clearly this is a vital flaw in the assay. Likely, the reason 

for this is the lack of an appropriate antibody to bind the glycoprotein and hold it in 

position for unhindered detection by the lectin. This would require testing of various 

antibodies which are, first of all, specific for the glycoprotein, and secondly, binds to 

the correct epitope and leaves the glycan suitably exposed for detection by the 

biotinylated lectin. This would maximise chances for the rest of the assay to be 

successful. As mentioned previously, however, the concentration of GOx needs to be 

increased to produce significant growth rate differences for the NP seeds. The 

magnetic beads would be ideal for this purpose, but more work is required in the 

effective functionalisation of these supports. 
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5.7 Concluding Remarks 

The capabilities of H2O2 as a reducing agent in the growth of Au NP seeds in the 

presence of Au3+ showed great promise as a sensitive detection method for protein 

glycosylation. The NP growth was shown to be linear with respect to the 

concentration of H2O2 in solution. This simple relationship would be ideal in the 

development of an ELISA-type procedure. This approach has previously been 

reported in literature in a similar assay with highly sensitive results,166 so was 

definitely a viable option for detection.  

It was shown that the initial size of the Au NP seeds was important. In using 5 nm 

seeds, the limit of detection of the H2O2 was shown to be 4.89 µM, in comparison to 

limits of 6.08 µM and 8.71 µM for 10 nm and 15 nm seeds, respectively. This was due 

to the vast increases in extinction coefficient with increasing size of the Au NP seeds, 

which is more significant with smaller sizes, since a higher concentration of NPs are 

present for the same extinction value. This contributes to greater increases in 

extinction as the NPs grow due to the Beer-Lambert law.  

Investigations into the growth patterns of the Au NP seeds over time also yielded 

interesting results. It was clear that at high concentrations of H2O2 the maximum NP 

size was reached within 80 min due to the complete reduction of Au3+ in solution. 

After this point there was no more NP growth observed. Solutions with lower H2O2 

concentrations were much slower in their NP growth rates, but would eventually 

reach the maximum size over a longer period of time, since this is limited by the Au3+ 

concentration. This also found that with these experimental conditions, increasing 

the assay time period from 20 min to 80 min could maximise the growth of the NPs 

within this concentration range, and potentially increase the overall assay sensitivity, 

as was seen by the steeper gradient of the graph comparing the maximum NP 

extinction to the H2O2 concentration. (Figure 5.8) 

The use of a streptavidinated GOx polymer was then investigated. It was thought that 

this could be used to generate sufficient H2O2 from the conversion of Glc to gluconic 

acid to induce NP seed growth. This was successfully tested using TMB and HRP, 

whereby TMB formed a blue charge transfer complex in the presence of H2O2, aided 
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by HRP. This clear response showed that this could be a viable method of H2O2 

production, and so this was carried forward into the growth of Au NP seeds. 

Initial experiments using GOx to control growth of Au NP seeds seemed promising. 

There was a clear colorimetric difference in the NP solutions with varying GOx 

concentrations. Spectroscopic measurements confirmed the increases in maximum 

extinction with increasing GOx concentration as was expected. However, these initial 

experiments also highlighted an important issue with the assay. The blank signal was 

significantly higher than the two lower GOx concentrations tested. This showed that 

the NP growth of the sample without GOx present was faster than those where H2O2 

was being produced. Likely this was due to the presence of proteins in solution, which 

could interact with the NP surface, and hinder the reduction of Au3+ on to the surface, 

resulting in slower growth rates. The faster growth of the Au NPs in the absence of 

reducing agents when free from proteins highlighted that steps had to be taken to 

increase the growth rate of the positive control samples.  

Incubation conditions were investigated to improve the efficiency of the catalytic 

production of H2O2 from Glc. This showed the need for a continuous increased 

temperature to increase the enzyme efficiency, but there were still issues with high 

signals obtained from the blank sample, along with poor discrimination between the 

GOx samples. This led to the investigation of magnetic beads as an enzyme support 

to increase the concentration present when glycoprotein detection occurred.  

The use of magnetic beads, however, was unsuccessful. This was due to the presence 

of BSA as a stabilising agent in the GOx solution, which also bound to the surface of 

the beads. Using BCA assays it was deduced that whilst the magnetic beads were 

confirmed to be binding to proteins, the exact concentration of bound GOx could not 

be determined. When used experimentally to produce H2O2 from Glc, TMB and HRP 

showed no colorimetric response, showing that there was not a sufficient 

concentration for significant catalytic activity.  

The assay was attempted without the use of magnetic beads or a capture antibody 

to help orientate the glycoproteins, and was shown to be unsuccessful. The assay still 

requires a lot of work, mainly with respect to correct antibody choice, whereby it 
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should bind to an epitope which leaves the glycan exposed for detection, and the 

enzyme support. The magnetic beads require further investigation to ensure 

adequate functionalisation with the GOx in the absence of BSA.  

Whilst the assay has been so far unsuccessful, this research has demonstrated the 

potential of H2O2 controlled growth of Au NPs as a sensitive detection signal output. 

Similar assays have achieved attomolar levels of detection166 and once the final assay 

has been produced, this could significantly aid glycosylation measurements in 

biopharmaceutical production.  ELISAs are commonly used detection procedures, 

which can be produced as ready to use kits. This removes the requirement of highly 

skilled personnel and has the potential for automation. Once developed, this could 

provide rapid, high throughput testing capabilities which could be quicker and less 

costly than current glycosylation analysis methods, allowing for faster reactions to 

changes in the product profile from a processing perspective. 
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6. Experimental 

6.1 Materials 

6.1.1 Chemicals 

CT(PEG)12, MGITC, and Pierce magnetic beads were purchased from Thermo Fisher. 

CALNN was purchased from China Peptides. UEA, MAL, SNA and biotinylated GNA 

were purchased from Vector Laboratories. All other chemicals were purchased from 

Sigma Aldrich unless otherwise stated.  

 

6.1.2 Buffer Preparation 

6.1.2.1 HEPES Buffer 

A stock solution of HEPES buffer (100 mM) was prepared by dissolving 0.47 g HEPES 

powder in 19 mL dH2O. This was adjusted to pH 7.2 using 1 M NaOH, and then topped 

up to a final volume 20 mL using dH2O. This was then diluted to 10 mM in dH2O as 

required.  

 

6.1.2.2 PB 

A stock solution of PB (50 mM) was prepared by dissolving 171.96 mg PB powder in 

20 mL dH2O. This gave a PB buffer solution with pH 7.5. This was diluted to 10 mM in 

dH2O as required. 

 

6.1.2.3 PBS 

A solution of PBS was prepared by dissolving one PBS tablet in 200 mL dH2O. (10 mM 

PB, 2.7 mM KCl, 137 mM NaCl) This gave a PBS buffer with pH 7.4. 

 



159 
 

6.1.2.4 Citrate-Phosphate Buffer 

A solution of citrate-phosphate buffer (50 mM) was prepared by dissolving 1 tablet 

in 100 mL dH2O. This have a buffer of pH 5.0. 

 

6.1.2.5 Carbonate Coating Buffer 

A solution of carbonate coating buffer (100 mM) was prepared by dissolving 60.6 mg 

Na2CO3 and 120 mg NaHCO3 in 20 mL water. The buffer was adjusted to pH 9.6. 

 

6.2 Instrumentation 

6.2.1 Extinction Spectroscopy 

An Agilent Cary 60 UV-visible spectrophotometer was used for all extinction 

spectroscopic measurements. Before all sample analysis, a baseline of the sample 

solvent was measured. Samples were scanned with wavelengths from 400 – 800 nm. 

Measurements were carried out in disposable plastic micro cuvettes with 10 mm path 

length. 

 

6.2.2 Dynamic Light Scattering and Zeta Potential 

A Malvern Zetasizer Nano ZS was used for all sizing and zeta potential measurements 

of NP samples. Dilute NP samples were analysed in plastic cuvettes of 10 mm path 

length. Scattering intensity percentage distributions were used in sizing analysis. A 

Malvern dip cell kit was used for zeta potential measurements. 

 

6.2.3 Surface Enhanced Resonance Raman Scattering 

Measurements 

To characterise the SERRS response of NPs in solution, a Snowy Range Instruments 

Sierra 2.0. Samples were interrogated with a 638 nm laser at 100 % laser power (40 
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mW) with single 1 s acquisitions. Measurements were taken in Supelco 4 mL clear 

vials. 

To measure the SERRS response of paper-based assays, a Renishaw InVia Raman 

spectrometer with a HeNe laser (633 nm) and a grating of 1800 l/mm was used with 

a 5× objective (NA = 0.12) to visualise the sample spots, and a 50× objective (NA = 

0.75) for SERS measurements.  

 

6.3 Nanoparticle Synthesis and Bioconjugation 

6.3.1 Nanoparticle Synthesis 

6.3.1.1 Glassware Preparation 

In order to avoid heterogeneous nucleation from dirt or metallic particles, all 

glassware to be used in the NP synthesis was washed thoroughly using aqua-regia (3 

parts HCl, 1 part HNO3). All glassware was washed for at least 3 hours in aqua-regia 

to ensure that all metals were removed from the equipment. Each piece of glassware 

was then rinsed thoroughly with dH2O to remove all of the acid. The glassware was 

then used immediately to prepare NPs. 

 

6.3.1.2 Gold Nanoparticle Synthesis 

A modified version of the Lee-Meisel method93 was used to synthesise citrate 

reduced Au NPs. In this preparation, HAuCl4 was added to dH2O (60.5 mg, 500 mL). 

This was heated with stirring to 98 °C. Then an aqueous solution of sodium citrate 

(57.5 mg, 7.5 mL) was added to the flask. The solution changed from colourless to 

black to red. Stirring at 98 °C was maintained for a further 15 minutes before being 

allowed to cool to room temperature with constant stirring. 
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6.3.2 Nanoparticle Functionalisation 

6.3.2.1 CALNN Functionalisation 

CALNN is a pentapeptide with a molecular weight of 533.61 g mol-1 and a footprint of 

0.56 nm2.107 Using this information, the theoretical concentration of CALNN required 

for full coverage of any batch of Au NPs can be calculated.  

In the experiments detailed in Section 6.3.2.1 and Section 6.3.2.2, a batch of 60 nm 

Au NPs with a concentration of 43.7 pM was used. For all other conjugation 

experiments, the batch detailed in Section 3.2.1 was used. The area of each 

nanoparticle was calculated to be 11 309 nm2, so it follows that 20 195 CALNN 

molecules would be required to coat each NP. Therefore, using Avogadro’s number, 

it was calculated that 0.88 µM would be required for complete coverage.  

To test the stability of CALNN-coated Au NPs, various concentrations of CALNN (1.87 

mM stock) were mixed with the NPs to a final volume of 1 mL for 3 h, as shown in 

Table 6.1. The mixture was then centrifuged (5000 rpm, 20 min) and the supernatant 

discarded to remove unbound CALNN. The coated NPs were resuspended to 1 mL in 

dH2O.  

Table 6.1: Volumes of 1.87 mM CALNN used to coat gold nanoparticles. 

Final [CALNN] / µM Vol 1.87 mM CALNN / µM 

0.75 0.40 

1.00 0.53 

1.25 0.67 

1.50 0.80 

1.75 0.94 

2.00 1.07 

 

To test their stability, 275 µL of the CALNN coated NPs was mixed with 120 mM NaCl 

(100 µL) and analysed using UV-vis spectrophotometry.  
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6.3.2.2 MGITC Study with CALNN 

6.3.2.2.1 Gold Nanoparticle Functionalisation with MGITC and CALNN 

The previous stability studies showed that the Au NPs remained stable in the 

presence of NaCl at all concentrations used. Therefore, 0.75 µM and 1.00 µM CALNN 

were selected to be taken forward for studies with MGITC. (0.40 µL and 0.53 µL 

respectively) The volumes of 1 µM MGITC added to AuNPs and their final 

concentrations are shown below in Table 6.2. The Au NPs and MGITC were mixed first 

briefly, then the CALNN was added, to a final volume of 1 mL. This was mixed for 3 h. 

The samples were then centrifuged (5000 rpm, 20 min). The supernatant was 

discarded, and the coated NP pellets were resuspended to 1 mL in dH2O.  

Table 6.2: Volumes of 1µM MGITC added to CALNN-coated gold nanoparticles and their final 

concentrations. 

Volume of 1 µM MGITC / µL Final [MGITC] / nM 

10 10 

20 20 

30 30 

40 40 

50 50 

 

 

6.3.2.2.2 SERRS Response Measurement of Functionalised Gold 

Nanoparticles 

500 µL AuNPs functionalised with MGITC and CALNN was placed in to a 4 mL vial to 

analyse the SERRS response. SERRS measurements were taken from the samples 

alone, and then again following addition of 120 mM NaCl (272 µL, 42.4 mM final 

concentration) to induce aggregation to simulate detection of an analyte. 
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6.3.2.3 Bioconjugation of GNA to Gold Nanoparticles by 

Carbodiimide Coupling 

6.3.2.3.1 MGITC Functionalisation of Gold Nanoparticles 

20 µL MGITC (1 µM) was added to 1000 µL Au NPs. The solution was shaken for 30 

min and then centrifuged (5000 rpm, 20 mins) and the supernatant discarded to 

remove any unbound MGITC. The tagged Au NPs were then resuspended to 1 mL in 

dH2O.  

 

6.3.2.3.2 Ligand Preparation by Carbodiimide Coupling 

Lectin bioconjugation was performed by first preparing a ligand off-particle. 

EDC/sNHS coupling was used to join CALNN/PEG by its carboxylic acid terminus to a 

lectin by a primary amine group. A ratio of reagents was used to ensure that every 

linking molecule was attached to a lectin, by keeping every subsequently used 

reagent in excess. The ratio is shown in Table 6.3. 

Table 6.3: Ratio of reagents used in carbodiimide coupling to prepare functional ligand. 

Reagent Linker EDC sNHS Lectin 

Relative 

concentration 
1 1.5 2 4 

 

Firstly, 22.5 µM and 30.0 µM solutions of EDC and sNHS respectively were prepared 

in HEPES (10 mM, pH 7.2). To do this, 10 mM solutions were first prepared (1.917 

mg/mL EDC, 2.171 mg/mL sNHS). 22.5 µL EDC and 30 µL sNHS were then both diluted 

to 1 mL in HEPES (10 mM, pH 7.2) to yield the desired concentrations. 

100 µL EDC (22.5 µM) was mixed with CALNN (0.8 µL 1.87 mM), or PEG (2 µL, 1 mM) 

for 5 min to activate the carboxyl groups. Simultaneously 100 µL sNHS was mixed 

with lectin (1 mg/mL) to the desired concentration. The mixture of EDC/CALNN was 

then combined with the mixture of sNHS/GNA and made up to a final volume of 1 mL 

with HEPES (10 mM, pH 7.2). The solution was left to shake overnight. 
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6.3.2.3.3 Conjugation of Pre-prepared Ligand to MGITC-tagged Gold 

Nanoparticles 

In duplicate, 500 µL MGITC-tagged Au NPs was added to 500 µL of the pre-prepared 

ligand and mixed for 3 h. The samples were then centrifuged (5000 rpm, 20 min) and 

the supernatants were discarded. The conjugated NP pellets were then combined 

and resuspended to 1 mL with HEPES (10 mM, pH 7.2). 

This process could also be scaled up to produce 10 mL Au NP conjugates. Conjugates 

could then be stored at 5 °C and used when required. 

The NP conjugates were characterised using extinction spectrophotometry, DLS, 

SERRS, and gel electrophoresis.  

 

6.3.2.4 Gel Electrophoresis 

Gel electrophoresis was used to assess the success of bioconjugation of lectins to Au 

NPs. In order to prepare a 1 % gel, 1.1 g agarose was dissolved in 100 mL 1× tris-

borate EDTA (TBE) buffer. The mixture was placed in the microwave and heated for 

3 min at full power (750 W). The agarose solution was then poured in to a gel mould 

and a comb inserted to create wells. The gel was allowed to set at room temperature 

for 30 min.  

Whilst the gel was solidifying, the NPs to be analysed were concentrated by 

centrifugation (5000 rpm, 20 min). The supernatant was removed to leave the 

concentrated NP pellet. 

The mould with the prepared gel was then placed in to a gel chamber and submerged 

in 1 × TBE buffer. 15 µL NPs were premixed with 5 µL glycerol to increase their 

viscosity and aid settling in the wells. The NPs were then added in to each well. The 

chamber was connected to a power supply set at 160 V. The gel was left to run for 

1.5 h.  

 



165 
 

6.4 Solution Assays for Glycosylation Detection 

6.4.1 Initial UV-vis Glycoprotein Detection Experiments 

Firstly, 300 µL Au@GNA was diluted with an appropriate volume of HEPES (10 mM, 

pH 7.2) to give a final volume of 450 µL. RNase B (73.3 µM) was added to produce 

various final concentrations, as detailed in Table 6.4. The samples were analysed 

using UV-vis immediately following addition, and again after 10 min. The same 

procedure was followed for RNase A (73.3 µM), but only with a final concentration of 

1.63 µM. A blank sample was prepared by diluting 300 µL Au@GNA with 150 µL 

HEPES (10 mM, pH 7.2) 

Table 6.4: Volumes of reagents used to assess detection of ribonuclease B by functionalised 

nanoparticles. 

Vol Au@GNA / µL Vol HEPES / µL Vol RNase B / µL Final [RNase B] / nM 

300 150.0 0.0 0 

300 149.5 0.5 81 

300 149.0 1.0 163 

300 147.5 2.5 407 

300 145.0 5.0 815 

300 140.0 10.0 1630 

 

 

6.4.2 Timed UV-vis Glycoprotein Detection Experiments 

The same reaction conditions were used as detailed in Section 6.4.1. However, 

samples were analysed immediately after addition or RNase B and then every 12 min 

for 1 h. The same procedure was followed for RNase A/BSA. 

The same procedure was used in reactions containing Au@WGA, Au@Con A, 

Au@UEA, Au@SNA, and Au@MAL in the detection of their specific glycans.  
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6.5 Paper-based Assays 

6.5.1 Lateral Flow Assays 

6.5.1.1 Lateral Flow Assay Materials and Fabrication 

The LFA strips used initially were pre-assembled by collaborators at Universidad de 

Oviedo by a previously reported method.126 The backing card was obtained from 

Kenosha, the sample pads and absorbent pads were purchased from Merck, and the 

nitrocellulose strips were purchased from Sartorius.  

The strips used later were constructed from HiFlow Plus 180 2 mil membranes, 

cellulose fibre sample pads, and glass fibre diagnostic pads, which were all purchased 

from Merck Millipore. To assemble the strips, the conjugate (glass fibre) and 

absorbent (cellulose fibre) pads were stuck to both ends of the nitrocellulose on to 

the adhesive backing card, with an overlap between each section. This was then cut 

in to strips around 5 mm in width.  

 

6.5.1.2 Lateral Flow Assay Procedure 

RNase A or B (0.5 µL) was spotted on to the nitrocellulose membrane and allowed to 

dry for 15 min at room temperature. The running buffer consisted of PB (10 mM, pH 

7.5), 1 % BSA, and 0.05 % Tween 20. In a 96-well plate, concentrated Au@GNA (1.88 

nM, 10 µL) was added to the running buffer (90 µL). The sample pad of the lateral 

flow strip was placed upright in to the loading buffer and allowed to run for 15 min. 

The strip was then washed by placing it in another well of loading buffer (100 µL) for 

15 min.  

 

6.5.1.3 SERRS Detection on Lateral Flow Assay Strips 

A SERRS map was taken around the area the analytes were spotted using the mapping 

function on WiRE with a 100 µm step size. Each point was interrogated at 10 % laser 

power (0.8 mW), with a single 6 s acquisition. The SERRS heat map was generated by 

applying an LUT control to the peak at 1614 cm-1. The spectra were pre-processed in 
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WiRE 4.2 software. This included cosmic ray removal, smoothing, and baseline 

correction. Spectra were then taken from the on and off spot regions and plotted in 

OriginPro 2018. 

 

6.5.1.4 Colorimetric Analysis of Lateral Flow Assay Strips 

An 8-bit EPSON V370 flatbed scanner was used to scan the lateral flow strips with a 

resolution of 1200 dpi. The RGB response was then generated from the analyte spots 

using ImageJ. Since the Au NPs are red in colour, the green channel was the most 

sensitive, so it was used for quantification. The signal for each sample was subtracted 

from the maximum RGB value (255) to give a normalised signal.  

 

6.5.2 Nitrocellulose Spot Tests 

6.5.2.1 Nitrocellulose Spot Test Materials 

Amersham Protran nitrocellulose membrane (0.45 µm pore size) was purchased from 

GE Healthcare. A Xerox ColorQube 8580 wax printer was used to print the assays. A 

Graphtec CE6000-40 Plus cutting plotter was used to cut the adhesive sheets.  

 

6.5.2.2 Fabrication and Running of Nitrocellulose Spot Tests 

The assay was wax printed directly on to the nitrocellulose membrane which was 

taped to a backing sheet of paper to provide stability. The nitrocellulose was then 

placed in to an oven at 85 °C for 1 min to allow the wax to melt through. If adhesive 

sheets are being used to assemble the materials, then the pre-cut sheets would now 

be attached to the back of the nitrocellulose. 5 µL analyte solution at the desired 

concentration in PB (10 mM, pH 7.5) were then applied to the spots on the 

nitrocellulose, and placed in an oven to dry at 60 °C for 10 min. Once dry, the 

nitrocellulose layer would be attached to an absorbent pad using the adhesive sheet. 

If using an adhesive spray to assemble, at this point the rear of the nitrocellulose and 

the absorbent pad would both be sprayed briefly with adhesive, and the two layers 
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would be attached instantly. The assembled assays were then run through a cold 

laminator to remove any air bubbles and to ensure the nitrocellulose is in complete 

contact with the absorbent pad. Au NP conjugates (5 µL, 0.2 nM) were then applied 

to the spots in running buffer (10 mM PB, 1 % BSA, 0.05 % Tween 20) and allowed to 

flow through the nitrocellulose. Once the assay was complete, it was washed with 

running buffer. 

 

6.5.2.3 Colorimetric Analysis of Spot Tests 

The same procedure was used as detailed in Section 6.5.1.4. 

 

6.5.2.4 SERRS Detection on Spot Tests 

The sample spot was split in to 4 quadrants, and 6 point spectra were taken from 

each quadrant. Each point was interrogated at 10 % laser power (0.8 mW), with a 

single 6 s acquisition. The spectra were pre-processed in WiRE 4.2 software, including 

cosmic ray removal, smoothing, and baseline correction. Matlab was then used to 

average the spectra. The final averaged spectra were plotted in Origin Pro 2018. 

 

6.6 Enzyme-linked Nanoparticle Growth for Glycosylation 

Detection 

6.6.1 Nanoparticle Seed Synthesis 

To produce 5 nm Au NP seeds, a method detailed by Ieong et al164 was used. To a 

240 mL solution containing HAuCl4 (0.21 mM) and trisodium citrate (0.21 mM), ice 

cold NaBH4 (5 mL, 0.1 M) was added. The solution rapidly changed from colourless to 

red. This was stirred overnight at room temperature. 

To produce 10 nm and 15 nm seeds, a method detailed by Ghosh et al167 was used. A 

solution of HAuCl4 (50 mL, 0.29 mM) was heated to boiling with stirring. Sodium 

citrate (0.81 mM for 10 nm, 0.67 mM for 15 nm) was then added. The solution turned 
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from colourless to black to red. Stirring was continued with heat for 15 min, after 

which it was cooled to room temperature with stirring.  

 

6.6.2 Nanoparticle Growth with H2O2 

In a 96-well plate, HAuCl4 (90 µL, 2 mM), Au NP seeds (30 µL, 66.7 nM for 5 nm, 

8.4 nM for 10 nm, and 1.3 nM for 15 nm), and varying volumes of H2O2 (2 mM) were 

mixed to give different final concentrations. (Table 6.5) Water was added to a total 

volume of 300 µL. 

Table 6.5: Volumes of 2 mM H2O2 added to give different final concentrations in 300 µL reaction. 

Volume H2O2 / µL Concentration H2O2 / µM 

0 0 

1.5 10 

3 20 

7.5 50 

15 100 

30 200 

75 500 

150 1000 

 

For individual measurements, samples were left for 20 min and then the extinction 

spectra were collected. For growth kinetics investigations, extinction measurements 

were collected every 20 min overnight.  

 

6.6.3 TMB/HRP Detection of H2O2 Produced by Glucose 

Oxidase 

In citrate-phosphate buffer (50 mM, pH 5.0) with 0.1 % Tween 20© and 1 % BSA, 

samples were prepared containing Glc (1.67 mM), different concentrations of GOx 

polymer (3.33 µg/mL, 0.33 µg/mL, and 0.03 µg/mL) and TMB (1mM). To this HRP 

(1 µL) from an ELISA kit was added, and the samples were incubated for 1 h. 
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6.6.4 Nanoparticle Growth Detection of H2O2 Produced by 

Glucose Oxidase 

6.6.4.1 Nanoparticle Growth at Room Temperature 

In citrate-phosphate buffer (50 mM, pH 5.0) containing 0.1 % Tween 20© and 1 % 

BSA, samples were prepared containing Glc (1.67 mM), different concentrations of 

GOx polymer (3.33 µg/mL, 0.33 µg/mL, and 0.03 µg/mL), and HAuCl4 (0.6 mM). 5 nm 

Au NP seeds (6.67 nM) were added and the samples were incubated for 20 h at room 

temperature. The extinction spectra were collected from samples every hour for 

12 h. 

 

6.6.4.2 Incubation of Glucose Oxidase and Glucose Before 

Nanoparticle Seed Addition 

In citrate-phosphate buffer (50 mM, pH 5.0) containing 0.1 % Tween 20© and 1 % 

BSA, samples were prepared containing Glc (1.67 mM), different concentrations of 

GOx polymer (3.33 µg/mL, 0.33 µg/mL, and 0.03 µg/mL), and HAuCl4 (0.6 mM). The 

samles were left to incubate for 1 h at 40 °C before 5 nm Au NP seeds (6.67 nM) were 

added. Extinction spectra were then collected every 10 min for 1 h, and then every 

hour for 16 h. 

 

6.6.4.3 Constant Incubation of Glucose Oxidase and Glucose in 

Presence of Gold Nanoparticle Seeds 

In citrate-phosphate buffer (50 mM, pH 5.0) containing 0.1 % Tween 20© and 1 % 

BSA, samples were prepared containing Glc (1.67 mM), different concentrations of 

GOx polymer (3.33 µg/mL, 0.33 µg/mL, and 0.03 µg/mL), and HAuCl4 (0.6 mM). 5 nm 

Au NP seeds (6.67 nM) were added and the samples were incubated constantly at 40 

°C. Extinction spectra were collected every hour for 5 h. 
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6.6.5 Magnetic Beads Conjugation to Glucose Oxidase 

Pierce magnetic beads with a diameter of 1 µm with NHS groups on a blocked 

superparamagnetic surface were purchased from Thermo Fisher. The beads (300 µL, 

10 mg/mL) were added to a 1.5 mL centrifuge tube. The beads were collected using 

a magnet and the supernatant was discarded. Ice cold HCl (1 mL, 1 mM) was added 

and vortexed for 15 s. The beads were collected with a magnet and the supernatant 

was discarded. Immediately, the GOX polymer solution in phosphate buffered saline 

(PBS) (300 µL, 0.5 mg/mL, pH 7.4) was added and the solution was vortexed for 15 s. 

The beads and GOx solution were then incubated for 1 h at room temperature on a 

shaker. For the first 30 min the beads were vortexed for 15 s every 5 min. For the 

second 30 min, the beads were vortexed for 15 s every 15 min. The beads were 

collected with a magnet and the supernatant was extracted. This was retained for 

BCA assays to assess bound protein. Glycine (1 mL, 0.1 M, pH 2.0) was added to 

remove unbound proteins and the beads were vortexed for 15 s. The beads were 

collected with a magnet and the supernatant was discarded. Washing with glycine 

was repeated once more. Water (1 mL) was added and the beads were vortexed for 

15 s. The beads were collected with a magnet and the supernatant was discarded. 

Ethanolamine (1 mL, 3 M, pH 9.0) was added to quench the beads by hydrolysing the 

remaining NHS groups and the beads were vortexed for 30 s and then mixed for 2 h 

on a shaker at room temperature. The beads were collected with a magnet and the 

supernatant was discarded. Water (1 mL) was added and mixed well. The beads were 

then collected with a magnet and the supernatant was discarded. PBS (1 mL) 

containing 0.05 % sodium azide was added and mixed well. The beads were collected 

with a magnet and the supernatant was discarded. Washing with PBS was repeated 

a further two times. The beads were then resuspended in PBS (300 µL) with 0.05 % 

sodium azide as a preservative and stored at 4 °C until ready for use.  

 

6.6.6 BCA Assay Procedure 

A Thermo Scientific Pierce Micro BCA Protein Assay Kit was used to assess 

concentration of bound protein to the magnetic beads. In this kit 3 reagents were 
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supplied to produce the BCA working reagent. (WR) The three reagents (MA, MB, 

MC) were mixed in a ratio of 25:24:1 MA:MB:MC before addition to the BSA 

standards and solutions of unknown concentration.  

Standard solutions of BSA were prepared in PBS at various concentrations. (0.5, 1.0, 

2.5, 5.0, 10, 20, 40, and 200 µg/mL) Each standard or unknown solution (150 µL) was 

added in to a microplate well. WR (150 µL) was added to each well and the solutions 

were mixed thoroughly on a shaker for 30 s. The microplate was covered and 

incubated at 37 °C for 2 h. The plate was cooled to room temperature and the 

absorbance was measured at 562 nm.  

 

6.6.7 Measuring Bound Glucose Oxidase Activity 

Solutions were prepared containing Glc (1.67 mM) and various concentrations of 

magnetic beads, detailed in Table 5.5. TMB (1 mM) and ELISA kit HRP were added and 

the solutions were incubated at room temperature for 30 min. 

 

6.6.8 Final Glycosylation Detection Assay Attempt 

In a microplate, wells were coated with RNase B (667 nM, 333 nM, and 67 nM) in 

carbonate coating buffer. (100 µL, 100 mM, pH 9.6) The plates were incubated 

overnight at 4 °C. The RNase B solution was removed and washed 3 times with PBS 

(200 µL) containing 0.1 % Tween 20©. The wells were blocked with polyvinylalcohol 

(PVA) (200 µL, 0.5 %) in PBS. (10 mM) The plate was then incubated at room 

temperature for 1 h. The blocking solution was removed and the wells were washed 

3 times with PBS (200 µL, 10 mM) containing 0.1 % Tween 20©. Biotinylated GNA 

(100 µL, 10 µg/mL) was then added in PBS (10 mM, 0.5 % PVA) GOx-streptavidin (×20) 

polymer (100 µL, 10 µg/mL) was added in blocking buffer and incubated at room 

temperature for 1 h. The GOx was removed and the wells were washed 3 times with 

PBS (200 µL, 10 mM) containing 0.1 % Tween 20©. Glc (100 µL, 5 mM) in citrate 

phosphate buffer (50 mM, pH 5.0) was added and the plate was incubated at 35 °C 

for 10 min. HAuCl4 (60 µL, 2 mM), Au NP seeds (20 µL, 8.67 nM) and citrate phosphate 
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buffer (20 µL, 50 mM, pH 5.0) were added and the plate was incubated at 35 °C for 

20 min. The extinction spectra of each sample were then collected. 
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7. Conclusions 

In the biopharmaceutical industry glycosylation characterisation of therapeutic 

proteins is vital to ensure the efficacy and safety of the final drug product. Current 

research methods, whilst effective, are expensive, time consuming, and require 

highly trained analysts to conduct measurements. Therefore, this research was 

conducted with the aim of developing assays which could detect protein 

glycosylation whilst maintaining a rapid, cheap, and user-friendly format.  

Au NPs were selected as sensing beacons due to their extensive optical properties, 

ease of functionalisation, and commonplace use in biochemical detection assays. 

Three different assay formats were investigated: a solution assay relying on LSPR 

measurements, a 2D µPAD utilising colorimetric analysis and SERRS, and an ELISA-

style format taking advantage of the reductive properties of H2O2 to induce Au NP 

growth.  

Firstly, the synthesis and functionalisation of Au NPs was shown to be successful and 

versatile. Mixed monolayer NP coverage was achieved using MGITC as a Raman 

reporter, and a heterobifunctional linker tethered to a lectin for sensing. Versatility 

was achieved in the interchangeable use of linkers, between CALNN and PEG, and the 

attachment of various lectins through EDC-NHS coupling. These functional NPs could 

then be used in both the solution assays and in the 2D µPADs.  

It was shown that the presence of RNase B in solution with Au@GNA induced a shift 

in the LSPR peak position of the functionalised Au NPs. This was a result of the change 

in the dielectric surrounding the NP upon binding to the Man residues in the RNase 

B glycan. This was shown to be specific to the presence of the glycan, since no change 

in the extinction spectrum was observed in the presence of non-glycosylated BSA. 

Through timed concentration studies, it was found that the LSPR peak shift was linear 

with respect to the concentration of glycoprotein, allowing for a limit of detection of 

29.2 nM to be achieved. This was higher than current commercial glycoprotein 

quantification assays, but had the added advantage of being specific for Man, rather 

than the glycoprotein as a whole. The assay was diversified to show that various 
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lectins could be used in the detection of Man and GlcNAc, the components of the 

high-Man N-glycan. The detection of Fuc, and SA was attempted with poor results. 

The detection of Fuc was minimal, although shifts were observed in the negative 

control, meaning that detection could not be confirmed. SA detection, however, was 

unsuccessful, perhaps due to the low concentrations of lectin used. 

In order to utilise the sensitive detection capabilities of SERRS, a support platform 

was investigated to allow for side-by-side NP conjugate assembly upon detection of 

a glycoprotein. LFAs were first used with Au@GNA, and were shown to be successful 

at higher concentrations of RNase B. However, sensitivity was poor due to the format 

of the assay allowing for NPs to travel around the analyte spot. Therefore, a new 2D 

µPAD was investigated, where hydrophobic barriers were created to control regions 

of NP flow. These printed assays had the benefit of being colorimetric, so quantitative 

results could be obtained using a simple flatbed scanner, creating a relatively 

sensitive assay at low cost, with a LOD of 197.2 nM. In order to improve the 

sensitivity, SERRS was used, but was found to be problematic due to the depth 

penetration of the laser causing collection of scattered photons from NP conjugates 

in the absorbent pad below. Therefore, a change in objective to reduce the 

longitudinal focussing spot size produced much more coherent results, showing that 

this assay format had the possibility of facilitating rapid and sensitive glycan profiling. 

Finally, initial experiments were conducted in the development of an ELISA for glycan 

detection. This involved the use biotinylated lectins for detection of the glycoprotein, 

to which a streptavidin-conjugated GOx polymer would bind. The presence of GOx 

would then cause the conversion of Glc to gluconic acid with the liberation of H2O2. 

The production of H2O2 would enable the reduction of Au3+ on to the surface of Au 

NP seeds causing growth which could be tracked using extinction spectroscopy. This 

relied on the increase in the extinction coefficient with the growth of Au NPs, which 

presented in an increase in intensity of the extinction peak, as described by the Beer-

Lambert Law. The development of this assay was still in the early stages, but 

highlighted the possibility for the production of a sensitive ELISA based on controlled 

NP synthesis. Similar assays have achieved attomolar levels of detection, showing 
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that this could significantly aid glycosylation measurements in biopharmaceutical 

production.  

Overall, it has been shown that NP-based assays can provide sensitive and specific 

detection of protein glycosylation. The versatility and ease of NP functionalisation 

allows for the production of libraries of lectin-conjugated Au NPs for the detection of 

a diverse range of glycans. Solution assays based on LSPR detection can produce 

sensitive results by simply mixing reagents and using extinction spectroscopy, giving 

rapid and quantifiable information about glycan composition. Paper-based 2D µPADs 

allow for high-throughput and rapid detection of protein glycosylation with two 

different detection methods. A user-friendly and low cost option of colorimetric 

detection is available, as well as potentially highly sensitive detection using SERRS. 

Finally, an ELISA format could be particularly advantageous. These assays are 

commonly available as kits for biochemical detection, so require little training for use, 

and can provide low LODs for analyte quantification. All three methods investigated 

here are still in the early research stages. However, with further optimisation, they 

could provide attractive alternatives to current glycosylation characterisation 

methods, due to their simple, low cost, and user-friendly formats, whilst maintaining 

sensitivity in glycan detection 
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8. Future Work 

This research has shown that NP-based assays have the potential to provide sensitive 

detection of protein glycosylation. However, more work is required to make these 

viable assays for biopharmaceutical glycan characterisation. Firstly, whilst the 

solution assays were simple and effective in assessing the presence of glycan 

components, the reproducibility of these assays must be improved by reducing the 

batch-to-batch variability in the NP conjugation process to ensure a consistent lectin 

concentration on the NP surface. This quality control could be carried out using 

fluorescence studies to ensure that the conjugated lectin concentration is 

reproducible. Further to this, the library of lectins used must be expanded to widen 

the scope of the assay for the potential of further glycan characterisation. This would 

involve investigation of a wide panel of lectins to ensure that strong binding 

interactions can be observed with each individual glycan component. Coupled with 

microplate readers, this assay has the potential to be a simple, yet rapid, technique 

for the elucidation of glycan components. 

In the 2D µPADs, the assay format must be made more robust to ensure that the test 

runs consistently every time. The materials used in the construction, namely the 

adhesive layers, should be investigated to reduce the variability in the flow properties 

of the assay, and potentially allow for removal of the detection layer for separate 

analysis. Further studies must also be carried out with the SERRS-based detection to 

ensure that reproducible and strong signals are achieved over different control 

samples. This could be achieved by the investigation of different RRMs and 

concentrations on the NP surface. Similar to the solution based LSPR assays, the 

library of lectin-NP conjugates must be diversified. This would allow for high-

throughput assays to be performed where different glycan components can be tested 

for in a single test sheet. Further to this, SERRS has the advantage of multiplexing 

capabilities. LFAs have shown already shown promise for SERS multiplexing.127 This 

could prove particularly useful in biopharmaceutical glycan characterisation where 

multiple glycan components could be detected within a single test spot, reducing 

materials required and significantly increasing throughput. 
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Finally, the NP growth ELISA is still in its infancy. For this research to progress the use 

of GOx to induce nanoparticle growth must be optimised. This would first involve 

investigating the optimum reaction conditions with regards to temperature and 

concentration to produce sufficient H2O2 to reduce Au3+ to Au0. As demonstrated in 

this research, having sufficient presence of enzyme to produce H2O2 is vastly 

important. Therefore, more work is required to provide a support for GOx to increase 

H2O2 production upon glycan detection. In purchased GOx polymer solutions any 

stabilising BSA must be removed to allow for attachment of only the enzyme to a 

magnetic bead surface. This could be carried out by size exclusion chromatography. 

The resulting presence of multiple GOx groups per detected glycan would maximise 

the difference in H2O2 production at different carbohydrate concentrations, in turn 

increasing the sensitivity of the overall assay. Further to this, in producing a final 

working assay, suitable antibodies must be investigated to bind the glycoproteins at 

specific epitopes so that their glycans are oriented away from the plate surface and 

are exposed for detection by a lectin. 

 

.  
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