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ABSTRACT 

 

Coeliac disease results because of an unusual immune response to the digestion of gliadin 

protein. Patients suffering from the disease show varying degrees of chronic inflammation 

within the small intestine ranging from mild lesions to completely flat mucosa. The immune 

response in turn, leads to the production of a number of cytokines and antibodies that are linked 

to the disease and its pathological effects. The released antibodies can be used as specific 

biomarkers for developing reliable diagnostic tests. Over the years, different approaches like 

the use of mucosal biopsy, genetic typing of the disease associated gene, gliadin induced 

cytokines, antibodies and auto-antibodies have been used to develop diagnostic tests for coeliac 

disease. However, in spite of the encouraging initial results in terms of sensitivity and 

specificity, the existing tests have limited scope as point-of-care tests.  

The current study was aimed at developing a coeliac diagnostic assay based on the properties 

of the gold nanoparticles combined with the specificity of the antibodies from serum as well as 

saliva. In this study, I developed a novel diagnostic test for coeliac disease based on the coating 

of gold nanoparticles with gliadin, the highly antigenic protein responsible for inducing the 

symptoms of coeliac disease. A novel protocol for binding the hydrophobic gliadin protein on 

the surface of the gold nanoparticles was developed in this study. This was followed by the 

development of a simple, single antibody serology based diagnostic test. 

Finally, I used the assay on thirty patient serum samples in a blinded assessment and compared 

the results with the data from previously run serological and pathological tests on these patients. 

When tested on real patient samples, the data showed that the developed assay had an overall 

accuracy of over 96%. 

xix 



 

Furthermore, I developed an assay based on the coating of gold nanoparticles with a peptide 

sequence derived from gliadin. To develop the serological assay based on the peptide 

functionalised nanoparticles, I first established a stable suspension of peptide coated gold 

nanoparticles and then tested the assay on spiked serum samples. I then used the assay to test 

thirty patient serum samples and found that the peptide functionalised nanoparticle-based assay 

could distinguish coeliac disease from non-coeliac disease patients with an accuracy of 86.6%.  

This study demonstrates the potential of gold nanoparticle-based approach to be adapted for 

developing a point-of-care screening assay for diagnosis for CD. The developed assay could 

be a part of an exclusion based diagnostic strategy and prove beneficial for testing high coeliac 

disease risk populations. 
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Coeliac disease: from etiological factors to evolving diagnostic approaches 

 

1.1   General introduction to coeliac disease 

 

Coeliac disease (CD) is a chronic disorder that damages the small intestine and is caused by 

consuming gluten proteins that are present in wheat and other cereals [Ludvigsson et al. 2013]. 

Patients with CD show varying degrees of chronic inflammation within the small intestine due 

to an aberrant immune response to gluten. Gliadin is one of the two major protein groups that 

comprises gluten and plays a key role in causing the disease. CD is described as an immune 

mediated response to the antigen-gliadin. The innate immune response is initiated following 

the T cells recognition of the gliadin epitopes that further stimulates the release of T cell surface 

molecules such as CD4, CD8 as well as natural killer (NK) cells. The release of pro-

inflammatory cytokines in turn damages the small intestine. As a result, cytokines and 

antibodies are produced in patients with CD that can be used as specific biomarkers to develop 

diagnostic tests. 

There has been an increasing number of developments of a wide range of diagnostic tests for 

CD following the advances in pathophysiology, immuno-molecular biology and diagnostic 

technologies. The existing detection test methods on the market, however, have limited narrow 

adaptability for use for the early, rapid identification and quantification of CD. As the number 

of sufferers with CD are rapidly increasing, there has become an immediate need to develop 

cheap, accurate, simple and safe diagnostic tools that would be widely available to the general 

public.  

This thesis is divided into various chapters; chapter I describes CD pathogenesis and current 

diagnostic tests, chapter II discusses the properties of gold nanoparticles and their applicability 

in developing novel biosensors, chapter III discusses the materials and methods used in the 
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experiments. Chapter IV discusses the development of a novel diagnostic assay for CD using 

gliadin coated gold nanoparticles while chapter V explains the development of a novel 

screening test for CD using peptide functionalised gold nanoparticles. Chapter VI concludes 

the results obtained in the study and provides an outlook to the future work.  

Chapter I has been published as a review paper, titled, ‘coeliac disease: from etiological factors 

to evolving diagnostic approaches’ in the Journal of Gastroenterology, 2017. 

This chapter describes CD in terms of its etiological cause, pathological effects, current 

diagnostic tests based on mucosal biopsy and the genetic basis for the disease. In addition, it 

discusses the use of gliadin induced cytokines, antibodies and auto-antibodies as a diagnostic 

tool for CD.  In spite of good initial results using these diagnostic tests in terms of sensitivity 

and specificity, when these immunological tests were used on a large scale even in combination 

with genetic testing, the results were found to have a lowered sensitivity value. I address the 

issue of low sensitivity value and provide an outlook on the future work using new sensing 

platforms namely, gold nanoparticles that can be applied to develop novel diagnostic tests to 

help in the diagnosis for CD. The development of such an efficient diagnostic test is required 

to achieve an accurate diagnosis to predict CD in the general public avoiding invasive tests, 

such as endoscopy and mucosal biopsy. 

  

1.2   CD Prevalence 

 

Epidemiological studies have provided evidence on the world-wide distribution of CD. During 

the past few decades, the incidence of the disease has increased significantly. In developed 

countries such as USA, a high prevalence rate of CD ranging from 0.7 per cent has been 

reported while in Europe a prevalence rate of one per cent was indicated in a population-based 

study [Lionetti et al. 2015]. In South America, where CD had been considered historically as a 
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rare disease, a Brazilian prevalence study disclosed an affected rate of 1:214 [Oliveira et al. 

2007] and an Argentinian prevalence rate of 1:167 [Gomez et al. 2001]. In a study conducted 

in Western Australia, (0.4%) of the population was found to be affected by CD, the disease 

frequency being one in two hundred and fifty people [Hovell et al. 2001]. In a study conducted 

in Asia based in North Western India, where there has been a history of wheat cultivation from 

before 1000 BC, a significant increase in patients diagnosed with CD has been observed. The 

growth rate of the disease was noted as 79.43% with a trend equation increase of 15.49 

cases/year and the disease was shown to be affecting 1 in 310 children and affected 1.04% of 

adults [Sood et al. 2001, Ramakrishna et al. 2016].  

In a study comparing serum stored from 1948–54 to current serum samples from the USA, an 

increasing prevalence of CD with time was shown with a reported 4–4·5 times increase when 

samples were compared from 1948–54 to the present day [Lohi et al. 2007]. 

In addition, CD cases are shown to be increasing in numbers every two decades and in this 

process, CD has advanced from a medical rarity to a highly prevalent disease [Kang et al. 

2013]. This has been supported by a study of two cross-sectional adult population cohorts in 

Finland at two different time points. The first sampling and study design was performed in 

1978-1980 and second was in 2000-2001. The results showed an increase in prevalence rates 

of CD from 1.05% (1978-1980) to 1.99% in 2000-2001 [Lohi et al. 2007]. A recent study on 

the Finnish population also showed that incidence of CD autoimmunity increased in the early 

2000s and may have reached a plateau in recent years [Kivela et al. 2015]. 

One of the possible reasons for the increased disease frequency that has been observed in most 

of the autoimmune diseases is the improved hygiene and environmental changes in the 

industrialised world that has led to reduced microbiota content at an early age. This has been 

described as the hygiene hypothesis of atopic diseases [Rautava et al. 2004]. It has been 

proposed that the gut microbiota of infants lacks critical interaction strains involved in 
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developing the anti-inflammatory and tolerogenic responses that are further maintained by the 

cytokines, TGF- -10. Both these cytokines work in a synergistic manner and play an 

important role in promoting intestinal microbiota [Khoo et al. 1997]. Other factors that have 

contributed to the increased risk of CD include gastrointestinal infections, [Canova et al. 2014], 

rotavirus in children and campylobacter infection in adults, have been reported as risk factors, 

[Stene et al. 2006, Riddle et al. 2013] with rotavirus vaccination seeming to provide a protective 

effect [Kemppainen et al. 2017].  

 

1.3   CD: Iceberg Model 

 

A high number of the CD sufferers worldwide remain undiagnosed. In a study conducted by 

the Gastroenterological Society of Australia, approximately 75 per cent of sufferers of CD 

remained undiagnosed [Gastroenterological Society of Australia 2019, Australia, accessed 8 

February 2019, <http://www.gesa.org.au>] whereas in the United States, up to 83 per cent of 

cases go unsuspected [Rubio-Tapia et al. 2012]. CD epidemiology has been competently 

described by the iceberg model [Lionetti et al. 2011]. The size of the iceberg is determined by 

the overall number of CD cases. These are dependent not only on the frequency of the HLA-

DQ genotypes in the population, but also on the pattern of gluten consumption. While the 

visible part of the iceberg represents the top of the disease made up by the typical CD cases, 

on average for each diagnosed case of CD, five cases remain undiagnosed (the submerged 

iceberg part) because of the atypical and minimal symptoms [Catassi et al. 2014]. The problem 

of a significantly high number of undiagnosed cases has the potential to cause serious economic 

burden to health care systems in the Asia-Pacific region where an estimated 10 million people 

in India as well as in China remain undiagnosed [Catassi et al. 2012]. 

 



6 
 

1.4   CD pathology and histology  

 

The normal small intestine shows the presence of finger like villi on its surface. These villi help 

in nutrient absorption enabled by an increased surface area. In contrast, the pathological 

features of CD demonstrate varying degrees of intestinal damage, from mild abnormalities to 

completely flat mucosa (Figure 1). The severity of mucosal damage has been described by the 

Marsh-Oberhuber classification, which is a scoring system that relies on the diagnosis of upper 

intestinal pathology to categorise CD associated lesions, such as varying levels of crypt 

hyperplasia, intraepithelial lymphocytes and villous atrophy [Oberhuber et al. 1999, Marsh et 

al. 2015]. The distinct categories of CD associated mucosal lesions are shown in Table 1. 

 

Figure 1: Pathological features of CD (A) surface of the normal small intestine (jejunum) 

folded into finger like villi. (B) surface of jejunum with CD showing blunt villi, crypt 

hyperplasia and lymphocyte infiltration of crypts (Marsh Classification III). 
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Table 1. Histological scoring system for CD [Marsh et al. 2015, Tonutti and Bizzaro 2014] 

Stage of the disease Histological Observation 

Stage 1 Infiltrative 

Stage 2 Infiltrative-Hyperplastic 

Stage 3 3a) Mild Villous atrophy 

3b) Moderate Villous atrophy 

3c) Complete absence of villi 

Stage 4 Total mucosal atrophy 

 

 

The Marsh-Oberhuber system is mainly valid under optimal clinical conditions. However, 

given the presence of a broad spectrum of lesions as well as low inter-observer and intra-

observer agreement particularly for low-grade histopathological abnormalities may result in 

failure to diagnose CD [Mohamed et al. 2008]. 

A new system comprising a simplified grading system with uniform diagnosis and improved 

validity of the pathological diagnosis of CD was developed by using only three categories (A, 

B1 or B2). Category ‘A’ represents normal villous with lymphocytic infiltration. Categories 

B1 and B2 represent partial and complete villous atrophy, respectively [Corazza et al. 2007]. 

Further, the lesions were classified into grades A and B [Corazza and Villanacci 2005]. Grade 

A (non-atrophic) is characterised by the isolated increase of intraepithelial lymphocytes (IELs) 

(>25/100 enterocytes), while grade B (atrophic) was differentiated into B1, wherein the 

villous/crypt ratio is less than 3/1, with detectable villi, and B2, in which the villi are no longer 

detectable.  

In addition, changes in duodenal morphology, including quantitative measurements of villous 

height, apical and basal villous widths, and crypt length are being reported particularly after 
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adherence to a gluten free diet along with serology changes. A comparison between the 

different systems of CD classification is represented in Table 2 below.  

 

Table 2. Comparison of different histological scoring systems for CD 

Marsh System Marsh-Oberhuber System New Grading System 

           Type I   Type 1 Grade A 

            Type II                           Type 2 

 

           Type III                         Type 3a Grade B1 

 Type 3b 

 

Type 3c Grade B2 

 

1.5   Clinical Presentations of CD 

The clinical manifestations of CD depend greatly on the age of the patient, the duration of the 

disease as well as the presence of extra intestinal pathology. Depending on the observed 

histological and immunological features, CD can be sub-divided into the following clinical 

forms: classical, atypical, silent and undiagnosed CD.  

 

1.5.1   Classical (Typical) Form 

 

The beginning of symptoms in the classical form generally occurs between 6 and 18 months of 

age. The active form is typically characterised by chronic diarrhea, failure to thrive, muscle 

wasting and anorexia. While growth is usually normal during the first months of life, symptoms 
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begin weeks to a few months after introduction of weaning foods that contain prolamins. This 

leads to a progressive decrease in the child’s percentile for weight and weight for height. On 

observation, such children are usually pale and noticeably thin with a protuberant abdomen, 

decreased subcutaneous fat, and reduction in muscle mass. Laboratory signs of malabsorption 

include anaemia, hypocalcemia, hypoalbuminemia and vitamin deficiencies. The pathological 

changes are mostly visible in the duodenum and upper jejunum, but the extent of mucosal 

damage is variable with at times the entire small intestine being involved. The histological 

changes include minor villous blunting to subtotal or total villous atrophy, decreased villous 

height-to-crypt depth ratio, crypt hyperplasia with increased mitosis, increased lymphocyte 

infiltration in the lamina propria as well as increased number of intraepithelial lymphocytes. 

[Ludvigsson et al. 2013]. 

 

1.5.2   Atypical Form 

 

In recent years, there has been a notable change in the age of onset of symptoms as well as the 

clinical presentations of CD. Epidemiological studies have indicated that up to 50% of patients 

with newly diagnosed CD do not present with gastrointestinal symptoms and prevalence cannot 

be explained by the known genetic and environmental risk factors [Lebwohl et al. 2018].  

Other than intestinal damage, some of the other common signs and symptoms observed in CD 

sufferers particularly those defined as occult or atypical cases include iron-deficiency, 

anorexia, weight loss, abdominal pain, diarrhea, short stature, irritability, chronic fatigue, 

constipation and increased levels of liver enzymes and joint pain [Tonutti and Bizzaro 2014]. 

CD can also lead to severe neurological conditions, such as gluten ataxia and peripheral 

neuropathy [Hadjivassiliou et al. 2008]. The clinical manifestations of CD are described in 

Table 3. 
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Table 3. Major clinical manifestations of atypical CD in children and adults 

Children Adults 

Poor Appetite Diarrhoea/Weight loss 

Failure to thrive Cutaneous disease such as Dermatitis 

herpetiformis 

Abdominal distension Peripheral neuropathy 

Muscle Wasting Gluten Ataxia 

Diarrhoea Liver Dysfunction 

Anaemia Irritable bowel Syndrome 

Malabsorption Thyroid Dysfunction (hypo/hyper) 

Lethargy Reproductive Disease including 

abnormalities in menarche and 

menopause 

 

In addition, a number of disorders are found to be associated with increased risk of developing 

CD. Some of the strongly associated disorders are listed in Table 4.  

 

Table 4. Disorders associated with CD  

Autoimmune Idiopathic Chromosomal 

T1DM Dilated cardiomyopathy Down Syndrome 

Hashimoto thyroiditis Cerebellar ataxia Turner Syndrome 

Grave’s Disease Peripheral neuropathy Williams Syndrome 

Autoimmune hepatitis Multiple Sclerosis  
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Primary biliary cirrhosis Inflammatory bowel disease 

Dermatitis herpetiformis Sarcoidosis 

IgA deficiency Atopy 

 

 

 

1.5.3   Asymptomatic (Silent) Form 

 

The silent form of the disease is identified by the presence of histologic changes, limited mainly 

to the proximal intestine, that occur in the individuals and are apparently asymptomatic 

[Auricchio et al. 1988] and it manifests itself as a decreased psychophysical well-being. 

Common indicators in such individuals include iron deficiency with or without anaemia, 

behavioural disturbances, such as tendency to depression, irritability, easy fatigue and impaired 

physical fitness, reduced bone mineral density [Ferguson et al. 1993]. Early diagnosis and 

gluten free treatment improves the wellbeing of the sufferers whereas ignoring the symptoms 

may lead to long-term complications and disease progression. 

 

1.5.4 Undiagnosed, Potential Coeliac 

 

Another category of CD are the CD sufferers comprising the undiagnosed and potential CD 

sufferers. Undiagnosed sufferers of CD may contain the HLA-DQ genotype but show mild 

intestinal lesions to normal intestinal features along with an increased number of other 

pathological signs such as intraepithelial lymphocytes (IELs). On continued gluten exposure, 

mucosal atrophy was observed while adherence to a gluten free diet resolved the intestinal 

issues and improved mucosal damage in sufferers.  
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Potential coeliac sufferers are people with a normal small intestinal mucosa who are at 

increased risk of developing CD. These include first-degree relatives of CD sufferers that are 

HLA-DQ2/8 positive. The small intestine is characterised by a normal villous architecture 

along with a demonstration of histological feature + intraepithelial 

lymphocytes (IELs). IELs can lead to mucosal inflammation, these individuals show the 

presence of gliadin specific antibodies, usually at low titres (<1:40) and are serologically 

positive [Weinstein 1974]. 

Another CD concept is observed in patients particularly above 50 years of age, who even after 

following a strictly gluten free diet, continue to show intestinal damage and are known to suffer 

from refractory CD. Refractory CD (RCD) is further divided into two types; RCD I and RCD 

II. This classification is based on the presence of IELs in both the types and the presence of 

either a polyclonal T cell phenotype (considered as normal) or oligoclonal/monoclonal T cell 

phenotype (considered as abnormal) [Ludvigsson et al. 2013].  

Of both these refractory CD subtypes, RCD II is the most severe form of CD. RCD II sufferers 

show mainly the symptoms of malnutrition, ulcerative jejunitis and lymphocytic gastritis.  

 

1.5.5   High at-risk persons 

 

In addition to the coeliac sufferers there are high risk groups that may have higher CD 

prevalence rates. It has also been reported that patients suffering from certain other disorders 

such as Hashimoto’s thyroiditis, type 1 diabetes, IgA deficiency and Down’s syndrome have a 

higher risk of developing CD than the normal population [Freeman 2008]. Some of the 

disorders associated with increased risk of developing CD are listed in Table 4. 

The most determining factor is familial history of biopsy proven CD with estimates of up to 

20% or more of first-degree relatives having CD [Freeman 2010]. Another high-risk group are 
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those with the insulin dependent diabetes (type 1 diabetes), as well as those having liver 

disorders particularly, autoimmune hepatitis and primary biliary cirrhosis.   

While the overall prevalence of CD is highly dependent on the HLA DQ2/8 typing and gluten 

consumption, the population with positive HLA typing for CD along with diabetes, relatives 

of coeliac sufferers as well as with autoimmune disorders have even higher risks for 

development of CD.  

 

1.6   -Gliadin as the trigger for CD 

 

Gluten is the storage protein of wheat and accounts for its viscoelastic properties. Gluten can 

be further classified, into the ethanol-insoluble glutenin’s and alcohol soluble gliadins. Based 

on the mobility in 2D-PAGE at low pH, the gliadins were identified as a large family of proteins 

and were initially classified into four sub-  [Woychik et al. 

1961, Bushuk and Zillman 1978]. Characterisation based on biochemical properties led to re-

classification of gliadins gliadins 

[Metakovsky et al. 1997, Anderson et al. 2012]. There is continued research on the 

classification of gliadins, as the gliadin family is much larger, complex and diverse.  

-gliadins have an average molecular weight of 31 kDa, represent 15-30% of the total 

protein in wheat grain and contain a total of 282-286 amino acids [Kasarda et al. 1984]. -

gliadin protein is one of the most abundant proteins in wheat and is also believed to be one of 

the main initiators of CD. It is comprised of a signal peptide, a large repetitive domain, two 

poly-glutamine regions and two unique domains with a relatively conserved number of cysteine 

residues [Anderson and Greene 1997] (Figure 2). -gliadin genes have been found 

to contain six cysteine amino acids that form three intramolecular disulphide bonds thereby, 
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-gliadin family genes have been mapped on the short arm of 

chromosome 6 of wheat and have a high copy number [Noma et al. 2016].  

 

 

Figure 2: The general -Gliadin protein [Adapted from Anderson and Greene 

1997]. 

 

1.6.1   -Gliadins 

 

 -gliadins from wheat are also a notable source of CD epitopes. It has been shown that T cell 

reactive lines from -gliadins show more variability as compared to -gliadin 

-

-gliadin [Camarca et al. 2009].  

The amino acid sequence of the -gliadin transcript begins with a 20-residue signal peptide 

sequence, followed by a short N-terminal non-repetitive domain (I), as well as a highly variable 

repetitive region (domain II). The length of the domain II varies between 138 to 537 base pairs. 

This is followed by another non-repetitive domain containing cysteine residues (Region III), a 

glutamine rich region (IV) and a C terminal non-repetitive domain containing two conserved 

cysteine residues (V) [Qi et al. 2009]. Most of the sequence variants can be assigned to one of 

-gliadin loci, Gli-A1, Gli-B1 and Gli-D1. One of the main CD epitopes is 

DQ2- -1 epitope (PQQSFPQQQ) and is recognised by at-least one–third of the patients [Vader 

et al. 2002]. 
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1.7   Pathogenesis of CD 

 

CD develops because of an aberrant immune response to wheat gluten and related cereal 

proteins in genetically predisposed individuals. This immune response in turn leads to the 

production of a number of auto-antibodies that are linked to the disease and its pathological 

effect. It has been observed that increased concentrations of auto-antibodies can be associated 

with progressive degrees of villous atrophy based on the Marsh classification [Kruppa 2012] 

(see Table 1).  

CD development involves environmental, genetic as well as immunological factors [Kagnoff 

2002]. In patients showing susceptibility to the disease, the immune system recognises gliadin 

epitopes as an antigen. This leads to recognition by the T cells, increased production of CD4, 

CD8 and natural killer cells which release pro-inflammatory cytokines that results in tissue 

destruction and damage to the small intestine.  

Gliadin severely alters the intestinal immune system and can access the basal surface of the 

epithelium via both the trans- and paracellular routes of absorption (Figure 3). The paracellular 

permeability of gliadin is supported by the identification of Zonulin, a 47 kDa protein (recently 

identified as perhaptoglobin-2) in the mammalian intestine that plays the significant role of 

modulating intercellular tight junctions [Fasano 2011]. Following gliadin binding to the 

chemokine receptor CXCR3 [Lammers et al. 2008], myeloid differentiation primary response 

protein 88 (MyD88) in enterocytes, induces release of zonulin that causes increased epithelial 

permeability and gliadin passage to the gut mucosa. 

The transcellular passage of gliadin peptides has been reported to be stimulated by IFN-

cytokine produced in patients with CD [Schumann et al. 2008]. Transport of intact gliadin 

peptides has been reported by retro-transport via CD71, the transferrin receptor. CD71 is over-

expressed in coeliac affected patients and is expressed at the enterocyte apex where it can bind 
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secretory IgA (SIgA), to form SIgA-gliadin complexes. This binding enables intact 

translocation of gliadin peptides by escaping lysosomal degradation [Matysiak-Budnik et al. 

2008].  

 

1.7.1   Activation of Immune Response 

 

The activation of the innate immune response helps in the stimulation of the adaptive immune 

response (HLA-DQ2 or HLA-DQ8 mediated) and initiation of the T cell and B cell specific 

response. The adaptive immune response is comprised of the T cells that contain the T cell 

receptor (TCR) on the cell surface. The CD4 T cells that express the CD4 glycoprotein on the 

cell surface are known as T helper cells. MHC Class II molecules act as the antigen presenting 

cells (APC) and in turn lead to activation of the T helper cells, following interaction with the 

gliadin peptides. Upon activation, CD4+ T cells secrete cytokines and may differentiate to 

several sub types such as TH17. It is suggested that TH17-derived interleukins (IL-17, IL-21, 

IL-22 and interferon- immunocompetent cells and cause an inflammatory cascade 

resulting in tissue damage and the destruction of the cellular matrix structure. It also acts 

synergistically with Tumor Necrosis Factor (TNF). Activated CD4+ T cells secrete pro-

inflammatory cytokines and stimulate cytotoxic T cells and fibroblasts to produce zinc 

dependent endopeptidases called matrix metallo-proteinases (MMP) that can degrade all kinds 

of extracellular membrane proteins [Di Sabatino and Corazza 2009, Sollid and Jabri 2013]. 

A second pathway used by Cytotoxic T cells (Tc) cells to promote apoptosis is through the 

release of Fas ligand on Tc cells that binds to Fas molecules expressed on mucosal epithelial 

cells. Killing of mucosal epithelium cells by Fas ligand begins by binding of the death domain 

of Fas to the death domain of an adaptor protein FADD (Fas associated via death domain). The 

clustered death effector domains (DED) of FADD recruit pro-caspase 8 that induces apoptosis 
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and also releases interleukin-15 from intestinal cells. IL-15 further helps in the stimulation of 

TH1 CD4+ T cells, T CD8+ and natural killer cells. The activation of CD8+ T cells is dependent 

on several simultaneous interactions which includes stimulation by IL-15 and activation by 

their NKG2D receptors. These receptors belong to the C-type Lectin family and helps in the 

activation of NK cells. Once the NKG2D receptors recognise the ligand MHC class I chain-

related gene A (MIC-A), a transmembrane glycoprotein, they can kill MIC-A expressing 

epithelial cells through the same NKG2D receptors [Bulfone-Paus et al. 1997, Waldmann 

2006].  

 

Figure 3: Schematic diagram showing the pathway for release of anti-gliadin and anti-

transglutaminase antibodies. Gliadin peptides cross the enterocyte by the paracelluar tight 

junctions following the release of Zonulin upon binding of gliadin peptide to the CXCR3 

receptor or by IgA mediated retro transcytosis through the transferrin receptor CD71. Tissue 

transglutaminase (tTG) deamidates gliadin, which is recognised by human leukocyte antigen 
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(HLA)-DQ2 or DQ8 molecules on the surface of antigen presenting cells (APC). The APC 

presents the deamidated peptide to CD4+ T cells, which upon activation produce elevated 

levels of pro-inflammatory cytokines. These cytokines promote increased cytotoxicity of 

natural killer cells, T cells and intraepithelial lymphocytes, which cause apoptotic death of 

enterocytes. The production of T-helper2 (TH2) cytokines induces clonal B cell expansion 

followed by differentiation into anti-gliadin and anti-transglutaminase antibody secreting 

plasma cells. [adapted and modified from Di Sabatino and Corazza 2009, Sollid and Jabri 

2013]. 

 

1.7.2    Role of Intra-epithelial lymphocytes in CD 

 

Along with an increase in the number of gliadin specific CD4+ T cells, CD is also characterised 

by an increase in the number of pro-inflammatory cytokines such as IFN- Bodd et al. 2010]. 

IL-21 drives the production and release of IFN-

intraepithelial lymphocytes (IEL) [Peluso et al. 2007]. An increase in the level of IL-15, results 

in the release of other stress-inducible molecules, such as MIC and HLA-E (which are ligands 

that activate recognition receptors NKG2D and CD94/NKG2C on IEL’s) [Hue et al. 2004, 

Meresse et al. 2006]. These transmembrane recognition receptors that play a key role in 

imparting tissue damage that takes place in the enterocytes expressing IL-15 and stress-induced 

ligands for natural killer (NK) receptors. The cytotoxic IEL’s thereby, show the tendency to 

kill intestinal epithelial cells as a response to epithelial stress, i.e. ‘altered self’, rather than a 

trigger by a specific antigen. In this regard, IEL’s have been regarded as self-reactive CD 

[Sollid and Jabri 2013]. 
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1.7.3    Role of tissue transglutaminase enzyme in CD 

 

The pivotal step in the immune identification of gliadin as a foreign antigen is the deamidation 

of the protein by the tissue transglutaminase enzyme (tTG), a 76 kDa calcium dependent 

enzyme comprised of 686 amino acids. The transglutaminases are distributed widely in various 

organs, tissues and body fluids. Apart from tTG, other transglutaminase enzymes include, liver 

tissue transglutaminase, hair follicle transglutaminase, epidermal transglutaminase, prostrate 

transglutaminase and coagulation factor XIII from blood [Griffin et al. 2002]. These enzymes 

differ from each other in their physical properties as well as in their distribution in the body.  

tTG is present in the liver and erythrocytes as a monomer of Mr 75,000-80,000. It can be 

isolated from the cytoplasm of cells and does not require even minor proteolysis for enzyme 

activation. The enzyme activity is Ca2+ dependent with two regions rich in glutamine residues 

(around amino acids 450 and 470) identified as the most probable Ca2+ binding sites in the 

enzyme [Ikura et al. 1988]. Further analysis based on hydropathy revealed that the active site 

in the human as well as the guinea pig transglutaminase are located at a transition region 

between the hydrophilic and hydrophobic regions [Folk and Gross 1971].  

Immunohistochemical studies have suggested that the expression of tTG is elevated in the small 

intestine of untreated patients with CD as compared to normal individuals [Thomazy and Fesus 

1989]. As the enzyme tTG belongs to the trans-amidating class of enzymes, it catalyses Ca2+ 

dependent acyl transfer reaction, the covalent linking of two proteins, one with a glutamine 

amino acid and the other with a lysine residue to form a - -glutamyl)-lysine isopeptide bond 

(Figure 4) [Sabatino et al. 2012, Evans et al. 1988]. Most of the deamidation occurs in the brush 

border cells of the small intestine, where the pH is about 6.6 [Evans et al. 1988]. 
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Figure 4: Gliadin modifications by enzyme tissue transglutaminase (tTG) (adapted from 

Dieterich et al. 2003). (A) tTG catalyses the cross-linking of protein bound glutamine donor 

with the lysine residue of second protein resulting in the formation of an irreversible 

isopeptidyl bond. (B) In the absence of glutamine acceptors or at low pH, deamidated peptides 

are formed followed by release of ammonia. 

The deamidation effect of tTG on wheat gliadin, helps in increasing the immunostimulatory 

effect and affinity for HLA-DQ2 and HLA-DQ8 as well as act as a target for disease-specific 

antibodies that results in mucosal damage in CD (Fig. 5). The peptides released show a left 

handed polyproline II helical conformation which is preferred by HLA class II ligands 

[Sjostorm et al. 1998]. About 36% of glutamine residues of wheat gliadin are available to tTG 

catalysis as investigated by gliadin deamidation by polyamine incorporation or by ammonia 

liberation. It has been demonstrated that the secondary structure of the peptide affects the 

affinity of the enzyme as the presence of proline residues after glutamine results in the peptide 

not being deamidated [Piper et al. 2002]. 



21 
 

 

Figure 5: Role of tTG in the progression of mucosal damage in CD 

1.7.4 Release of auto-antibodies in CD 

The release and formation of specific anti-gliadin and anti-transglutaminase antibodies that are 

considered as the serological biomarkers for CD is based on the stimulation of CD4+ T cells 

that leads to lymphocyte B cell differentiation into plasma cells [Dieterich et al. 1998]. The 

autoantibody formation depends on the existence of tTG-specific naïve B cells in the secondary 

lymphoid tissue in patients with CD. Following the binding of tTG to the B cell receptor, a 

gliadin-tTG complex is formed with a covalent link between gliadin peptide and the B cell 

receptor [Sollid 2000]. Internalisation of the gliadin-tTG complex results in the release of 

deamidated gliadin peptides that further activate the CD4+ T cells in the intestinal mucosa of 
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patients with support by the gluten reactive helper T cells [Du Pre’ and Sollid 2015] (refer 

Figure 3).  

 

1.7.5   Coeliac Toxicity and amino acid composition of gliadin 

 

Early studies to assess coeliac toxicity of wheat were carried out using gliadin digested with 

the enzyme’s pepsin, trypsin and pancreatin. This peptide mixture, with an average molecular 

mass of approximately 1000 Da, was introduced into the duodenum of patients with CD where 

it was found to be toxic [Bronstein et al. 1966]. In addition, a study was carried out to test 

individual gliadin peptides and assess their coeliac toxicity. Peptides that were found to be 

toxic had a relatively high amino acid content of glutamine and proline.  

The relationship between amino acid composition and coeliac toxicity was further 

demonstrated in a study that compared the alcohol soluble proteins (prolamins) of different 

cereals [Weiser 1996]. That study showed that prolamins of wheat (gliadin), rye (secalin) and 

barley (hordein), all of which contain an elevated content of glutamine (~36%) and proline (17-

23%) assembled in a repetitive pattern, induced coeliac toxicity. In contrast, prolamins of 

cereals such as maize, millet and rice, which have a lower percentage of glutamine and proline 

but are higher in leucine and alanine, do not induce coeliac toxicity [Weiser 1996]. The FASTA 

sequence showing the complete amino acid composition of the alpha-gliadin protein is 

presented in Figure 6. 

 

 

MKTFLILVLLAIVATTATTAVRFPVPQLQPQNPSQQQPQEQVPLVQQQQFLGQQQPF

PPQQPYPQPQPFPSQLPYLQLQPFPQPQLPYSQPQPFRPQQPYPQPQPQYSQPQQPISQ

QQQQQQQQQQQQQQQQQILQQILQQQLIPCMDVVLQQHNIAHGRSQVLQQSTYQLL
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QELCCQHLWQIPEQSQCQAIHNVVHAIILHQQQKQQQQPSSQVSFQQPLQQYPLGQG

SFRPSQQNPQAQGSVQPQQLPQFEEIRNLALQTLPAMCNVYIPPYCTIAPFGIFGTN 

 

Figure 6: FASTA sequence of alpha-gliadin (>sp|P02863|GDA0_WHEAT Alpha/beta-gliadin 

OS=Triticum aestivum OX=4565 PE=2 SV=2) 

 

A proline and glutamine rich 33-mer peptide with the following amino acid sequence: 

2-gliadin 56-88) was found to be 

highly toxic and immunodominant. Within this peptide, 13 of the 33 amino acids are proline, 

which also makes this fragment highly resistant to digestion by intestinal proteases [Shan et al. 

2002]. Furthermore, most of the T-cell stimulatory peptides are located in the repetitive 

domains of the protein one of which is the 33-mer peptide [Qi et al. 2013]. These T-cells act to 

induce the autoimmune response caused by exposure to gliadin in the intestine.  

 

1.8    Diagnosis for CD 

 

To date, the accurate diagnosis of CD has mainly depended upon gastrointestinal endoscopy to 

acquire a tissue sample that can show any potential abnormalities. Apart from endoscopy, 

current methods for diagnosis include serological testing for gliadin induced antibodies using 

an enzyme-linked immunosorbent assay (ELISA). These methods are expensive, confined to 

centralised pathology labs and require highly specialised operational and analytical expertise. 

In addition, due to the need to take a blood sample and go on a gluten diet for 6-8 weeks 

particularly when a definitive diagnosis is required, it is often difficult to get young children as 

well as even some adults to go for voluntary testing. 

 



24 
 

1.8.1   Intestinal Biopsy for testing CD 

 

Biopsy has been considered the gold standard for identifying CD patients. Over the years, it 

has been recognised that CD patients show an entire spectrum of histological changes ranging 

from increase in villous intraepithelial lymphocyte count to villous flattening. Endoscopy has 

been useful to report some of the unique intestinal features such as loss or reduction of duodenal 

folds, scalloping of duodenal folds, and, less commonly, a mosaic pattern and prominent 

vasculature [Ravelli et al. 2001]. Over the years; however, several challenges have limited the 

practice of relying on pathology alone for making a confirmed diagnosis. Firstly, a non-biased 

pathology analysis requires at least four to six endoscopic biopsy specimens to be taken from 

the duodenum of an individual patient [Bao et al. 2012]. This is necessary, as described in the 

Marsh-Oberhuber classification, the intestinal pathology and damage for CD varies in different 

individuals as per the disease stage. Also, improper sample preparation caused by poorly 

mounted samples or incorrect orientation can lead to false negative or positive results as 

endoscopic features are not sensitive and some are not specific [Bao et al. 2012]. 

Finally, to have a clear small bowel biopsy report, it is recommended that gluten be included 

in the diet to trigger histological relapse to validate CD. This is challenging as people who are 

already placed on a gluten free diet and are recovering, are hesitant to take the 6-8 weeks gluten 

challenge due to a fear of symptom exacerbation [Castillo et al. 2015]. Taken together, a 

diagnosis based solely on gastrointestinal damage is inadequate on its own particularly in 

patients with minimal intestinal damage [Hardy and Tye-Din 2016]. Thus, to increase the level 

of diagnostic precision as well as monitoring by coeliac sufferers, particularly for small 

children as well as patient with minimal intestinal damage, newer non-invasive, genetic and 

serological tests are required.  
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1.8.2    Genetic testing for CD 

 

The HLA-DQ gene in the HLA complex on the 6p21 chromosome is the main genetic factor 

linked with CD. The strong link between CD and genetics is reflected in a high conformity rate 

of 75% in monozygotic twins [Greco et al. 2002]. While a majority of CD sufferers, about 

95%, carry the DQ2 heterodimer, the others contain the HLA-DQ8 genotype [Howell et 

al.1986]. The HLA-DQ2 genotype is considered as an independent factor that influences the 

gut microbial composition particularly in infants expressing the genetic factors that contributes 

to CD development [Olivares et al. 2015]. 

HLA Class II molecules are heterodimeric molecules, composed of a 33- -chain and a 

25- -chain. The C-

molecules are free to bind antigenic peptides [Rioux and Abbas 2005]. 

Deamidated gliadin peptides are presented to mucosal CD4+T cells by HLA-DQ2 and DQ8 

molecules, thereby, playing a key role in development of CD. Isolation of gliadin-reactive T 

cells from the small intestinal mucosa was used to understand the link between CD and HLA-

DQ [Lundin et al. 1993]. When gluten was added to these activated T cells in the presence of 

HLA-DQ heterodimer, gluten was identified by the T cells. This helped to demonstrate the T 

cell-HLA-DQ association of CD. 

The DQ association in DQ2 and DQ8-related CD, showed different mechanisms in CD 

progression. An increase in DQ2-mediation of CD was noticed following the deamidation of 

gliadin by the enzyme tissue transglutaminase (tTG). In a fine mapping study conducted to 

study the peptide-binding motif for HLA-DQ2, it was demonstrated that HLA-DQ2 prefers 

hydrophobic and negatively charged amino acids at anchor positions P1 and P9, particularly at 

P4, P6 and/or P7 [Costantini et al. 2005].  
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In contrast, HLA-DQ8 binding prefers glutamate at P1 and P9 to generate a stable peptide-

MHC complex [Henderson et al. 2007] with the DQ8-restricted gliadin peptides located in 

protease sensitive sites of gliadin. Further, research showed that the T cell receptor attached 

centrally above HLA-DQ8-alpha-I-gliadin, allowing all complementarity-determining region-

beta (CDR beta) loops to interact with the gliadin peptide [Broughton et al. 2012]. 

Given the strong link of HLA-DQ complex with CD, HLA-DQ2/8 genotyping is a commonly 

used test for estimating the risk of development of CD. The limiting factor for the genotyping 

test is the low predictive value as well as the likelihood ratio for the disease prevalence that 

greatly influence the genomic risk predictability. This was illustrated in a study involving 463 

participants, out of which 16 patients were HLA-DQ2 and/or –DQ8 positive and were 

confirmed to have CD based on the intestinal damage. However, 192 patients were genetically 

positive but did not show the intestinal damage and were confirmed without CD in follow up 

treatment. This false diagnosis can be accounted to the high prevalence of the HLA-DQ genes 

in the general population [Hadithi et al. 2007, Husby et al. 2012].  

Furthermore, in some Asian countries, such as Japan, and it has been observed that the 

prevalence of the genotypes HLA-DQ2 and DQ8 remains very low (around 10-20%) [Hall and 

Crowe 2011]. Sole reliance on HLA-DQ2/8 genotyping may significantly under-diagnose CD 

in such populations, particularly when other chronic abdominal symptoms are expressed in 

patients [Fukunaga et al. 2017]. 

Genome wide association mapping has pointed to 70 candidate genes in 42 non-HLA loci that 

have been shown to be linked with CD [Dubois et al. 2010]. This association indicates that 

multiple immunogenetic pathways are involved in CD pathogenesis. Genomic studies using an 

additional ~200 CD-associated single-nucleotide polymorphisms have been demonstrated as 

more effective predictors of CD as compared to the existing HLA typing [Abraham et al. 2015]. 
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Further research, however, is necessary to establish the cost effectiveness as well as the clinical 

relevance of genomic testing [Abraham et al. 2015]. 

Another important concept is the effect and influence of dose of HLA on the CD susceptibility. 

It has been shown that individuals homozygous for the disease-associated DQA1*05:01-

DQB1*02:01 haplotype or individuals possessing DQA1*05:01-DQB1*02:01/DQA1*02:01-

DQB1*02:02 genotype have the highest risk for developing CD [Ploski et al. 1993]. The 

diffrences in the DR3-DQ2 haplotypes indicates that some other factors may be independently 

influencing the extent of risk for CD [Noble et al. 2006].  

 

1.9   Detection of antibodies useful in the diagnosis of CD 

 

Based on the underlying immune mechanisms of CD induction described above together with 

the resulting production of antibodies against gliadin as well as auto-antibodies (refer Figure 

3), a variety of diagnostic tests have been developed. These auto-antibodies bear the typical 

characteristics of a conventional immune response to a foreign antigen, including, a high level 

of specificity, class-switching from IgM to IgG as well as other sub classes, affinity maturation 

i.e. auto-antibodies released later in the disease react more strongly with the target antigen as 

well as mutation of antibody genes with time [Miller et al. 1990]. Antibodies that have been 

studied thus far for their potential use as a diagnostic biomarker for screening large populations 

are listed below. 
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1.9.1   Anti-Gliadin Antibody (Anti-AGA) 

 

Anti-gliadin antibodies are released following the binding of the B cell receptor to gliadin 

peptides that are presented by the HLA-DQ molecules. The first diagnostic tests developed 

using -gliadin as the antigen were ELISA-based and were used to distinguish between adults 

with CD and those without [O’Farrelly et al. 1983]. The ELISA based test showed encouraging 

results for children under the age of 2 years, showing a sensitivity value of 100% for both IgA 

and IgG AGA in children under the age of 2 years (see Table 5), while sensitivity values 

dropped down to children above the age of 2, showing a sensitivity value of 64% and specificity 

value of 54% for IgA and IgG AGA antibodies, respectively [Savilahati et al. 1983]. The 

difference in the sensitivity values may be explained by the significant AGA titre difference in 

the CD affected patients below the age of 2 and the negative control. In fact, the titre values of 

anti-gliadin specific antibodies remained significantly higher even after placing the coeliac 

affected patients on GFD. In another study conducted on children, the IgG AGA showed a 

specificity of 90%, whereas the IgA AGA had a specificity of 65%. Based on these results, IgG 

AGA was therefore proposed as a marker for CD detection in children [Tucker et al. 1988].  

Further studies detected IgG and IgA AGA based antibodies using mainly an ELISA method. 

These studies anticipated that AGA screening could be used as a basis for selecting children to 

undergo duodenal biopsy to confirm for CD. These studies, however, remained inconclusive 

as the predictive efficiency for these tests varied between 79 and 98% (see Table 5). The intra-

test variability can be ascribed to several factors, including varying ratios of coeliac to control 

patients studied, the use of alternative techniques such as immunofluorescence and ELISA, 

different ELISA protocols being followed that lead to significant inter-laboratory variation as 

well as disparity in the cut off points used to determine the threshold for positive samples in 

the AGA assay in different laboratories.  
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In a later study, AGA IgG was quantified using an alternative method, based on a microfluidic 

immunosensor consisting of a modified Plexiglas device that is coupled with an 

electrochemical detector [Pereira et al. 2010]. The AGA IgG quantification was conducted 

based on the application of a heterogenous, non-competitive ELISA. Briefly, AGA IgG 

antibodies in human serum samples were allowed to react with gliadin protein that was 

immobilised on the surface of an immunosensor acting as a substrate. The immunosensor 

consisted of a Plexiglas device coupled to a gold electrode, with a central channel containing 

3-aminopropyl-modified pore glass (AP-CPG). Alkaline phosphatase (AP) enzyme labelled 

secondary antibodies specific to human IgG were used to convert the p-aminophenyl phosphate 

(p-APP) to p-aminophenol (p-AP). This electrochemical back oxidation of p-aminophenol 

created a signal on the gold electrode. The amount of IgG antibodies to gliadin protein in the 

samples was, therefore, directly proportional to the product of the enzymatic reaction. 

However, as the quantification of IgG antibodies is a multi-step procedure, it requires careful 

handling, optimisation and higher cost, which has greatly limited the commercial potential of 

that device.  

Table 5.  Some of the reported Anti-Gliadin antibody (AGA) testing for screening CD 

Study AGA Test Method Sensitivity % Specificity % 

O’ Farrelly et al. 1983   ELISA 

ELISA 

82% (IgA) 

100% (> 2 yrs.) 

87% (IgA) 

- Savilhati et al.  1983   

                 60% (< 2 yrs.)  - 

   

Tucker et al. 1988 ELISA 86% (IgA + IgG) 90% (IgA + IgG) 

Bodé et al. 1993 DIG-ELISA 

(DIG: Diffusion in 

gel) 

100% (IgA + IgG) 97% (IgA + IgG) 
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Lerner et al. 1994  ELISA 88% (IgG) 92% (IgG) 

Chartrand et al. 1997  ELISA 93% (IgA + IgG) 71% (IgA + IgG) 

Lagerquvist et al. 2008 

 

ELISA 97.2% (IgA) 83.2% (IgA) 

 

 

1.9.2   Anti-Endomysial Antibodies (Anti-EMA) 

 

Anti-endomysial autoantibodies are specific to the smooth muscle endomysium of the 

gastrointestinal tract. The anti-EMA testing methods were developed in the mid-1980’s and the 

predictive efficiency was proposed to be a significant improvement over the AGA test. Similar 

to the AGA test, the Anti-EMA auto-antibodies were shown to be induced by exposure t -

gliadin and have been found to mainly consist of IgA class antibodies [Ladinser et al. 1994, 

Picarelli 1999]. IgA and IgG-EMA detection is performed by indirect immunofluorescence 

(IFA) using sections of monkey esophagus or human umbilical cord as the substrate, followed 

by the individual reading of each sample using fluorescent microscopy. Briefly, patient sera 

were screened at a dilution of 1:10 in PBS, pH 7.6 and polyclonal fluorescein isothiocyanate 

(FITC)-labelled heavy chain specific rabbit human IgG and IgA are used as secondary 

antibodies Although, EMA testing has shown even higher sensitivity and specificity values as 

compared to AGA testing [Rostami et al. 1994], the major problems of the assay are its higher 

cost, limited capacity for automation as well as the need for experienced personnel for analysis 

[Leffler and Schuppan 2010].  
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1.9.3    Anti-Transglutaminase Antibodies (Anti-tTG)  

 

An increase in anti-tTG titer in CD patients as compared to control patients was observed by 

Bruce et al. [1985] that led to the development of tissue transglutaminase based diagnostic 

assays. In these assays, patients showing very high titers of anti-tTG, were considered as 

confirmed CD positives and therefore these cases were exempted from small intestine biopsy 

[Hill and Holmes 2008, Vivas et al. 2009, Tortara et al. 2014]. This was supported in a recent 

study on 242 children in Sweden, where it was concluded that the detection of IgA/IgG anti-

tTG remains the most accurate pre-biopsy test for children with a risk of developing CD 

[Dahlbom et al. 2016]. 

The initial tests were based on the determination of the titer of anti-tTG antibody by ELISA, 

the enzyme preparation was isolated from guinea pig liver and it gave excellent initial results 

(Table 6). However, follow-up studies showed lowered sensitivity values probably due to 

hepatic impurities affecting the process of guinea pig tTG preparation. This problem was 

overcome by developing an ELISA test using human recombinant tTG (h-tTG) as antigen and 

has since then been widely adopted for use in clinical laboratories [Sblattero et al. 2000] (Table 

6).  

 

Table 6. Some of the reported Anti-Transglutaminase antibody (anti-tTG) testing results 

for screening CD. 

 

Study Antigen used for tTG ELISA Sensitivity % / Specificity % 

Dieterich et al. 1998  Guinea pig transglutaminase                     98.1% / 94.7% 

Lock et al. 1999 Guinea pig transglutaminase                85% / 97% 
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Sblattero et al. 2000 Guinea pig transglutaminase                84% / 98% 

Sblattero et al.2000  Recombinant human 

transglutaminase 

              91.5% / 99% 

Lewis and Scott [2010] 

 

Recombinant human 

transglutaminase 

              93% / 96.5% 

Dahlbom et al. 2010 Recombinant human 

transglutaminase 

              96% / 99.5% 

 

 

1.9.4    Anti-Deamidated Gliadin Peptide (Anti-DGP) antibodies 

 

The enzyme tissue transglutaminase causes the selective deamination of gliadin peptides. Some 

of these deamidated gliadin peptides, particularly, containing the sequence QPEQPFP, have 

been used as an antigen. This peptide sequence was identified from the T lymphocytes of 

individuals that are genetically predisposed to CD. PEQ has been recognised as the core epitope 

in the sequence [Volta et al. 2008]. An ELISA test with synthetic deamidated gliadin peptides 

as antigen has been shown to have high specificity values, however, the sensitivity was variable 

particularly for children as shown in Table 7. 

Existing diagnostic tests were compared with the DGP ELISA test to determine the most 

suitable test for diagnosis and follow-up of CD patients [Dahle et al. 2010]. In a study of 128 

untreated CD patients and 134 controls, anti-DGP was shown to have higher specificity as well 

as higher diagnostic accuracy, although IgA anti-tTG showed the best sensitivity. In a later 

study it was concluded that DGP based tests showed improved specificity as they could be used 

to differentiate between adult patients with CD suffering from liver ailments as well as other 

gastrointestinal based disorders [Barbato et al. 2011]. Another advantage of the DGP based test 
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is the availability of an IgG based test has been particularly useful for individuals who are IgA 

deficient. In other studies, it has been shown that high titers of anti-DGP corresponded to severe 

intestinal damage and IgG-DGP can be used as a diagnostic marker for small children [Amarri 

et al. 2013, Schwertz et al. 2004].  

 

Table 7. Some of the reported Anti-Deamidated gliadin peptide antibody (Anti-DGP) 

testing for screening CD. 

Study Population 

studied 

Sensitivity % Specificity % 

Schwetrz et al. 2004 Children and 

adults 

90.4% (IgA anti-

DGP) 

90.8% (IgA anti-DGP) 

Agardh [2007] Children 91% (IgA anti-DGP) 

95% (IgG anti-DGP)  

91% (IgA anti-DGP) 

86% (IgG anti-DGP) 

Ankelo et al. 2007 Children and 

adults 

93.0% (IgA anti-

DGP) 

75% (IgG anti-DGP) 

90.0% (IgA anti-DGP) 

98% (IgG anti-DGP) 

Rashtak et al. 2008 Children and 

adults 

75% (IgA anti-DGP) 

65.2% (IgG anti-

DGP) 

95.2% (IgA anti-DGP) 

98% (IgG anti-DGP) 

Basso et al. 2008 Children 80.7% (IgA anti-

DGP)  

80.0% (IgG anti-

DGP)  

 

93.0% (IgA anti-DGP) 

96.0% (IgG anti-DGP) 
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Sugai et al. 2010 Adults (high-risk 

group) 

98.4% (IgA anti-

DGP) 

95.2% (IgG anti-

DGP) 

 

 

92.7% (IgA anti-DGP) 

100% (IgG anti-DGP) 

 

 

1.9.5   Anti-Synapsin and Anti-Ganglioside antibodies 

 

Although the gluten-dependent auto-antibodies namely, anti-gliadin and anti-transglutaminase 

are the main auto-antibodies studied, some other auto-antibodies have also been shown to be 

related with CD. Of interest, are the anti-ganglioside and anti-synapsin auto-antibodies; an 

understanding of the release of these auto-antibodies is particularly important to fully 

comprehend the neurological manifestations observed in patients with CD. 

IgG antibodies to gangliosides have been observed in adult CD patients with neurological 

manifestations [Volta et al. 2004]. The gangliosides are sialic acid containing glycolipids 

consisting of a polar head group comprising glucose, galactose, N-acetyl glucosamine, sialic 

acid molecules and a ceramide tail. These are abundant in the nerve cell membrane where 

molecular mimicry between ganglioside and Camplyobacter jejuni lipo-oligosaccharide, a 

gram-negative bacterium has been implicated for causing the Guillain-Barre’ syndrome [Yuki 

et al. 2004]. To understand the origin of anti-ganglioside antibodies in CD patients, Alaedini 

and Latov [2006], proposed haptenisation of gliadin with intestinal 

monosialotetrahexosylganglioside (GM1) caused by the adhesion of gliadin protein to 
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ganglioside located on the intestinal epithelial cells, as a possible trigger for release of anti-

ganglioside antibodies.  

Changes in gut microbiota may influence CD progression as has been demonstrated by in-vitro 

studies. It has been shown that the addition of Bifidobacterium, E. coli or Shigella can influence 

cytokine production after gliadin stimulation. E. coli and Shigella have also been shown to 

increase the translocation of gliadin peptide in intestinal loops [Cinova et al. 2011]. These 

changes in gut microbiota may play a key role in CD progression particularly affecting the 

epithelial barrier or aggravating the gliadin-specific immune response [Elena et al. 2015] and 

in turn leading to the release of neuronal antibodies. 

In addition, immune cross-reactivity has been suggested between anti-gliadin antibody and 

synapsin 1, a phosphoprotein present in neurons of the central and peripheral nervous system. 

This is mainly attributed to the similarity in amino acid residues particularly the presence of 

high repeats of proline and glutamine residues [Alaedini et al. 2007]. It is hypothesised that as 

synapsin 1 is associated with synaptic vesicles, anti-gliadin antibodies and synapsin 1, cross-

reactivity may trigger the release of neurotransmitter leading to extra-intestinal manifestations. 

This has been further supported by the presence of synapsin-1 in non-neuronal cells such as 

liver epithelial cells [Bustos et al. 2001]. 

 

1.10   Diagnosis based on Gluten-specific T cells 

 

Detection of T cells in blood specific for immunodominant gluten-derived epitopes has been 

proposed as a diagnostic tool for CD patients [Anderson et al. 2005, Brottveit et al. 2011]. A 

new method of diagnosis for CD based on the detection of T cells in blood specific for 

immunodominant gluten-derived epitopes has been introduced [Goletti et al. 2005, Ruhwald et 

al. 2007]. Previously, assays to measure antigen-specific T cells, such as ELISA and ELISPOT 
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to detect IFN- - -inducible protein 10 released in whole blood or peripheral blood 

mononuclear cells (PBMC), had been applied for diagnosing Myobacterium tuberculosis 

infection [Lalvani et al. 2008]. 

Polyclonal gliadin-specific T cells in vivo were generated following the consumption of gluten 

containing food items for 3 days, and blood collection was carried out on day 6 to isolate the 

PBMC [Anderson et al. 2000]. Antigen-specific CD4+ cells could be directly collected and 

measured using functional assays such as IFN- - -10 ELISA or tetramers, 

after the in vivo memory T cell population expansion. The obtained results have proven to be 

valuable in interpreting epitope hierarchies and phenotypes of the circulating CD4+ T cells in 

CD patients [Tye-Din et al. 2010].  

Another diagnostic assay based on the whole blood cytokine release assay has also been 

evaluated for diagnosis for CD [Ontiveros et al. 2014]. The sample cohort consisted of blood 

samples collected from donors confirmed to have CD before and after gluten challenge, non-

CD donors on GFD as a control group, as well as CD sufferers not placed on GFD. The blood 

samples were incubated with antigenic proteins and peptides, following which, plasma IFN-

and IFN- -   

While the T cell assays could not differentiate between CD patients on GFD and controls prior 

to gluten challenge, gluten eating CD patients carrying the HLA-DQ 2.5+ genotype showed 

detectable T-cell responses. These studies showed that while whole blood IFN-

the ELISpot were both 85% sensitive and 100% specific for HLA-DQ 2.5+ CD patients, whole 

blood IP-10 ELISA was 94% sensitive and 100% specific showing similar effectiveness in 

disease diagnosis. Though the cytokine assays are specific, their prospects as a method for mass 

screening are hindered, since in order to maintain T cell functionality, an immediate transfer of 

a blood sample to centralised facility is required or else false negative results may be obtained 

and that adds to the test costs [Lehmann and Zang 2012]. 
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1.11   Saliva tests for CD 

 

Saliva is a clear, slight acidic mucoserous, fluid composed of more than 99% water. It plays a 

crucial role in maintaining oral health and homeostasis. The rate of saliva secretion is controlled 

by the autonomic nervous system, with the average amount of saliva ranging between 500 and 

700 mL per day, the average volume in the mouth being 1.1 mL. At rest, the salivary secretion 

is controlled by the submandibular and sublingual glands with secretion rates ranging from 

0.25 to 0.35 mL/min. Sensory, electrical or mechanical stimuli can raise the secretion rate to 

up to 1.5 mL/min [Nauntofte et al. 2003]. IgA remains the largest immunological component 

and other major immunologic contents of saliva include IgG, and IgM. The plasma cells in the 

connective tissue produce secretory IgA and the duct cells of major and minor salivary glands 

help in its translocation.  

The total mean protein concentration in normal saliva as determined by Lowry et al. [1951] is 

1660 μg/mL (range 1000-3200 μg/mL). The concentration of albumin was determined by 

radioimmunoassay and was found to have a concentration of 59.7 μg/mL (range 37-92 μg/mL). 

Immunoglobulins were found to constitute around 10% of the total protein, as determined by 

solid phase radioimmunoassay. The most prominent immunoglobulin was IgA representing 

87% of the salivary immunoglobulins with a mean concentration of 137 μg/mL (range 50-480). 

The mean concentration of IgG was found to be 16.0 μg/mL (range 7.2-37) and that of IgM 

was 4.08 μg/mL (range 1.7-7.8) [Gronbald 1982]. Protein biomarkers found in saliva are 

already in use to detect different diseases such as cancer [Salazer et al. 2014], Sjogren’s 

syndrome [Baldini et al. 2011], bacterial infections such as tuberculosis [Jacobs et al. 2016], 

and viral infections including Influenza virus [Sueki et al. 2016]. 

Saliva has a high potential for use as a diagnostic fluid since it can be collected non-invasively. 

It is similar to blood as both these bio fluids and their molecular components share similarities 
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(Slavin 1998). Saliva based technologies have been developed by many researchers to detect 

the transition between health and disease. Whole saliva has been used to detect antibodies 

towards specific HIV viral protein epitopes [Scully 1997] as well as for diagnosis of viral 

hepatitis variants using ELISA with high sensitivity and specificity.  

Saliva has been useful for diagnosing ovarian cancer as it was shown to contain the 

glycoprotein cancer antigen CA 125, a biomarker for ovarian cancer. Follow-up studies have 

indicated that salivary CA 125 is a more useful method for diagnosis as compared to serum 

analysis [Chen et al. 1990]. Another study by Navarro et al. [1997] showed that the biomarker 

related to breast cancer, epidermal growth factor (EGF), is higher in the saliva of women with 

primary breast cancer or those showing a recurrence of breast cancer as compared to women 

without disease. These studies demonstrate the potential of saliva to be a useful diagnostic fluid 

for monitoring as well as diagnosing a number of diseases. 

 

1.11.1   Salivary Anti-gliadin antibodies for diagnosing CD 

 

As the mouth forms an integral part of the gastrointestinal tract and any immune changes that 

occur in the intestine will be reflected in the saliva, it was hypothesised that CD-based 

antibodies can be detected. Testing for gliadin induced auto-antibodies in saliva at a young age 

has great potential as a non-invasive approach to help in the diagnosis of CD. Hakeem et al. 

[1992] first showed a significantly higher concentration of salivary AGA in patients with CD 

as compared to those recovering on a diet free from gluten. They proposed the use of salivary 

IgA AGA as a marker for detecting CD using the ELISA test. In a later study, people suffering 

from CD have indeed been shown to have raised levels of AGA, EMA and anti-tTG auto 

antibodies in their saliva [Lenander-Lumikari et al. 2000]. 
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Competitive ELISA for human salivary IgA detection was developed by Wang et al. [2010]. 

The linear working range of the saliva based ELISA is from 0.1 to 100 μg/mL with a limit of 

detection being 0.05 μg/mL. In another study, by Tonutti et al. [2009], the diagnostic efficacy 

of the ELISA test using synthetic gliadin peptides to test saliva was evaluated and found to be 

highly specific (99.2%). This study also confirmed that the AGA test may have a diagnostic 

role in cases where there is a valid suspicion of CD, but anti-tTG or the EMA test are negative. 

In another study, salivary anti-tTG antibodies were detected using a fluid-phase 

radioimmunoassay (RIA) format [Bonamico et al. 2011]. The test involved the incubation of 

35S-methionine tTG with saliva samples diluted in buffer, anti-human IgA-agarose from goat 

was then added to separate the free and bound antibody labelled products. Using this method 

salivary IgA antibody to tTG was detected with a test sensitivity of 94.5%. This pilot study 

illustrated the usefulness and ease of a diagnostic method based on saliva collection and its 

suitability for potential use in young children.  

Recently, a similar concept was applied to develop an electrochemical immunoassay using 

magnetic beads coated with tTG that reacted with anti-tTG IgA present in saliva [Adornetto et 

al. 2015]. An anti-human IgA conjugated with alkaline phosphatase (AP) enzyme was used as 

label, and a strip of eight magnetized screen–printed electrodes as the electrochemical 

transducer. The use of magnetised beads as a matrix in the test method is an improvement from 

the existing methods and bypasses problems intrinsic to RIA. Based on a blind study of 66 

saliva samples, the test sensitivity was 95% and specificity 96%. 

In spite of the fact that these studies show very high values of sensitivity and specificity for 

diagnosis for CD, the potential application of these test methods to a population screening 

strategy is limited. This is because the concentration of CD associated antibodies is very low 

in saliva as compared to serum. Another obstacle is increased concentrations of salivary 

glycoproteins, such as mucins and salivary agglutinins [Actis et al. 2005], leading to an increase 
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in protein aggregation that causes an increase in false positive results. Also, diagnosis based on 

the detection of salivary tTG antibody could give a high rate of false positives as described 

above due to high tTG titers found in people with other health problems such as liver disease, 

rheumatoid arthritis and inflammatory bowel disease (IBD).  

 

1.12   The challenges in the development of a commercial kit for diagnosing CD 

 

Serological antibodies against tTG and DGP have been used to develop a number of 

commercial kits such as Inova®, Quanta Lite®, Celikey®, Euroimmun® and these are being 

used for the screening and diagnosis of CD. Many unaware CD sufferers have been identified 

using these tests. In addition, the selection of candidates for intestinal biopsy has been aided 

by these serological methods. The ELISA based assays are a step ahead in the development of 

an observer-independent objective test for diagnosis for CD. In addition, the availability of 

serological tests has enabled large-scale screening of the general population that has proven to 

be useful to identify individuals with ‘silent’ CD. 

One of the most recent diagnostic tests is a lateral flow assay to detect anti-DGP in CD patients 

commercially available as the SimtomaX® blood drop system developed by Augurix 

diagnostics [Benkebil et al. 2013]. The device principle is an antigen direct sandwich assay 

using synthetic DGP conjugated to a carrier protein. The test takes a total of 10-15 minutes and 

shows a sensitivity of 93.1% and a specificity of 95.0%. However, in a study on children, this 

point-of-care DGP based test was found suitable for diagnosing CD in a selected, high risk 

category paediatric population. Furthermore, the test specificity gets lowered as non-specific 

binding occurs in children suffering from other autoimmune conditions, such as Type 1 

diabetes [Bienvenu et al. 2012]. The high costs of the kit as well as other shortcomings have 

had a negative effect on the commercial success of this point-of-care test. 
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In another study, serological screening using tTG and DGP was conducted to examine the 

prevalence rate of CD in patients with IBD. Elevated concentrations of tTG and DGP 

antibodies in serum were observed in all 172 patients with inflammatory bowel disease (IBD) 

as compared to 190 controls. However, no true positive for CD was noted as none of the 

patients were found to be HLA positive or could be biopsy defined. This study highlights the 

limitation of the existing serological tests in correctly diagnosing patients with IBD for CD 

arising, mainly due to the overlapping clinical symptoms and dysregulation of the immune 

system [Watanabe et al. 2014]. 

One of the explanations for the problems encountered using commercial kits is that most 

validation studies were based on a pre-selected population with a high CD prevalence rate 

comprised mainly of a group of biopsy confirmed subjects. Furthermore, the composition of 

the control group consists mainly of subjects who have normal intestinal histology and excludes 

patients with milder histological abnormalities or those with IgA deficiency [Lewis and Scott 

2010, Dahlbom 2010]. Variabilities in the characteristics of recruited patients such as their age, 

their family histories or association with autoimmune diseases can also lead to a selection bias 

that may influence in the outcome of small scale test kit results versus commercial kits used on 

a large scale in a clinical setting. 

Recently, the European Society for Paediatric Gastroenterology, Hepatology, and Nutrition 

(ESPGHAN) developed guidelines for the diagnosis of CD in children with a requirement for 

4 components: 1. A demonstration of coeliac symptoms; 2. An ELISA test for anti-tTG; 3. An 

IFA test for anti-EMA; and 4. Testing positive for the HLA-DQ2 genotype (Figure 7). These 

guidelines do not apply to children with features outside the stated limitations. However, given 

the high prevalence of HLA-DQ2/8 genes in the Western population and very low prevalence 

in some Asian populations, genetic testing is not definitive for diagnosis for CD [Hadithi et al. 

2007, Husby et al. 2012, Fukunaga et al. 2017]. Furthermore, significant differences exist 
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between the serological tests; for example, in assay methodology and interpretation some 

commercial kits use logarithmic scales, while others use linear scales for reporting the results. 

An inter-observer variability must also be considered by clinicians when assessing results of 

EMA immunofluorescence.  

 

 

 

Figure 7: CD diagnostic algorithm (adapted from Mayo Medical Laboratories, Mayo 

Foundation for Medical Education and Research).  

 

1.13   Outlook for the future development of new diagnostic tools for CD 

 

Current point-of-care methods for identifying CD have been regarded as insufficient on their 

own to enable an accurate diagnosis without the need for intestinal biopsy. This is particularly 
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true for early stage 1 and 2 CD that could benefit from a gluten free diet, but the sensitivity of 

the existing tests is not sufficient to differentiate from CD.  

Currently, several new approaches for diagnosis for CD to improve risk stratification in the 

general public (such as genome-wide association studies based on single nucleotide 

polymorphisms) are being developed. In addition, cytokine assays, IFN- , and IP-10 

release assays for the detection of rare gluten-specific T cells are being adapted for the clinical 

diagnosis of CD. In fact, the characterisation of these T cell epitopes has helped in the 

development of a novel therapeutic vaccine, Nexvax2 that can induce tolerance in CD sufferers. 

The peptide vaccine has entered the Phase 2 clinical trials. It employs three different peptides 

(gliadin, hordein and secalin) and targets the T-cell epitopes in CD patients carrying the 

genotype HLA DQ 2.5+ to ultimately reprogram gluten-specific T cells [Wungjiranirun et al. 

2016].  

Novel technologies that can be applied to CD diagnostics open up new opportunities in the 

development of point-of-care platforms for use in low-resource laboratory settings as well as 

for home-based detection. Optical biosensors such as surface plasmon resonance (SPR) 

biosensors are particularly useful in detecting and quantifying target compounds with high 

sensitivity. Recently, SPR biosensors have been used in a competitive immunoassay to detect 

digested gluten peptides in urine [Soler et al. 2016].  In another study, quantified gluten 

immunogenic peptides (GIP) in stool using ELISA has been shown to help in the clinical 

management of CD sufferers [Comino et al. 2016].  

There are examples of successful diagnostic approaches using microfluidics and 

nanotechnology, which include the detection of glucose levels in diabetic patients, hormone 

levels in pregnancy or ovulation, as well as illicit drug tests. Combining paper and 

nitrocellulose-based microfluidics with colorimetric and nanoparticle-based detection has been 

applied for the diagnosis of diseases, such as HIV [Rohrman et al. 2012], malaria [Fu et al. 
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2012] and tuberculosis [Veigas et al. 2012]. These approaches illustrate the feasibility of 

developing a point-of-care device for diagnosing CD. Indeed, the development of a 

microfluidics-based device for diagnosis for CD is likely to be the best approach to develop a 

useful and effective tool for mass screenings. Such a device would be simple, low-cost, light 

weight, portable with enough capability to be used for fully quantified and multiplexed assays.  

 

1.14    CD Treatment and Management 

 

To date, the most reliable treatment for CD remains total and lifelong avoidance of gluten 

ingestion. This necessitates continuous education as well as awareness of patients and their 

families by dieticians and doctors. Support groups and awareness centers play an instrumental 

role of dispersing information as well as providing support. In relation to this, the National 

Food Authority has re-defined the term ‘gluten-free’. Earlier, <0.02% gluten concentration was 

considered as gluten free but now, gluten free now means absolute absence of gluten, as such 

<0.02% is currently labelled as ‘low-gluten’. Another important consideration is that products 

labelled as ‘wheat free’ may not necessarily be gluten-free. The wheat free products may 

contain gluten as it is found in some other grains such as rye, barley, triticale, spelt and semolina 

[Fasano and Catassi 2001].  

As the understanding of CD pathogenesis along with the associated risks improves, early 

diagnosis becomes more crucial. This is also because of the establishment of a direct link 

between times of gluten exposure to the disease progression. Based on the epidemiological 

studies, it is hypothesised that if CD develops early with typical gastrointestinal symptoms, 

early diagnosis and prescription to a gluten free diet could be life-saving. If, on the other hand, 

symptoms are atypical or completely absent, diagnosis becomes delayed and difficult. In such 

cases, continued exposure to gluten would only increase the risk of complications.  
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Background on the nanoparticles 

 

2.1    Gold Nanoparticles 

 

The term nanoparticles refer to particles with diameters in the size range of 1-200 nm [National 

Nanotechnology Initiative]. The colloidal gold nanoparticles (AuNPs) show vibrant colours 

produced by their interaction with visible light. There are different methods for generating the 

metal nanoparticles. The two main strategies are bottom up or top down method. The common 

top down techniques include photolithography and electron beam lithography. The bottom up 

techniques include templating, chemical, electrochemical, thermal and photochemical 

techniques [Jin et al. 2001]. These techniques make use of a capping agent such as a surfactant 

that prevents the aggregation of the nanoparticles [Shimoni and Valenzuela 2017]. The shape 

and size of the nanoparticles is also dependent on the reduction technique, time and the capping 

material used. Nanoparticles of different shapes such as spheres, rods, cubes, wires, tubes, 

triangular prisms and tetrahedral nanoparticles and sizes have been generated using various 

reduction techniques. In addition to their small size, the nanoparticles show high surface to 

volume ratios. 

 The most common chemical method for generating spherical gold nanoparticles is the citrate 

reduction method. The gold nanoparticles can be produced by reduction of chloroauric acid 

(H[AuCl4]) using a reducing agent such as citrate [Turkevich et al. 1951]. The factors 

controlling the size distribution are the ratio of gold to citrate, the order of addition of reagents 

and temperature. Citrate also acts a capping agent by stabilising the AuNP through electrostatic 

interactions between the metal surface and lone pair of electrons on oxygen.  
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2.2     Properties of gold nanoparticles 

 

AuNPs possess useful physical and chemical properties that make them an excellent platform 

for the development of novel sensors. AuNP synthesis is relatively straightforward and the 

nanoparticles once synthesised, remain stable for long time periods. This can be due to their 

two main structural components: the metal core and the surface coating. While the core 

determines the physical characteristics of the nanoparticle, the surface coating of the 

nanoparticle acts as a barrier between the nanoparticle core and the environment. The surface 

coating plays a vital role in protecting and stabilising the core integrity as well as in determining 

the chemical behaviour of the nanoparticle. As a result, AuNPs show high stability and 

biological compatibility with controllable shapes along with size dispersion [Sanvicens and 

Marco 2008, El-Sayed 2001].  

There are three principle properties that make the gold nanoparticles valuable. Firstly, the 

particles are resistant to oxidation in room temperature, this helps in the adsorption of 

molecules on the gold surface using either gold-sulphur bond or electrostatic interactions. 

Secondly, AuNPs show surface plasmon resonance in the visible range of the spectrum. 

Finally, a high surface-to-volume ratio helps in the functionalisation of the nanoparticles with 

a wide range of ligands for detection of molecules as well as biological targets [Daniel and 

Astruc 2004]. These novel properties of gold nanoparticles have led to their growing use in the 

field of medical biotechnology. 

 

2.3    Optical properties of gold nanoparticles for sensing applications 

 

The AuNPs show unique optical property, localised surface plasmon resonance (LSPR), which 

is defined as “the collective oscillation of the nanostructure’s conduction band electrons in 



48 
 

resonance with the incident electromagnetic field’’ [Jensen et al. 2000]. The origin of this 

phenomenon was first described by Mie in 1908, who solved Maxwell’s electromagnetic 

equation for interaction of electromagnetic field with homogenous spherical small sized 

particles [Mie 1908]. The LSPR spectrum is strongly dependent on the size, shape and 

dielectric constant of the nanoparticle. For AuNPs, resonance is achieved at visible wavelength 

that contributes to the intense colour [Mock et al. 2003]. 

Surface plasmons are longitudinal waves and their dispersion relation is given by Equation 1: 

 

Where kSP is the propagation 

the speed of light in vacuum m d are the dielectric constants of the metal and 

dielectric, respectively. 

The origin of surface plasmon resonance is due to the free d electrons in gold that can travel 

freely through the material. Due to a small mean free path of gold ~ 50 nm, all interactions take 

place at the metal surface. Free-electrons in the metal begin to oscillate when light is in 

resonance creating a standing oscillation with the electron density in the particle being 

polarized to one surface. This resonance condition is known as the surface plasmon resonance 

and is located at the surface [Willets et al. 2007]. 

SPR arises when the frequency of the emerging electromagnetic wave propagates at the metal-

dielectric interface and shows resonance with the oscillating surface conduction electrons in 

the metal [Homola et al. 1999]. With a change in shape or size of the nanoparticle, the surface 

geometry changes, that in turn, changes the electron field density. A similar shift in the surface 

plasmon absorption maximum takes place following the adsorption of a molecule on the metal 

surface [Eustis and El-Sayed 2006].  
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2.4       SPR-based biosensors 

 

A typical biosensor is comprised of a bioreceptor, an interface to generate a signal following a 

specific biological event and a sensor that acts as a transducer or a detector. A SPR based 

biosensor is comprised of a SPR sensor and suitable surface functionalisation that acts as the 

biorecognition element. SPR based biosensors are advantageous as the bioreceptor and the 

detector are connected that helps in generating a compact, small-sized portable and low-cost 

device. Further SPR based biosensors can be categorised as sensors with angular wavelength 

intensity, or phase modulation based on the characteristics of the optical wave interaction with 

the surface plasmons that are being measured [Lee 2008].  

SPR biosensors, based on wavelength modification, employ a polychromatic wavelength and 

the resonance wavelength corresponding to the surface plasmon excitation. The intensity and 

phase shift of the interacting optical wave at fixed wavelength and angle of incidence is 

examined in SPR sensors with intensity and phase modulation, respectively. The sensitivity for 

the SPR sensor is defined as the “ratio of the change of the sensor output dY (wavelength of 

resonance) to the change of the refractive index of the sensed medium dn,” described in 

Equation 2 as, S = dY/dn. 

Sensor resolution is defined as the “smallest change in refractive index of the sensed medium 

that produces a noticeable change in the sensor output”. Therefore, the limit of detection of 

SPR sensors is dependent on the sensor resolution.  

 

2.5      Gold nanoparticles as SPR biosensors 

 

One of the most commonly used platforms for SPR biosensors use AuNP as sensors. The 

immobilisation of bioreceptors is based on the attachment of sulphur-containing ligands as the 
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gold-sulphur bonds is easily formed and allows direct attachment of the receptors to the gold 

layers. The bioreceptors can be either physically coated or chemically attached to the AuNP 

surface [Wijaya et al. 2011].  

While the AuNPs absorb and scatter light intensely at their surface plasmon resonance [Jain et 

al. 2006], SPR frequency is sensitive to the inter-particle distance between the nanoparticles. 

Inter-particle plasmon coupling results in significant red-shift (~525 nm to ~650 nm) and 

broadening of the spectrum leading to the formation of a new absorption band at longer 

wavelengths when AuNPs aggregate. This aggregation of AuNPs is caused by the increase in 

electric dipole-dipole interaction as well as overlapping of plasmons of neighbouring particles. 

Therefore, when the inter-particle distance is substantially greater than the average particle 

diameter, the AuNPs appear red. Aggregation of the nanoparticles, however, results in a 

decrease in the inter-particle distance to less than average particle diameter, turning the colour 

of the aggregates to blue (Figure 8).  

 

Figure 8: Representation of surface plasmon resonance for gold nanoparticles. Isolated gold 

nanospheres absorb blue light because of inter-band electronic transitions in the gold. As red 

light is not absorbed, the AuNP suspension appears red. When the gold nanoparticles 

aggregate, their peak plasmon resonance shifts [adapted from Haes et al. 2001].  
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For spherical nanoparticles, a surface plasmon resonance in the mid-visible region of the 

spectrum (520 to 550 nm), green light, corresponds to the surface plasmon band in the 

nanometre scale for noble metal nanoparticles. This absorption originates from the collective 

oscillation of the valence electrons due to resonant excitation by the incident photons [Bohren 

and Huffman 1998]. Further, it has been demonstrated that heating of the particles following 

the absorption of light, leads to a highly localised increase in temperature. This phenomenon 

has been further exploited in the proposed photo-thermal therapeutic uses of gold nanoparticles 

[Pissuwan et al. 2006]. Inter-particle surface coupling is a consequence of the presence of 

nanoparticles, (d>3.5 nm), to each other. AuNP aggregation leads to a significant red-to-blue 

shift and broadening of the surface plasmon resonance band that can be readily observed as 

colour change by the naked eye at nanomolar concentrations [Su et al. 2003]. 

 

2.6   Protein adsorption to nanoparticle surface 

 

‘Protein corona’ or protein adsorption onto nanoparticles (AuNPs) depends on the size 

[Lundqvist et al. 2008, Deng et al. 2011], charge [Huang et al. 2013, Feliu et al. 2012], 

incubation time, temperature [Lesniak et al. 2010, Mahmoudi et al. 2013], the colloidal stability 

of AuNPs [Gebauer et al. 2012], as well as on the types of proteins [Tenzer et al. 2011]. 

Physiochemically, protein adsorption onto nanoparticles has been described to resemble ligand 

binding [del Pino et al. 2014].  

The equivalence principle of nanoparticle-protein interaction 

Proteins have been shown to adsorb as well as desorb to the surface of AuNPs and have been 

shown to displace other proteins or ligand shell around the AuNPs. This binding is based on 

the law of mass action that is used to express the fraction of AuNPs saturated with proteins. It 
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depends on the concentration of free proteins and free AuNPs as well as the concentration at 

which half of the AuNPs are saturated.  

In a state of equilibrium, the AuNPs are loaded on average with N proteins, Nmax being the 

maximum number of proteins that each AuNP can bind to. Upon reaching a state of saturation, 

no additional proteins can bind to the AuNPs. This increases the fraction of unbound protein 

that is described in Equation 3, using Dissociation Equilibrium constant (KD)  

                                                      KD = c(NP) cn(P)/c(PnNP) 

Where c(NP), cn (P) and c (PnNP) represent the concentrations of free nanoparticles, unbound 

proteins and protein-nanoparticle complexes, respectively. Also, K’D = KD 
1/n where K’D is used 

to describe the concentration at which half of the AuNPs are saturated with proteins. 

Initially at low protein concentration, K’D value is low so that a higher fraction of proteins can 

bind to the AuNP surface. The protein also displays higher binding probability to the AuNP 

surface. At equilibrium, the total protein concentration reaches around K’D, wherein a 

significant amount of proteins are already bound. Due to the unavailability of a free binding 

site on the AuNP surface, only a few additional proteins can further bind to the AuNPs after 

which an equivalence point is reached. Once the AuNPs are saturated, additional proteins 

cannot bind. These excess unbound proteins may then aggregate, disrupting the colloidal 

stability of the AuNPs.  

Another important factor is the multifunctional nature of the binding interactions of the proteins 

to the nanoparticles (NP), which may affect the cooperative nature of the protein-NP complex 

formation. The binding association constant K for proteins onto AuNPs has been shown to 

increase progressively with nanoparticle diameter in the range between 5 and 60 nm. A higher 

protein packing density on the surface of larger nanoparticles leads to a corresponding increase 

in K. Whereas, a less efficient polymer surface packing is observed in larger nanoparticles 

because of the increased interactions by the unfolded protein conformations. This also 
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emphasises the importance of the conformational state of the coated proteins, particularly in 

understanding the nature of protein layers that form on the nanoparticles as well as the variation 

of K with nanoparticle size [Silvia et al. 2009]. 

In real bodily fluids, such as serum and saliva, the total protein concentration can be as large 

as 35% by volume and there can be several proteins present. Subsequently, there is increased 

competition between these proteins in their adsorption on the nanoparticles dispersed within 

this complex biological environment. Initially, the two major proteins present in the plasma 

(human serum albumin and fibrinogen) generally dominate the interaction with nanoparticles 

due to their wide availability, but over time, these are displaced by proteins with higher affinity, 

a lower abundance and slower adsorption kinetics. The inter-protein competition and 

displacement that can result in the coating of non-specific proteins onto the AuNP surface is 

known as the Vroman effect [Jung et al. 2003]. This non-specific protein binding may result in 

a decreased sensitivity of the AuNPs, particularly when used for testing biological markers in 

serum. The problem can be overcome by adding BSA protein to AuNPs that would block the 

free binding sites thereby reducing non-specific protein adsorption. 

The cooperativity of the protein-nanoparticle binding process is quantified by the Hill 

coefficient (n). Proteins such as human serum albumin, histone, fibrinogen, and globulin, have 

anti-cooperative binding (n<1), which indicates that the association energy per particle will 

progressively decrease with continued protein adsorption. Insulin, however, presents an inverse 

trend and has n>1. The tendency of a decreased cooperativity of protein upon binding to larger 

nanoparticles demonstrates changes in the physical-chemical properties of the nanoparticle 

upon continued protein adsorption. These results help to understand that for protein adsorption 

on the negatively charged citrate-coated gold nanoparticle surface, there should be a reduction 

in the electrostatic binding energy that reduces the relative magnitudes of the enthalpy and 

entropies of protein binding [Lynch et al. 2007]. This would enable rationalisation of the anti-
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cooperativity of the protein adsorption to the nanoparticle. If on the other hand, the 

nanoparticles induce the proteins to organise at their boundaries, one can expect an 

enhancement of the cooperativity of the nanoparticle-protein binding transition.  

 

2.7    Colorimetric sensing using gold nanoparticles 

 

Gold nanospheres have higher surface-to-volume ratios, which helps in their functionalisation 

as well use as bio-probes. Biomolecules, such as DNA/RNA oligonucleotides, can be easily 

attached to the AuNP surface through polymers such as polyethylene glycol (PEG) [Sperling 

and Parak 2010, Verma and Stellaci 2010]. This binding is facilitated by the presence of 

negative electronic shielding that provides a Coulomb force that can bind different molecules 

[Link and El-Sayed 2003]. AuNPs can be conjugated to biomolecules due to their high affinity 

for amines, thiols and phosphines. The biosensor technologies based on the aggregation of 

AuNPs have been used to detect metal ions as well as to probe biomolecular interactions.  

 

2.7.1    Detection of metal ions 

 

AuNPs have been used for colorimetric detection of alkali metals such as Na+ in urine 

following formation of a sandwich complex between functionalised AuNP, chelating ligands 

and Na+ [Lin et al. 2005]. Detection of heavy metal ions such as Pb2+, Cd2+ and Hg2+ is vital as 

these metal ions pose many health hazards. A colorimetric sensor using AuNPs functionalised 

with chelating agents was developed to detect Pb2+ [Chai et al. 2010]. The detection of Pb2+ 

was based on the disruption of the AuNP aggregate formed following the hydrogen bonding 

between carboxylic acid residues in methanol/water solvent system. Pb2+ disrupts this 

hydrogen-bonded network of AuNP causing electrostatic repulsion between the AuNPs, 
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causing a blue-to-red colour change indicating Pb2+ presence. This system has shown high 

sensitivity for other metal ions such as Cd2+ and Cu2+ as well [Wang et al. 2013]. 

DNA functionalised AuNPs have also been used for the detection of Hg2+. Mirkin et al. [1997] 

reported a highly selective, colorimetric polynucleotide-based detection method using 

mercaptoalkyl-oligonucleotide modified AuNPs. For the detection, two different thiolated-

DNA sequences (designated as probe 1 and probe 2) were used for the functionalisation of the 

AuNPs. On mixing, probe 1 and probe 2 formed aggregates of AuNP with lower melting 

temperature (Tm) because of the T-T mismatches in the base sequence. Addition of Hg2+ 

resulted in the formation of an enlarged polymeric network comprising of T- Hg2+-T. Following 

aggregate formation, an increase in Tm as well as changes in the absorbance spectra arising 

from the formation of extended polymeric nanoparticle aggregates were observed. A high 

sensitivity of the method was demonstrated, as little as 10 fmol of an analyte oligonucleotide 

could be detected by using the phenomena of aggregation of gold nanoparticles. Later, 

thymine-functionalised AuNPs were used for the colorimetric detection of Hg2+ ions. Similarly, 

anionic species such as fluoride ions in water have been detected using AuNPs coated with 

thio-glucose groups. Fluoride ions in a narrow concentration range (20-40 mM) can be detected 

by this method [Watanabe et al. 2005]. 

 

2.7.2      Detection of proteins 

 

A number of diseases including cancer, have been linked with the presence of certain proteins 

that are useful as biomarkers and enable diagnosis of these diseases. Additionally, 

functionalised AuNPs have been used successfully for colorimetric sensing of proteins. One of 

the examples includes the detection of carbohydrate binding proteins using carbohydrate 

functionalised AuNPs [Otsuka et al. 2001]. Quantitative detection of lectin was carried out 
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using -D-lactopyranoside (Lac)-functionalised AuNPs wherein the degree of colloidal 

aggregation was found to be proportional to the protein concentration. This method was found 

to be sensitive to detect 1 ppm of lectin concentration [Duncan et al. 2003]. In another study, 

sialic acid functionalised AuNPs have been applied to detect JC virus like particles (VLPs) 

using sialic acid recognition [Niikura et al. 2009]. 

Aptamers, which can be oligonucleotide single-stranded DNA or RNA (ssDNA or ssRNA) or 

peptide molecules with a domain that can bind to specific target molecules with high specificity 

and affinity have also been used to act as linkers. The structural and chemical properties of 

aptamers enable them to recognise molecules just like antibodies. Zhang et al. [2013] used 

aptamers to create an extensive network of nanoparticles adsorbed with DNA. These can then 

be used to detect molecules such as adenosine and cocaine. The addition of such compounds 

led to disassembly of the network in a colorimetric based disassembly process. 

AuNPs functionalised with platelet-derived growth factors (PDGFs)-specific aptamers have 

been used as probes to detect PDGFs at nanomolar concentrations [Huang et al. 2005]. 

Furthermore, the aptamer-AuNP-PDGF scaffold was used to detect PDGF receptors through a 

competitive binding assay [Huang et al. 2007]. An AuNP based test to determine the level of 

anti-protein A in aqueous and serum solutions was reported by Thanh and Rosenzweig [2002]. 

The technique shows a sensitivity limit of 2 μg/mL for anti-protein in serum samples, the result 

is comparable to ELISA. Colorimetric detection of proteases, such as thermolysin have been 

carried out using dithiol-functionalised peptides [Laromaine et al. 2007]. This was achieved by 

using a self-assembled peptide-functionalised nanoparticle network that was activated by 

thermolysin derived from B. Thermoproteolyticus rokko. This developed assay presented a 

simple, highly sensitive and an efficient method to detect the presence of proteases.  

Huang [2007] developed an AuNP-based immunochromatographic assay for the detection of 

the bacterium, Staphylococcus aureus. Detection of protein A, which is present in the cell 



57 
 

membrane of S. aureus strains, was carried out using AuNPs embedded on an 

immunochromatographic strip functionalised with anti-protein A antibodies. While the time 

for detection was less than 10 minutes, the sensitivity limit for the device to detect protein A 

was down to a concentration of 25 ng/mL. A similar immunochromatographic test strip for the 

detection of porcine reproductive and respiratory syndrome virus (PRRSV) was reported by 

Zhou et al. [2009]. The detection for the PRRSV is based on the aggregation of AuNPs resulting 

from the capture of the antibodies by the functionalised AuNPs, leading to the formation of a 

reddish-purple band. An immunogold based chromatographic test for the detection of 

melamine residues in raw milk, milk products as well as in animal feed was developed by Xiao 

et al. [2011]. The test is useful for quick, on-site determination of melamine residues in a large 

number of samples.  

AuNP based immunosensors have been used to develop a pregnancy test based on the detection 

of the pregnancy test -hCG), a 

hormone released by pregnant women. The test consists of AuNPs functionalised with antigen 

-hCG (Mab II) sprayed on a conjugation pad for specific binding with the target monoclonal 

antibody. This monoclonal antibody was immobilised on the test line (T zone) of the 

nitrocellulose membrane to capture the immune complex formed using the AuNPs. In the 

presence of -hCG, the AuNPs aggregated on the test line and a red colour indicates positive 

for the test [2014]. These immunogold tests help to demonstrate the wide application of the 

gold protein conjugates and their interactions with antibodies that can prove beneficial in 

developing new assays.  
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2.8      Aims and Project Objectives 

 

In order to develop a coeliac diagnostic assay based on the properties of the gold nanoparticles 

combined with the specificity of the antibodies from serum as well as saliva; the following 

aims have been addressed in this work: 

 

1. To develop methods for the binding and adsorption of proteins such as gliadin and their 

related peptides on the surface of gold nanoparticles. 

 

2. To detect and measure the concentrations of antibodies to be used as biomarkers in serum 

and saliva. 

 

3. To test and validate the developed test on real patient serum samples. 
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Materials and Methods 

 

3.1    Reagents 

20 nm citrate stabilised gold nanoparticles (AuNPs), bovine serum albumin (BSA), Gliadin, 

anti-gliadin antibody (AGA) from rabbit, and IgG antibody from whole normal rabbit serum, 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Phosphate-Buffered Saline 

(PBS) were all obtained from Sigma-Aldrich (Australia).  

Isopropyl alcohol was obtained from Nalgene® and ammonium sulphate was obtained from 

Ajax Chemicals. Poly (ethylene glycol) [N-(2-maleimidoethyl) carbamoyl] methyl ether 2-

(biotinylamino) ethane (i.e. Biotin-PEG11-Maleimide) and NeutrAvidin were all obtained from 

Thermo Fisher Scientific Australia. 

 

3.1.1    Peptide sequence 

The peptide sequence (QLQPFPQPQLPYPQPQC) was synthesised from ChinaPeptides Co., 

Ltd. (China). The synthetic crude peptides were purified by reversed-phase liquid 

chromatography to give a satisfactory peptide sequence (~90% homogeneity by analytical 

HPLC) with the correct amino acid sequences and mass spectra. The peptide contained residues 

57- -gliadin and was designated as follows:  Peptide: QLQPFPQPQLPYPQPQC. 
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3.1.2   Clinical samples for assay validation 

Anonymised patient samples were provided by Dr Jason Tye-Din from the Walter and Eliza 

Hall Institute of Medical Research (WEHI Institute, Melbourne Parkville, Australia). They 

were collected with informed consent and approval of Melbourne Health and WEHI Human 

Research Ethic Committees (2003.009 and 03/04) respectively. Ethical approval was also 

obtained from the University of Technology Sydney Research Ethics committee (UTS HREC 

 

Samples were collected from patients with active CD (pre-treatment), treated CD (on a gluten 

free diet) and controls without CD. All cases of CD were medically diagnosed and based on 

typical small intestinal histology in conjunction with positive CD serology.  

The cohort consisted of some samples that were found to be haemolytic and had been stored 

for > 5 years, these samples were removed to maintain assay homogeneity. In the clinical study 

thirty human serum samples were analysed in a blinded assessment. No prior knowledge of the 

CD status or any other clinical condition of any of the patient samples was known while testing.  

 

3.2    Alpha-gliadin derived from Triticum aestivum 

Alpha -type gliadin with an average molecular weight of 31 kDa, was used in this study. It 

is the most common form of gliadin found in nature and represents 15-30% of the total proteins 

in wheat grain [Wang et al. 2007]. Additionally, -gliadins have been shown to induce small 

intestine inflammation in patients suffering from CD [Anderson et al. 2000]. The term “gliadin” 

as used in this study includes “ -gliadin”.  

A study conducted by Dohlman and colleagues [1993] to examine the structural properties of 

autoantigens showed that the human specific autoantigens were often found to have a highly 
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charged surface with repetitive elements as compared with other protein sequences in 

GenBank. The ability of gliadin protein to trigger CD can be also understood from its structural 

features. The protein contains a unique structural domain; the repetitive domain, that contains 

an elevated content of amino acids glutamine and proline that are arranged in a repetitive 

pattern. In addition, gliadin also contains six cysteine residues that form three intramolecular 

bonds resulting in a globular structure.  

In this study, the whole hydrophobic gliadin protein as well as a peptide sequence derived from 

gliadin were coated on the surface of the 20 nm AuNP surface. To coat gliadin, first, gliadin 

was solubilised in a three-step protocol, following which AuNPs were added drop-wise to 

obtain gliadin coated AuNPs. I developed protocols for binding of the hydrophobic gliadin 

protein and the peptide on the surface of the AuNPs. The peptide sequence derived from gliadin 

was coated to the AuNPs by using the highly specific biotin-NeutrAvidin interactions and use 

of a Biotin-(PEG)11-Maleimide linker. 

I then developed the serological assay, in a simple, single antibody step diagnostic test. Finally, 

I used this diagnostic assay on thirty patient serum samples in a blinded assessment and 

compared the results with the previously run serological and pathological tests on these patients 

using both the gliadin and peptide-coated nanoparticles.  

 

3.3     Coating of gliadin on the AuNP surface 

In the present study, 20 nm AuNP citrate stabilised nanoparticles were used. The citrate layer 

provides long term stability to the AuNP and is weakly associated to the nanoparticle surface. 

This citrate layer can be easily displaced by a range of molecules including proteins. 

Adsorption of gliadin on the surface of AuNPs followed by displacement of the citrate layer 
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involved non-covalent processes based on the ionic interactions between the negatively 

charged nanoparticle and the positively charged amino acids in the protein. Some interactions 

also occurred due to co-valent binding between the AuNP and the conducting electrons of 

nitrogen and sulphur atoms present in the protein [Tsai et al. 2011].  

 

3.4       Coating of the peptide sequence to AuNP using Avidin-Biotin interaction 

AuNP biofunctionalisation using a low-molecular bio-functional linker is a widely adopted 

method for coating biomolecules. The linker molecule contains an anchor group for binding to 

the AuNP and a functional group that enables covalent interaction with the peptide sequence. 

The functionality of the linker is based on the use of avidin-biotin interactions that have been 

extensively applied in the development of immunoassays [Kendall et al. 1982]. Avidin (67 

kDa) including Streptavidin and NeutrAvidin, are tetrameric proteins that can bind to biotin, a 

co-factor that plays a role in multiple eukaryotic biological processes. The avidin-protein 

interaction is the strongest known non-covalent interaction (KD = 10-15 M) between a protein 

and ligand. Apart from the high binding affinity, the symmetry of the biotin-binding pockets, 

placed in pairs at opposite faces of the protein helps in protein-ligand interaction (Figure 9).  
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Figure 9: Representation of Avidin-Biotin interactions (PMID: 2911722). Biotin is shown in 

cyan. The tetrameric Neutravidin is represented by flat arrows and ribbon protein structure.  

 

As endogenous biotin can reduce specificity in the immunoassays [Sastry et al. 1998], 

therefore, a maleimide-activated, sulfhydryl-reactive biotinyl linker (C41H71N5O16S) was used 

to coat peptide sequence to the AuNP. This biotinylating linker contains an 11-unit 

Polyethylene Glycol (PEG) spacer arm that improves water solubility as well as prevents 

aggregation. The biotinylated and PEGylated peptide showed high affinity to the avidin coated 

AuNPs. Once formed, it remained stable allowing addition of more biotinylated peptide per 

AuNP without any related loss to specificity. 

 

3.5      Calculation of the molar extinction coefficient of gliadin, BSA and peptide 

The molar extinction coefficient, also known as the molar absorption coefficient of a particular 

protein is the absorbance of the protein at the ultraviolet wavelength at 280 nm.  Absorbance 

of a protein at 280 nm is related to its amino acids that contain aromatic rings, for example, 

amino acids tryptophan (Trp, W), tyrosine (Tyr, Y) and to a lesser extent amino acid cysteine 

(Cys, C). The molar extinction coefficient of a particular protein can be calculated from its 
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protein sequence. The calculation is performed based on the weighted sum of the 280 nm molar 

absorption coefficients of these three constituent amino acids denoted as W, Y and C, as 

described in the following Equation 4 [Gill et al. 1989 and Pace et al. 1995]: 

 

where n is the number of each residue and the stated values are the amino acid absorption at 

280 nm. 

The ProtParam tool (ExPasy Bioinformatics Resource Portal) was used to compute the molar 

extinction coefficient of gliadin and BSA. Gliadin was specified as a Swiss-Prot accession 

number (PO2863). The computation was carried out on the complete sequence of gliadin 

composed of 286 amino acids. BSA is specified as a Swiss-Prot accession number (PO2769). 

The extinction coefficient was calculated on the complete sequence composed of 607 amino 

acids. The peptide sequence of 17 amino acids (QLQPFPQPQLPYPQPQC) was used for the 

analysis. Table 8 describes the molar absorption coefficient for both the proteins as well as the 

peptide.  

Table 8: Calculated molar absorption coefficients of gliadin, BSA protein and peptide. 

Protein/Peptide Molecular Weight Extinction Coefficient 

Gliadin 31 kDa 19285 M-1cm-1 

BSA 66.5 kDa 47790 M-1cm-1 

QLQPFPQPQLPYPQPQC 2 kDa 1490 M-1cm-1 
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3.6   Titration procedure to find amount of protein needed to saturate and stabilise the 

colloidal gold 

The concentration of BSA, gliadin and the peptide sequence that saturates the AuNP surface 

was determined by carrying out a titration. The pH of the colloidal gold was first, adjusted to 

match the isoelectric point (pI) of the proteins, i.e. 4.6 for BSA, 7.65 for gliadin and 5.21 for 

the peptide sequence. Between 0 to 10 mg/mL of gliadin, BSA and peptide added in 100 

20 nm AuNPs while vortexing. The AuNP-protein conjugate was incubated for 2-3 minutes at 

room temperature. The colour change was observed to determine the protein concentration at 

which the AuNP surface is saturated and no aggregation of AuNPs has occurred. 

 

3.7    Gliadin solubilisation in solvents  

Solubility of gliadin was first tested using a variety of solvents including non-polar, polar 

aprotic and polar protic solvents. The solvents tested included, acetone (polar aprotic), 

chloroform (non-polar), dimethylsulphoxide (DMSO; polar aprotic), dimethylformamide 

(DMF; polar aprotic) and methanol (polar protic). 1 mg of gliadin (in powdered form) was 

dissolved in these solvents by adding and stirring. Solubility was determined by visual 

inspection and it was observed that in all the polar aprotic solvents tested, no solubility was 

obtained.  

Solubility of gliadin was also tested using different solvent combinations. The various solvent 

combinations tested included; a polar aprotic solvent (acetone) and a non-polar solvent 

(chloroform), polar protic solvent (methanol) and a non-polar solvent (dichloromethane 

(DCM)) and two polar protic solvents (isopropanol and ethanol). It was observed that only 

partial solubility of gliadin could be achieved in these solvents.  It was further observed during 
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validation that 70% ethanol caused flocculation of the AuNPs leading to a decrease in the 

ability of AuNPs to coat gliadin. The use of 70% ethanol was therefore discontinued.  

Subsequently, to achieve high solubilisation of gliadin by unfolding the globular structure of 

the protein a three-step protocol comprising; (i) use of a surfactant (ii) the use of a polar protic 

solvent and (iii) a heating step was devised as shown below in Figure 10. 

 

 

Figure 10: Three step protocol for solubilisation of gliadin using a surfactant, small chain 

alcohol and heating. 

 

3.8      Validation of the gliadin protein solubilisation protocol 

Step (i) Surfactant and polar protic solvent 

In step (i) of the protein solubilisation protocol, the use of a surfactant was tested to determine 

if dissolving the gliadin protein by decreasing the surface tension between the protein and water 

would improve gliadin solubilisation. Surfactants have previously been used in the DNA 

extraction as well as protein isolation from plant tissues such as wheat. A number of surfactants 

such as Tween 20, Tween 40 and Tween 60 were also tested, the results obtained using these 

surfactants showed aggregation that had possibly occurred due to the formation of large 
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micelles. The use of these surfactants was therefore discontinued in the study. On the other 

hand, surfactants such as CTAB (cetyltrimethylammonium bromide), have been shown to help 

in the disruption of the plant cell membrane that enables release of the cellular constituents as 

well as to separate the proteins from the DNA [Rogers and Bendich 1989].  

Given the structure of gliadin, an anionic surfactant, such as sodium dodecyl sulphate (SDS) 

and a cationic surfactant such as CTAB were chosen as possible surfactants that could interact 

with the plant derived protein (gliadin) by forming smaller micelles and help in solubilisation 

of the protein.  

To compare the colloidal stability of gliadin in these two different surfactants, two samples 

were prepared. Firstly, 1 mg of gliadin was dissolved in 500 μL of 10 mM CTAB in water and 

500 μL of isopropyl alcohol (IPA). Secondly, 1 mg of gliadin was dissolved in 500 μL of 10 

mM SDS in water and 500 μL of IPA. The final gliadin concentration for each sample was 1 

mg/mL.  

It was observed that at the same concentration (10 mM), while SDS caused protein aggregation, 

CTAB formed small micelles by forming electrostatic and hydrophobic interactions with 

gliadin and helped in solubilising the protein.  In particular, size distribution by volume for 

gliadin indicated the formation of small micelles (between 90 nm and 417 nm) when dissolved 

in CTAB, whereas in the presence of SDS, large micelles (between 90 nm and 750 nm) were 

formed that resulted in protein aggregation. From this, it was determined that a cationic 

surfactant, CTAB, was particularly useful in the solubilisation of gliadin.  

Step (ii) Polar protic solvent 

In step (ii) of the solubilisation protocol, it was determined if a polar protic solvent such as IPA 

could be used. This was based on the theory that IPA could act as a diluent for gliadin by 



69 
 

entering the interfacial area of the protein, pulling apart the surfactant molecules and in the 

process, improve gliadin solubilisation.   

1 mg of gliadin was added to 500 μL of 10 mM CTAB in water and 500 μL of IPA. As shown 

in Table 9, it was found that IPA with surfactant CTAB, does improve the solubility of gliadin. 

 

Table 9: Average protein concentration (mg/mL) of gliadin in samples with and without 

the addition of IPA 

Sample Average Protein Concentration (mg/mL) 

Gliadin/CTAB/IPA/60°C 0.73 

Gliadin/CTAB/60°C 0.57 

 

Step (iii) Heating  

In step (iii) of the solubilisation protocol, it was investigated if the effect of heating helps in 

the solubilisation of 1 mg/ml of gliadin in a mixture comprising the surfactant CTAB and the 

polar aprotic solvent IPA. Heating was performed at a temperature range of 20°C to 80°C for 

5 minutes. The protein concentration was measured after the heating step using the NanoDrop.  

Results are provided in Figure 11. 
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Figure 11: Average protein concentration (mg/mL) of gliadin at different temperatures (20°C 

to 80°C) 

 

As shown in Figure 11, it was found that the gliadin concentration reached a maximum at 60°C, 

indicating an increase in protein solubilisation. The increase in protein concentration at 60°C 

may be caused by a linear decrease in hydrogen bonds and electrostatic bonds within the gliadin 

protein. When the temperature was increased above 60°C, a decrease in protein concentration 

was observed. This decrease in protein concentration may be caused by the protein undergoing 

denaturation, which may involve a helix-coil transition. This may also result in exposure of the 

immunogenic epitopes of gliadin that are responsible for triggering CD. 

 

3.9    Preparation of the AuNPs coated with gliadin protein 

5 mg of gliadin was dissolved in 2.5 mL of 10mM aqueous CTAB in a 15 mL FalconTM tube. 

The tube was then heated for 5 minutes at 60°C and vortexed for 10 minutes. 2.5 mL of IPA 
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was added to the tube and vortexed again for 10 minutes to completely dissolve gliadin. The 

dissolved gliadin was then filtered using a Ministart® non-pyrogenic filter unit with a pore size 

 

a Falcon Centrifuge tube containing 2.8 mL 

of the filtered flow-through of solubilised gliadin followed by quick vortex. The dispersion was 

mixed for 60 minutes with a repeated vortexing every 10 minutes followed by centrifugation 

-dissolved in 

150 μL of MilliQ water. The 20 nm AuNPs coated with gliadin were stored at 4°C for up to 4 

weeks. Figure 12 represents the preparation of AuNPs coated with gliadin protein. 

 

 

Figure 12: Schematic representation of the surface modification of AuNPs with gliadin 
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3.9.1   Determination of the optimal conditions to coat gliadin on the surface of gold 

nanoparticles (AuNPs) 

Incubation period of gliadin with AuNP 

The optimal time period for incubating solubilised gliadin with AuNPs was determined. It was 

found that 30 minutes resulted in poor coating of gliadin on the surface of the 20 nm AuNPs.  

Poor adsorption was characterised by poor pellet formation following centrifugation. While, 

incubation at 90 minutes resulted in AuNP aggregation that was observed as a colour change 

from red to purple in some tubes. It was determined that 60 minutes of incubation at room 

temperature was the preferred incubation period for gliadin adsorption to AuNPs. 

Solvent for re-dispersal of gliadin-AuNP pellet  

The effect of re-dispersing the gliadin-AuNP pellet in MilliQ water, HEPES buffer and PBS 

buffer was studied using dynamic light scattering (DLS).  In each experiment, three different 

samples were prepared, and readings were taken in triplicate. Aggregation of the AuNPs in 

solution resulted in an increase in diameter of the AuNPs that was indicated by a peak shift to 

the right on the DLS. 

A variation in the peaks was observed for the three different samples of gliadin-AuNP pellet 

when HEPES or PBS buffer was used for pellet dispersal. In all the samples, the peak shifted 

towards the right indicating an increase in the size of gliadin-AuNPs, representing likely 

aggregation.  

On the other hand, peaks for the gliadin-AuNP pellet re-dispersed with MilliQ water remained 

constant for three different samples. This indicated no relative change in the size of the particles 

and most importantly, indicated no aggregation amongst the gliadin-AuNPs. Subsequently, 

MilliQ water was used for gliadin-AuNP pellet dispersal.  
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Ratio of AuNP to gliadin 

The suitable ratios of AuNPs to gliadin to be used in the adsorption step were also determined. 

Experiments were conducted using 20 nm AuNPs coated with gliadin at different volume 

titrations for AuNPs and solubilised gliadin. Results were based on the data obtained using 

DLS and UV-vis absorbance spectrophotometer (Table 10).  

Table 10: Range of AuNP: gliadin ratios  

Volume of AuNP Volume of solubilised 

gliadin 

AuNP: Gliadin ratio 

600 μL 2800 μL (1:4.6) 

600 μL 2000 μL (1:3.3) 

300 μL 1000 μL (1:3.3) 

100 μL 500 μL (1:5) 

150 μL 600 μL (1:4) 

 

Based on the titrations it was determined that a ratio of 20 nm AuNP to solubilised gliadin of 

1:4.6 achieved a particularly beneficial extent of adsorption i.e. 600 μL of 20 nm AuNPs were 

added dropwise to 2800 μL of solubilised gliadin.  

 

3.10     Preparation of the AuNPs coated with Bovine Serum Albumin (B.S.A) 

while vortexing. The tube was incubated for 30 minutes at room temperature with repeated 

vortexing. 

the pellet was re- HEPES buffer. The process was repeated twice after 
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which the pellet was re- t 

stored at 4°C. Figure 13 represents the preparation of AuNPs coated with BSA. 

 

Figure 13: Schematic representation of the preparation of AuNPs coated with BSA. 

 

3.11    Preparation of AuNPs coated with peptide sequence 

The peptide (QLQPFPQPQLPYPQPQC) was coated to the surface of the AuNPs in two stages: 

first, coating with NeutrAvidin followed by a second step of binding of the peptide through a 

biotin-(PEG)11-Maleimide linker molecule.  

Preparation of the AuNPs coated with NeutrAvidin 

 NeutrAvidin dissolved in 10mM 

HEPES (1 mg/mL) while vortexing. The tube was incubated for 60 minutes at room 

temperature with repeated vortexing. The solution was centrifuged for 30 minutes at 4500 , 

supernatant discarded, and the pellet was re- The process 

was repeated twice after which the pellet was re-  
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NeutrAvidin coated AuNPs were stored at 4°C. Figure 14 represents the preparation of AuNPs 

coated with NeutrAvidin. 

 

Figure 14: Schematic representation of the preparation of AuNPs coated with NeutrAvidin. 

Binding of Peptide to linker molecule 

0.5 mg/mL (2.5x 10-4 M) peptide (QLQPFPQPQLPYPQPQC) dissolved in MilliQ 

water was added dropwise to 700  (5.4 x 10-4 M)  Poly (ethylene glycol) [N-

(2-maleimidoethyl) carbamoyl] methyl ether 2-(biotinylamino) ethane (i.e. Biotin-PEG-

Maleimide) dissolved in MilliQ water, (Mn 5,400, MW 921 Da) having maleimide at the -

-end. This solution was left overnight at room temperature. Reaction 

between maleimide and cysteine is highly efficient with high yield [Baldwin and Kiick 2011]. 

No further separation steps between product and reagents have been done as excess of reagents 

would be removed in the steps following the addition of nanoparticles. Figure 15 shows the 

preparation of the peptide-linker molecule. 
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Figure 15: The preparation of the Biotin-(PEG)11-Maleimide-peptide molecule. 

 

Preparation of the AuNPs coated with peptide using linker 

The NeutrAvidin coated AuNPs were centrifuged at 4500

Eppendorf® Microcentrifuge, supernatant discarded, the pellet was re-

the peptide-linker solution. The tube was incubated for 60 minutes at room temperature with 

repeated vortexing. The solution was centrifuged for 5 minutes at 4500 , supernatant was 

discarded, and the pellet was re-

AuNPs were stored at 4°C for up to 4 weeks. Figure 16 shows the preparation of the AuNPs 

coated with the peptide using linker molecule. 
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Figure 16: Schematic showing the preparation of the AuNPs coated with the peptide using 

linker molecule. 

 

3.12   Characterisation of the protein and peptide coated AuNPs  

Nano drop (ND-1000 Nanodrop Technologies, Inc.) was performed on the AuNPs coated with 

proteins and peptide to check for concentration and purity of the coated protein and peptide on 

the AuNPs. The Nanodrop ND 1000 Spectrophotometer measures the absorbance of a 

protein/peptide sample. The software uses the Beer-Lambert to describe absorbance as shown 

in Equation 5; A = €cl where ‘€’ is the extinction coefficient of the specific protein and ‘l’ is 

the path length of 10 mm at A 280. In a typical measurement, /peptide 

sample was pipetted onto the measuring pedestal and the concentration of the sample based on 

the spectral measurement was determined by the Nanodrop ND software directly.  
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Size measurements using Dynamic Light Scattering  

The hydrodynamic diameter of the colloidal gold nanoparticles was measured with the help of 

dynamic light scattering (DLS) (Malvern technologies, Inc.), which is based on Brownian 

motion, and measures the intensity fluctuations of the light diffused by nanoparticles in 

medium. One of the main advantages of the DLS technique is that samples can be analysed 

quickly and in solution.  

As DLS is based on the light scattering from the AuNPs, to separate the light scattered from 

the free proteins and the AuNPs, the nanoparticles used in this study were significantly larger 

in size (20 nm) than the proteins (~ 8 nm). This enabled convenient measurement of the increase 

in hydrodynamic radii following the protein corona formation and determination of protein-

nanoparticle complexes. 

DLS uses a monochromatic laser to illuminate the colloidal AuNP solution while a photon 

detector records the scattering intensity with time. The detection limit of DLS is dependent on 

the scattering light intensity that is related to the power of the incident light, the type of detector 

and the detection angle [Berne et al. 1976]. As the larger nanoparticles scatter light more 

strongly than smaller nanoparticles [Jain et al. 2006, Huhn et al. 2013], AuNPs coated with 

protein show strong light-scattering intensity allowing DLS to sensitively detect protein 

adsorption. The result is represented as a distribution of sizes resulting due to the natural 

conformational variations in the large number of atoms involved.   

DLS measurements were carried out at 25°C in disposable cuvettes using a sample volume of 

500 μL, prior to starting analysis, the samples were equilibrated for 4 min. The instrument was 

equipped with a 633 nm laser; measurements were detected using a 173° back scattering 

detector. Each measurement consisted of 3 runs over 2 minutes each and each sample was 

measured in triplicate and the mean value reported. 
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Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful tool to investigate the size, dispersion 

and shape of nanoparticles. TEM imaging has significantly higher resolution as compared to 

light since electrons are used to illuminate the sample. Briefly, the electron beam is focussed 

on the specimen and the condenser aperture controls the convergence angle of the beam. The 

specimen chamber is placed below the condenser and is one of the most critical parts of the 

microscope. The specimen rod holds the specimen on a support grid between the pole pieces 

of the objective lens. The first intermediate image and diffraction pattern of the specimen is 

obtained using the objective lens. The diameter of the objective aperture controls the resolution 

as it manages the angular range of scattered electrons that travel down the column. The first 

projector lens in the image mode is focussed on the image plane of the objective, the remaining 

projector lenses strengthen the magnification of the final image on the screen. The charged 

coupled device (CCD) array camera is used for capturing the image. The output is combined 

with Image J, an image processing public domain software from National Institute of Health 

(NIH).  

The image contrast in TEM originates due to the scattering of the incident beam by the 

specimen. For biological specimens and non-crystalline materials like polymers, the image 

contrast, is mainly dependent on the mass-thickness contrast mechanism that arises from 

incoherent Rutherford scattering of electrons. The cross section for Rutherford scatter is 

dependent on the atomic number (Z) and the thickness, t, of the specimen. Therefore, with an 

increase in the specimen thickness, there is more electron scatter and these regions appear 

darker as compared to the low-mass regions with the same thickness. The TEM variables that 

influence the mass-thickness contrast for a specimen are the kV and the objective aperture size. 

A larger aperture would allow more scattered electrons that would lower the contrast between 

the scattering and non-scattering regions, a lower kV would cause more electron scattering 
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outside a given aperture leading to an increase in contrast but lowered intensity [Williams and 

Carter 1996]. 

While, negative stain is useful to visualise macro-bio-molecules such as DNA [Oliver 1973], 

these methods were found to be incompatible with protein-films bound on colloidal surfaces. 

This is mainly because protein films are thicker, have an amorphous substructure and are not 

clearly resolved by negative staining. TEM can however, be effectively used to resolve globular 

proteins such as gliadin as well as a peptide on the surface of colloidal gold nanoparticles. The 

visualisation of gliadin does not require any staining or labelling and is based on the scattering 

absorption contrast created by the coated protein film on the AuNP surface. Though this 

contrast is weak, it can be clearly detected against the background signal of the specimen 

support film. In the case of gliadin, when AuNPs are coated with an optimised amount of the 

protein, it is visible as a monolayer with a sharp border and constant thickness on the gold 

nanoparticle surface. In comparison, AuNPs coated with an excess of gliadin, show multilayers 

of the protein characterised by regions with a smeared border alongside regions with a sharp 

defined border [Jürgen’s et al. 1999].  

In this study, high-resolution transmission electron microscopy (TEM) images were recorded 

with a FEI Tecnai TEM 200V fitted with a Gatan (Pleasantville, CA) CCD camera. Samples 

were prepared by placing 2 μL of AuNP coated with the protein gliadin as well as the peptide 

onto a carbon-coated TEM grid grid (300 mesh, Agar Scientific, UK) and the film allowed to 

air dry for 15 minutes. 
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UV-Vis spectral measurements 

UV-Vis absorbance spectroscopy was used to characterise the proteins coated on AuNP 

surface. The absorption spectrum is determined both by the chemical structure as well as the 

environment i.e. the solvent polarity. All measurements were performed in MilliQ water as the 

solvent. While 20 nm AuNPs show a strong absorbance at 525 nm, protein as well as peptide 

showed a strong absorbance in the ~ 200 nm range (Figure 17). 

Following the coating of the protein/peptide on the AuNP, an increase in the wavelength or red 

shift was observed. This shift was caused by the aggregation of the AuNPs following the 

interaction with the AGA and this helps to determine the assay specificity.  

UV-Vis measurements were carried out using a Cary Series UV-Vis spectrophotometer 

(Agilent Technologies) using a standard 1 cm path-length quartz cuvette. Spectra were obtained 

from 200 nm to 800 nm. MilliQ water was used as the blank. 

 

Figure 17: UV-Vis spectra of 20 nm gold nanoparticles at 525 nm. 
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3.13     Antibody Titration 

Anti-Gliadin antibody (AGA) raised in rabbit against gliadin as the immunogen was used to 

interact with the AuNPs coated with gliadin. A series of dilutions with concentrations 2 μg/mL, 

4 μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL were prepared in 10mM HEPES buffer to determine 

the optimum antibody titer. The optimum antibody titer is defined as ‘the highest dilution of 

an antiserum that results in maximum specific staining with the least amount of background 

under specific test conditions’. IgG from rabbit serum was used as a control antibody and added 

to AuNPs coated with gliadin/peptide sequence in concentrations ranging from 2 μg/mL to 10 

μg/mL. MilliQ water was added to the tubes to make the final volume in each Eppendorf tube 

to be 225 μL. 

The highest dilution was determined by the absolute amount of specific antibodies present. The 

number of moles of AuNPs, gliadin, peptide, avidin and Maleimide-PEG11-Biotin and AGA as 

calculated can be found in the following tables (Table 11, 12 and 13).  

Table 11. No. of moles of gold nanoparticles used in the analysis. 

Gold Nanoparticles 

Title Measurement 

Size of Gold Nanoparticle 20 nm 

Total number of particles /mL 7.00 x 1011 

Mass of one particle 8.08 x 10-17g 

 

Total mass of gold per mL 5.66 x 10-5g 
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Total moles of gold per 1000 mL 2.87 x 10-4 

Amount of gold nanoparticles used for binding 600 μL 

Number of moles of gold nanoparticles in 0.6 mL 1.722 x 10-4 mol 

 

 

 Table 12. No. of moles of Gliadin, peptide, Maleimide-PEG11-Biotin and NeutrAvidin 

used in the analysis. 

Gliadin 

Title Measurement 

Molecular weight of gliadin 31 kDa 

No. of moles in 1 mg of gliadin 32.26 x 10-9 mol 

Peptide 

Molecular weight of peptide 2 kDa 

No. of moles in 1 mg of peptide 5 x 10-4 mol 

Maleimide-PEG11-Biotin 

Molecular weight of Maleimide-PEG11-Biotin 921 Da 

No. of moles in 1 mg of peptide 10.8 x 10-6 mol 
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NeutrAvidin 

Molecular weight of Avidin 67 kDa 

No. of moles in 1 mg of Avidin 1.4 x 10-5 mol 

  

 

Table 13. No. of moles of Anti-Gliadin antibody used in the analysis. 

Anti-Gliadin Antibody 

Title Measurement 

Molecular weight of IgG 150 kDa 

No. of moles in 1 mg of antibody 6.67 x 10 -9 mol 

Given concentration of antibody 10 mg/mL 

Threshold dilution of antibody in 

saliva/serum 

2 μg/mL 

2 μg/mL of antibody contains 1.334x 10-10 mol 
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3.14   Antigen-Antibody Interactions 

Antibody molecules are Y shaped consisting of two variable regions (Fab) and the stem, a 

constant region (Fc) [Janeway et al. 2001]. The antibody molecules are flexible at the hinge 

region and some flexibility is also found at the junction between the variable (V) and constant 

(C) domains that allows the bending and rotation of the V and C domains. The major antigen-

antibody interactions include electrostatic forces, hydrogen bonds, Van der Waal's forces and 

hydrophobic interactions.  

The dimensions of the Fab fragment are 40 Å by 50 Å by 80 Å and consist of two globular 

regions of approximately equal size. The axis of rotation between the VH and VL domains 

varies from 1650C to1800C. The VH-VL interface has a large contact surface in the range of 

1400-1900 Å (Davies et al. 1986), wherein the antibody combining site is an irregular and 

rather flat surface with protuberances and depressions formed by the amino acid side chains of 

the complementary determining region's (CDRs) of VH and VL [Amit et al. 1986].  

In comparison, the size of the AuNP particle is 20 nm and with gliadin not being a very large 

molecule with a molecular weight of 31 kDa. The protein is globular and therefore tends to 

have an overall compact structure of spherical shape with polar or hydrophilic amino acids on 

the surface and hydrophobic amino acids directed towards the core (Figure 18). This 

arrangement is considered as energetically favourable as it reduces contact with water by 

placing hydrophobic residues in the core and the surface polar residues can interact with water. 

The protein structure is maintained by noncovalent forces such as electrostatic interactions, van 

der Waals forces and hydrogen bonding. In addition, disulphide bridges, a type of covalent 

bond between the sulphur atoms of the cysteine amino acids also play an important role in 

stabilising the gliadin protein.  
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Figure 18: 3-D structure of the hydrophobic and globular protein gliadin. 

 

The secondary structure of the protein is presented below using Ribbons 

(https://sgce.cbse.uab.edu/ribbons/), a UNIX program that generates the protein secondary 

structure. The secondary structure elements are comprised of solid spirals and arrows 

representing - -strands respectively. Hydrophobic amino acid residue - 

helix tend to face the inside while the hydrophilic amino acids face outside. The commonly 

found amino acids in - helix are alanine, glutamine, leucine and methionine.  

Amino acid residues like proline, glutamic acid and tyrosine prefer the -strands. The  

conformation is pleated; with the main backbone a zigzag and side chains placed on the 

opposite sides of the sheet. The -strands are stabilised by hydrogen bonds between the amino 

acids of the alternating strands. The strands buried at the core of the protein are nearly all 

hydrophobic residues while the -strands near the surface of the protein have alternating 

hydrophilic and hydrophobic residues. The -strands can either run in the same direction to 

form a parallel sheet or can run in the reverse direction to form the anti-parallel sheet or it can 

be a mixture of both. The secondary structure of gliadin is presented below in Figure 19. 
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Figure 19: Secondary structure of hydrophobic and globular protein gliadin. The solid spirals 

- -strands respectively. 

The structural comparison indicated that interactions between the antigen bound to the AuNP 

and the antibody are dimensionally feasible. The dimensional representation of interactions of 

AuNP coated to the globular whole protein, gliadin, with the IgG antibody are represented in 

the Figure 20 below. 

 

Figure 20: Dimensional representation of interactions of AuNP coated with gliadin and IgG 

antibody. 
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3.15 Antibody Specificity 

An antibody (Ab) molecule is specific to the antigenic determinant to which it binds, the 

specificity is further related to the affinity and avidity of the antibody. Antibody affinity is 

associated with the preciseness of a stereochemical fit of an antibody combining site to its 

complementary antigen determinant. Mathematically, affinity is expressed by an association 

constant (K, 1/mol) that can be calculated at equilibrium conditions between the bound and 

unbound antigen (Ag) when in a reversible interaction with a homogenous antigen binding site.  

Avidity on the other hand, is a functional term that defines the efficiency of antibodies in a test. 

The multiple interacting components are assumed to follow the law of mass action defined by 

the formula: Ab + Ag Ab-Ag and can be expressed by an association constant Ka. 

It is however, commonly observed that some antigenic determinants are shared between 

molecules- this is particularly seen in similar molecules of related species. In such a scenario, 

some antibodies that are induced in response to one antigen may combine with another antigen 

as well and then they are said to be cross-reacting.  

 

3.16   Hypothesis of the study 

In the immunoassay developed in this study, the Anti-gliadin antibody (AGA) from rabbit was 

added at different concentrations to determine the specificity of the reaction between gliadin 

coated AuNPs and AGA. The IgG from normal rabbit serum was used as a control antibody 

and added to AuNPs coated with gliadin at similar concentrations to determine the effect of a 

non-specific antibody on the gliadin coated AuNPs.  

The hypothesis of the study is that in the presence of the specific antibody i.e. Anti-gliadin 

antibody, there would be an increase in the gliadin coated nanoparticle to nanoparticle 

A
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interactions that would lead to an aggregation of gliadin coated AuNPs as well as the formation 

of a precipitate. This would result in a decrease as well as a shift in absorbance maxima values 

based on the UV-Vis spectrophotometer.  

On the other hand, in the presence of a non-specific antibody (IgG) there would be no increased 

nanoparticle-nanoparticle interactions with the colloidal AuNPs remaining as a suspension. In 

addition, there would be no decrease or shift in the absorbance maximum as observed by the 

UV-Vis spectrophotometer. The hypothesis is represented in Figures 21, 22 below.  

 

Figure 21: Representation of specificity of Antigen-Antibody interactions.  A) Interactions of 

AuNP coated with gliadin with Anti-gliadin antibody B) Interaction of AuNP coated with 

gliadin with IgG (control) antibody. 
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Figure 22: Representation of specificity of Antigen-Antibody interactions hypothesis               

A) Formation of precipitate following the interactions of AuNP coated with gliadin with Anti-

gliadin antibody whereas on addition of control antibody the solution remains a suspension 

B) UV-Vis spectra showing the interaction of AuNP coated with gliadin with IgG (control) 

antibody. 

 

3.17   Analysis of the interaction of gliadin-AuNP with anti-gliadin antibody and non-

specific IgG antibody  

The immunoassay used to assess the activity of AuNPs coated with gliadin with the antibodies 

is outlined below. Assay steps were performed at room temperature. Briefly, 150 μL of AuNPs 

AuNP-Gliadin AuNP-Gliadin-AGA AuNPAuNP-Gliadin-IgG 

A 

B 
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coated with gliadin were added to 1.5 mL low protein binding Eppendorf® tubes. 1 μl of 20% 

BSA dissolved in MilliQ water was used as the blocking agent and was added to 150 μL of 20 

nm AuNPs coated with gliadin. AGA (1 mg/mL) from rabbit was added to each of the tubes 

corresponding to concentrations ranging from 2 μg/mL to 10 μg/mL (i.e. 1 μL to 5 μL). IgG 

from normal rabbit serum (1 mg/mL) was used as a control antibody and added to 150 μL of 

AuNPs coated with gliadin in concentrations ranging from 2 μg/mL to 10 μg/mL (1 μL to 5 

μL). MilliQ water was added to the tubes to bring the final volume in each Eppendorf®tube up 

to 225 μL. The UV-Vis absorption spectra of solutions containing gliadin coated gold 

nanoparticles and AGA at increasing dilutions (2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL and 10 

μg/mL) were studied using UV-Vis spectrophotometer. Readings were taken in triplicate and 

a student’s t-test was used to determine the p value. 

coated with BSA were added to 1.5 mL low 

protein binding Eppendorf® tubes. Anti-gliadin antibody from rabbit was added to each of the 

reaction between BSA coated AuNPs with the gliadin coated AuNPs. 

 

3.18    Analysis of the interaction of AuNPs coated with peptide with anti-gliadin antibody 

and non-specific IgG antibody  

The immunoassay used to assess the activity of AuNPs coated with peptide with the antibodies 

is outlined below. Assay steps were performed at room temperature. Briefly, 150 μL of AuNPs 

coated with peptide were added to 1.5 mL low protein binding Eppendorf® tubes. AGA (1 

mg/mL) from rabbit was added to each of the tubes corresponding to concentrations ranging 

from 2 μg/mL to 20 μg/mL (i.e. 1 μL to 10 μL) to determine the specificity of the reaction 

between peptide coated AuNPs and AGA.  
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IgG from normal rabbit serum (1 mg/mL) was used as a control antibody and added to 150 μL 

of AuNPs coated with peptide in concentrations ranging from 2 μg/mL to 20 μg/mL (i.e. 1 μL 

to 10 μL). MilliQ water was added to the tubes to bring the final volume in each Eppendorf 

tube up to 225 μL. The UV-Vis absorption spectra of solutions containing peptide coated gold 

nanoparticles and AGA at increasing dilutions (2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL, 10 

μg/mL, 12 μg/mL, 14 μg/mL, 16 μg/mL, 18 μg/mL and 20 μg/mL) were studied using a Cary 

Series UV-Vis spectrophotometer. Readings were taken in triplicate and a student’s t-test was 

used to determine the p value. 

 

3.19    Analysis of the interaction of gliadin-AuNPs with anti-gliadin antibodies in human 

saliva 

Human saliva samples spiked with anti-gliadin antibodies at various dilutions comparable to 

that seen in patients with CD 

was spiked with anti-gliadin antibody at various dilutions comparable to that seen in patients 

with CD coated with gliadin, gently mixed and was 

-Vis analysis. At 

least three independent experiments were conducted for each assay.  

 

3.20   Analysis of the interaction of gliadin-AuNPs with anti-gliadin antibodies in human 

serum 

The general immunoassay format used to assess the activity of AuNPs coated with gliadin with 

anti-gliadin antibodies is outlined below. Assay steps were performed at room temperature. 
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Normal human serum was diluted to 1:10, 1:20 and 1:50 using 10 mM HEPES buffer. 75 μL 

of serum from each of the dilutions was spiked with AGA at various dilutions comparable to 

that seen in patients with CD.  

To prevent non-specific binding, 1 μl of 20% BSA dissolved in MilliQ water and was added 

to 150 μL of 20 nm AuNPs coated with gliadin. The tubes were incubated for 30 minutes at 

room temperature. 75 μL of normal serum spiked with AGA at increasing dilutions of 2 μg/mL, 

4 μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL was then added to 20 nm AuNPs coated with 

gliadin. The tubes were then incubated for 30 minutes at room temperature.  

 

3.21    Analysis of the interaction of peptide-AuNPs with anti-gliadin antibodies in human 

serum 

Normal human serum was diluted to 1:20 using 10 mM HEPES buffer. 75 μL of serum from 

the dilution was spiked with AGA at various dilutions comparable to that seen in patients with 

CD.  

To prevent non-specific binding, 1 μl of 20% BSA dissolved in MilliQ water was added to 150 

μL of 20 nm AuNPs coated with peptide. The tubes were incubated for 30 minutes at room 

temperature. 75 μL of normal serum spiked with AGA at increasing dilutions of 2 μg/mL, 4 

μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL, 12 μg/mL, 14 μg/mL, 16 μg/mL, 18 μg/mL and 20 

μg/mL was then added to AuNPs coated with peptide. The tubes were then incubated for 30 

minutes at room temperature.  
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3.22    Analysis for Anti-gliadin antibody in clinical human serum 

Anonymised patient samples were collected with active CD (pre-treatment), treated CD (on a 

gluten free diet) as well as controls without CD. All cases of CD were medically diagnosed and 

based on typical small intestinal histology in conjunction with positive CD serology. No prior 

knowledge on the CD status was known while testing. 

Prior to testing, each human serum sample was diluted to 1:10, 1:20 and 1:50 using 10 mM 

HEPES buffer. 1 μl of 20% BSA dissolved in MilliQ water was added to 20 nm AuNPs coated 

with gliadin or 20 nm AuNPs coated with peptide to prevent non-specific binding. 75 μL of 

serum from each of the dilutions was then added to 20 nm AuNPs coated with gliadin or 20 

nm AuNPs coated with peptide.  The tubes were incubated for 15 minutes at room temperature 

before the absorbance was measured using a UV-Vis spectrophotometer. Following testing, the 

whole serum clinical samples were then concentrated, desalted and tested again as outlined 

below. 

 

3.23      Concentration of immunoglobulins in clinical human serum  

Whole serum clinical samples obtained for the validation study were thawed at room 

temperature.  200 μL of each serum sample was pipetted out to a low-protein binding 1.5 mL 

Eppendorf® tube and centrifuged at 6000 rpm for 15 minutes. The supernatant was removed, 

and the serum samples were diluted by adding 200 μL of 10mM PBS. An equal volume of 

saturated ammonium sulphate solution was added slowly to achieve a 33% saturated (v/v) final 

concentration with continuous stirring of the tubes. The tubes were kept at 4°C for 30 minutes 

and then centrifuged again at 5000 rpm for 15 minutes. The supernatant was removed, and the 
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pellet was re-suspended by adding 200 μL of 10mM PBS. The concentrated serum solution 

was stored at - 20°C till further use (Figure 23). 

 

Figure 23: Schematic showing the concentration of immunoglobulins using saturated 

ammonium sulphate solution 

 

3.24      Desalting of concentrated immunoglobulins 

 ZebaTM Spin desalting columns (Thermo ScientificTM) were used for the desalting of the 

immunoglobulins from the concentrated serum solution according to the manufacturer’s 

instructions. Briefly, each desalting column was prepared by centrifuging the column at 2000 

rpm for 1 minute to remove the storage solution. The column was then washed three times with 

300 μL of 10mM HEPES Buffer which was used as the equilibration buffer for column 

preparation. 100 μL of the concentrated immunoglobulins from whole human serum were then 

passed through the column by centrifuging at 2000 rpm for 2 minutes. The flow-through was 

collected, the final concentration of the total immunoglobulins was measured using the 

NanoDrop and stored at -20°C till further use. 
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3.25    Analysis for Anti-gliadin antibody in concentrated clinical human serum 

1 μl of 20% BSA dissolved in MilliQ water was added to 20 nm AuNPs coated with gliadin or 

20 nm AuNPs coated with peptide to prevent non-specific binding. 75 μL of serum from each 

of the dilutions was then added to 20 nm AuNPs coated with gliadin or 20 nm AuNPs coated 

with peptide. The tubes were incubated for 15 minutes at room temperature before the 

absorbance was measured using a UV-Vis spectrophotometer. 

 

3.26    Composition of the patient sample cohort assessed for assay validation 

Active CD sufferers  

Active CD is characterised by the typical malabsorption symptoms with diarrhea, weight loss, 

growth failure, fatigue, abdominal pain and severe intestinal damage affecting the small 

intestine. Histology shows continuous lesions and total villous atrophy as well as an increase 

in the intraepithelial lymphocytes (IELs). It is also associated with an adaptive T-cell mediated 

response (to gluten) determined by the presence of specific AGA, EMA, tTG and DGP 

antibodies. In these cases, particularly, antibodies to tissue transglutaminase are usually 

evident. Table 14 shows the histology and serology levels of active coeliac sufferers in the 

clinical sample cohort analysed in this study. 
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Table 14. Serology levels of active coeliac sufferers in the clinical sample cohort based on 

the histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) 

results are indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

 

Volunteer Histology tTG-IgA DGP-IgG 

n.1 CD 1 (<4) 3 (<20) 

n.3 CD >100 (<4) 33 (<20) 

n.5 CD >100 (<4) >100 (<20) 

n.6 CD 217 (<5) >150 (<20) 

n.7 CD 13 (0-6) 23 (0-6) 

n.8 CD >100 (<5) >100 (<20) 

n.9 CD 11 (0-6) 1.4 (0-6) 

n.10 CD 9 (<4) 97 (<20) 

n.14 CD 47 (<5) 86 (<5) 

n.15 CD 74 (0-20) - 

n.16 CD 145 (0-20) - 

n.17 CD 57 (<4) 93 (<20) 

n.18 CD 149 (<20) 63 (<20) 

n.19 CD >100 (<4) >100 (<20) 

n.22 CD 180 (0-6) 21 (0-6) 

n.23 CD 20 (0-6) 8.1 (0-6) 
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Sub-clinical CD 

In sub-clinical forms, such as undiagnosed or potential coeliac sufferers, the gastrointestinal 

presentation can be mild or even absent, the diagnosis depends on the extra-intestinal 

symptoms. The atypical CD usually present limited or no intestinal symptoms. Extra-intestinal 

features usually dominate and these include changes such as iron deficiency anaemia, 

osteopenia related fracture, peripheral neuropathy, infertility, abnormal liver diagnosis, or skin 

rashes characterised as dermatitis herpetiformis. Continued evaluation may reveal histological 

changes caused as a result of untreated CD, as well as positive serological results.  

Undiagnosed coeliac sufferers 

Undiagnosed CD is usually defined by the presence of a pre-disposing gene, such as, HLA-

DQ2 and/or HLA-DQ8, but may have normal intestinal architecture with an increased number 

of intraepithelial lymphocytes. The undiagnosed coeliac sufferer’s present positive CD 

serology in patients with patchy/ irregular mucosal lesions that then develops with typical 

atrophy of small intestine mucosa if left untreated. Table 15 shows the histology and serology 

levels of undiagnosed coeliac sufferers in the clinical sample cohort analysed in this study. 

Table 15. Serology levels of undiagnosed coeliac sufferers in the clinical sample cohort 

based on histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin 

peptides) results are indicated as IgA or IgG levels followed by normal reference ranges 

in brackets. 

Volunteer Histology tTG-IgA DGP-IgG 

n.24 Mucosal lesions 5 (<20) 17 (<20) 

n.25 Mucosal lesions 28 (0-6) 22 (0-6) 
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n.26 Mucosal lesions 4.8 (0-6) 22 (0-6) 

 

Potential coeliac sufferers 

Potential CD refers to people with a normal small intestinal mucosa but are at increased risk of 

developing CD as indicated by positive CD serology. These include first-degree relatives of 

CD sufferers that are HLA-DQ2/8 positive. The histology in these cases is characterised by a 

normal villous architecture along with a demonstration of pathological symptoms such as 

+ intraepithelial lymphocytes (IELs) that can lead to mucosal inflammation, as well 

as the presence of gliadin specific antibodies, usually at low titres (<1:40).  

An increased number of aberrant IELs are considered as a prognostic marker to differentiate 

between type I and type II refractory CD forms. Aberrant IELs show the presence of 

cytoplasmic CD3 expression but no expression of CD4 and CD8 T-cell markers. Increased 

IELs may be used to support or exclude diagnosis for CD and may be used for a follow-up as 

well as. Table 16 shows the histology and serology levels of potential coeliac sufferers in the 

clinical sample cohort analysed in this study. 

Table 16. Serology levels of potential coeliac sufferers in the clinical sample cohort based 

on histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) 

results are indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

 

Volunteer Histology tTG-IgA DGP-IgG 

n.27 Increased + IELs 12 (0-6) 18 (0-6) 

n.28 Increased + IELs 
11 (0-6) 13 (0-6) 
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n.29 Increased + IELs 
<5 (<5) <20 (<20) 

n.30 Increased + IELs 

<5 (<5) 22 (<20) 

 

 

CD and Type 1 Diabetes 

For patients with Type 1 Diabetes (T1DM), the prevalence of CD in T1DM is reported to vary 

considerably, due to the common genetic background as well as the multiple environmental 

and immunological factors. In addition, most T1DM patients, particularly diabetic children, 

have an undiagnosed form of the disease characterised by the absence of both gastrointestinal 

and extra-intestinal signs and are often regarded as asymptomatic. Table 17 shows the histology 

and serology levels of coeliac sufferers with T1DM in the clinical sample cohort analysed in 

this study. 

Table 17. Serology levels of coeliac sufferers with Type 1 Diabetes in the clinical sample 

cohort based on histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin 

peptides) results are indicated as IgA or IgG levels followed by normal reference ranges 

in brackets. 

Volunteer Histology tTG-IgA DGP-IgG 

n.4 CD 121 (<20) - 
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Treated Coeliac Sufferers 

The only effective treatment available for CD sufferers is a strict, life-long gluten free diet 

(GFD). The United States Food and Drug Administration has set the limit of (August 2011) of 

< 20 ppm gluten (equivalent to 10 ppm gliadin) for gluten-free foods. In addition, the total 

consumption of gluten-free products must also be monitored carefully as it may exceed the 

tolerable limit of each coeliac individual. Cross-contamination in food products is another 

cause of concern as the presence of hidden gliadin in contaminated food products poses risk 

for coeliac consumers. It has been reasoned that continued long term, regular ingestion of small 

amounts of gliadin may cause positive tTG and characteristic small bowel biopsy. Table 18 

shows the histology and serology levels of coeliac sufferers on a gluten free diet in the clinical 

sample cohort analysed in this study. 

 

Table 18. Serology levels of treated coeliac sufferers in the clinical sample cohort based 

on histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) 

results are indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

Volunteer Histology tTG-IgA DGP-IgG 

 

n.11  

 

CD 
18.2 (0<20) 3 (0.20) 

 

n.12   

 

CD 
16 (0-20) 7 (<20) 

 Following GFD > 8 weeks,   Following GFD < 2 weeks 
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Non-Coeliac Samples 

The cohort included four samples identified as negative for CD based on biopsy. Table 19 

shows the histology and serology levels of non-coeliac sufferers in the clinical sample cohort 

analysed in this study. 

Table 19. Serology levels of treated coeliac sufferers in the clinical sample cohort based 

on histology and tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) 

results are indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

Volunteer Histology tTG-IgA DGP-IgG 

n.2 Non-CD 0.1 (0-6) 0.2 (0-6) 

n.13 Non-CD 4 (0-20) - 

n.20 Non-CD 3.8 (<6) 37 (<6) 

n.21 Non-CD <5 (<5) <20 (<20) 

 

3.27   Determination of Immunoassay sensitivity 

Sensitivity analysis (SA) helps to determine the robustness of the assay by examining the effect 

of changes by varying the concentrations of AGA and the control antibody (IgG from rabbit 

serum) on the AuNP coated with gliadin or with peptide. A colorimetric response curve was 

plotted to represent the sensitivity values obtained for the different dilution values for both the 

AGA and the control antibody.  

For AuNP coated with gliadin, the assay sensitivity was calculated as described by Equation 6, 

Colorimetric Response = Imax at 532 nm/ I at 550 nm i.e. spectral absorbance value obtained at 532 

nm which is the wavelength where AuNP coated with gliadin show maximum absorbance by 
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itself (no antibodies are added) divided by the absorbance at 550 nm where a shift in absorbance 

is observed following the interaction of AGA with the gliadin coated AuNPs.  

An increase in the colorimetric response was observed, reaching a maximum value when anti-

gliadin antibody is added at a concentration of 8 μg/mL to the AuNP coated with gliadin. The 

curve begins to drop when the anti-gliadin antibody concentration reaches 10 μg/mL. For the 

control antibody, the response curve is constant with only a slight increase at the control 

antibody dilution of 6 μg/mL. The near constant colorimetric response curve obtained for the 

control antibody as compared to the response curve obtained for anti-gliadin antibody helped 

to demonstrate the specificity of the assay (Figure 24). 

 

Figure 24: Colorimetric response curve plotted in AuNPs coated with gliadin. Anti-gliadin 

antibody and the control antibody (IgG from rabbit serum) were added at dilutions 2 μg/mL, 

4 μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL. 
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A similar colorimetric response was plotted for the peptide coated AuNPs, as described by 

Equation 7, Colorimetric Response = Imax at 527 nm/ I at 550 nm i.e. spectral absorbance value 

obtained at 527 nm which is the wavelength where AuNP coated with peptide sequence show 

maximum absorbance by itself (no antibodies are added) divided by the absorbance at 550 nm 

where a shift in absorbance is observed following the interaction of the AGA to the peptide 

coated AuNP.  

 

3.27.1   Colorimetric Response calculation for clinical sample analysis 

While testing the clinical sample serum which is a complex fluid, the presence of several 

proteins and factors can affect the interaction of the AuNPs coated with gliadin/peptide with 

the AGA. To account for these variables, the assay sensitivity in serum was calculated as 

described by Equation 8, Colorimetric Response = Imax at 580 nm/ I at 532 nm i.e. absorbance value 

obtained at 580 nm, the wavelength where a shift in absorbance is observed following the 

interaction of the antibody to the AuNP coated with gliadin in serum divided by the maximum 

absorbance value of AuNP coated with gliadin in serum.  

Similarly, a colorimetric response for peptide coated AuNPs is determined by Equation 9, 

Colorimetric Response = Imax at 580 nm/ I at 527 nm i.e. absorbance value obtained at 580 nm, the 

wavelength where a shift in absorbance is observed following the interaction of the antibody 

with the AuNP coated with peptide in serum divided by the maximum absorbance value of 

AuNP coated with peptide in serum. 
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3.28    Statistical Analysis 

The UV-vis absorbance readings of gliadin or peptide coated AuNPs following interactions 

with AGA and IgG from rabbit serum (control antibody) were taken in triplicate and were used 

to calculate the percentage absorbance. The students t-test was used to compare the sets of 

quantitative data that were collected independently of one another to calculate the p value and 

determine statistical significance. 
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Novel diagnostic assay for coeliac disease using gliadin coated gold 

nanoparticles 

4.1   Background  

CD is an immune mediated disorder affecting the small intestine in genetically predisposed 

individuals. As discussed in chapter 1, in spite of the great progress made in research on CD, 

there is still an urgent need for a valid serological or point-of-care test, for early diagnosis of 

the disease. In this chapter, I present a novel diagnostic test for CD based on the coating of 

gold nanoparticles with gliadin, the highly antigenic protein that induces CD. 

I first developed a protocol for binding of the hydrophobic gliadin protein on the surface of the 

gold nanoparticles. I then developed the serological assay, in a simple, single step diagnostic 

test. Finally, I used this diagnostic assay on 30 patient serum samples in a blinded assessment 

and compared the results with the previously run serological and pathological tests on these 

patients. The characterisation techniques demonstrated the binding of the hydrophobic gliadin 

on the surface of the gold nanoparticles. The developed assay was tested on real patient samples 

and the data showed that this test had an overall accuracy of over 96%. The results indicate that 

the potential of gold nanoparticles coated with gliadin in detection of CD sufferers.  

This work is a part of the International patent PCT/AU2018/050125 that has been published 

with International Publication No. WO 2018/148801. This chapter is written in the form of a 

paper that has been submitted to a journal and is under review.  
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4.2   Introduction 

The field of biodiagnostics has experienced an explosive growth over the last decade [Kumar 

et al. 2015]. Portable diagnostic kits are highly sought after as they offer a relatively fast, easy 

and simple technology to detect a large number of biomarkers. Despite these advancements, 

there are still disorders that would greatly benefit from developing a lab based or point-of-care 

diagnostic test. One such disorder is CD. 

CD is a chronic immune mediated disease that effects the small intestine induced by the 

consumption of gluten, a protein found in wheat and other cereal grains [Ludvigsson et al. 

2013]. Epidemiological studies have shown that there is a worldwide distribution of CD with 

a high proportion of CD sufferers going undiagnosed [Marsh et al. 2015]. Early diagnosis is 

important in order to prevent the progression of CD that can often lead to serious complications. 

Symptoms of CD vary greatly in different individuals, and include anaemia, anorexia, weight 

loss, abdominal pain, diarrhea, chronic fatigue, constipation, joint pain as well as an increased 

level of liver enzymes [Tonutti and Bizzaro 2014]. Due to the wide variability in symptoms 

and similarity to other gastrointestinal disorders such as Crohn’s disease and Inflammatory 

Bowel Disease (IBD), it has proven difficult to correctly diagnose CD at an early stage by a 

medical practitioner. 

The first step for diagnosis for CD in clinical practice is serologic testing for gliadin-induced 

autoantibodies; the two key ones are anti-gliadin antibody (AGA) or tissue anti-

transglutaminase (tTG) antibody. The most reliable method for diagnosing CD, however, is 

gastrointestinal endoscopy. This method relies on acquiring a tissue sample for mucosal biopsy 

that is used to visualise varying degrees of intestinal damage, from mild abnormalities to 

completely flat mucosa [Ludvigsson et al. 2013, Oberhuber et al. 1999]. In addition, genetic 

testing for individuals with a high probability of developing CD, i.e. those showing the 



109 
 

presence of the main susceptibility genes HLA-DQ2 (specifically HLA-DQ2.5 and HLA-

DQ2.2) and HLA-DQ8, is also used in combination with the other serological approaches for 

diagnosis [Tye-Din et al. 2015]. Typically, CD patients present higher serum titers of AGA and 

anti-tTG antibodies that are detectable using a lab-based, enzyme-linked immunosorbent assay 

(ELISA) test [Dahlbom et al. 2016, Benkebil et al. 2013]. In non-CD patients, these two types 

of antibodies are generally undetectable in serum. 

Over the years, tTG antibodies showed higher specificity and sensitivity values as compared 

to AGA tests, which led to the abandoning of whole gliadin protein specific AGA as the 

biomarker for diagnosing CD. More recently, ELISA tests using human recombinant tTG (h-

tTG) or deamidated gliadin peptide (DGP) as the antigen source have further improved the 

sensitivity of CD using the patient’s blood serum. However, increased tTG antibody titers are 

also associated with Type 1 diabetes as well as some liver disorders, and this can generate an 

unacceptable number of false positive results. 

 A number of commercial kits based on the serological testing of antibodies against tTG and 

DGP have been introduced and used for large-scale screening of the general population. 

However, the existing point-of-care methods for identifying CD are unable to provide the 

required diagnostic accuracy and might be affected by the higher variability in the 

characteristics of patients such as their age, family history or other clinical associations such 

as autoimmune diseases [Kaur et al. 2017].  

Over the last decade, nanoparticle-based technology has been applied to the early detection of 

multiple diseases such as HIV [Laderman et al. 2008], other pathogenic infections [Lindhardt 

et al. 2009, Rong-Hwa et al. 2010], pregnancy testing in humans [Su et al. 2014], detection of 

GLUT 1 in diabetic rats [Alkaladi et al. 2014] and many other applications [Biagini et al. 2006, 

Tippkötter et al. 2009, Li et al. 2009]. This technology has proven to be highly sensitive and 
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accurate, and easy to perform. Nanotechnology-based approaches have been employed to 

deliver a point-of-care test for CD detection, involving coating of DGP on a carrier protein as 

the antigen and using colloidal gold anti-human antibodies as the signal detector to identify 

anti-DGP antibodies in serum samples. Although it is a plausible approach, the test was found 

to be less specific than expected, which limited its potential as a population screening tool 

[Bienvenu et al. 2012].  

In this study, I present data which demonstrates accurate detection of anti-gliadin antibodies 

using gold nanoparticles (AuNPs) coated with the hydrophobic whole gliadin protein. I have 

developed a promising new test by establishment of a stable suspension (without any 

significant level of aggregation) of gliadin coated AuNPs, enabling me to perform the test as a 

single step assay. Use of nanoparticles was essential to achieve a test with high sensitivity and 

specificity levels when using serum samples to detect AGA; as it is hypothesised that the 

curvature of AuNPs might have increased the exposure of hidden epitopes in gliadin.  

The diagnostic method was tested on 30 patient serum samples and found that the assay 

achieved a very high level of accuracy (>96%) in distinguishing CD from non-CD patients. 

This level of accuracy is in the range required for a serological test as both in the clinic or home 

one would expect to find only a relatively small proportion of people tested with CD. In 

addition, these results using a single step assay for detection of AGA eliminate multiple steps 

followed in existing serological tests that sometimes leads to user dependent error. One-step 

detection would be particularly useful in aiding the large-scale screening of the general 

population, particularly in the preselection of CD in small children, who may have 

undiagnosed/potential CD by parents or medical practitioners, which can be then confirmed by 

mucosal biopsy. 
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4.3    Materials and Methods 

 

4.3.1   Reagents 

20 nm citrate stabilised gold nanoparticles (AuNPs), gliadin, bovine serum albumin (BSA), 

anti-gliadin antibody from rabbit, and IgG antibody from whole normal rabbit serum, Cetyl 

Trimethylammonium Bromide (CTAB), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), Phosphate-Buffered Saline (PBS) were all obtained from Sigma-Aldrich (Australia). 

Isopropyl alcohol (IPA) was obtained from Nalgene® and ammonium sulphate was obtained 

from Ajax Chemicals. 

 

4.3.2   Preparation of the AuNPs coated with gliadin protein 

5 mg of gliadin was dissolved in 2.5 mL of 10mM aqueous CTAB in a 15 mL FalconTM tube. 

The tube was then heated for 5 minutes at 60°C and vortexed for 10 minutes. 2.5 mL of IPA 

was added to the tube and vortexed again for 10 minutes to completely dissolve gliadin. The 

dissolved gliadin was then filtered using a Ministart® non-pyrogenic filter unit with a pore size 

 

of the filtered flow-through of solubilised gliadin followed by quick vortex. The dispersion was 

mixed for 60 minutes with a repeated vortexing every 10 minutes followed by centrifugation 

-dissolved in 

150 μL of MilliQ water. The 20 nm AuNPs coated with gliadin were stored at 4°C for up to 4 

weeks. 
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4.3.3   Preparation of the AuNPs coated with BSA 

while vortexing. The tube was incubated for 30 minutes at room temperature with repeated 

d, and 

the pellet was re-

which the pellet was re-

 AuNPs were 

stored at 4°C.  

 

4.3.4   Determination of the concentration of gliadin and BSA coated AuNPs 

Nanodrop (ND-1000 Nanodrop Technologies, Inc.) was performed on the AuNPs coated with 

gliadin and BSA to check for concentration and purity. As gliadin was dissolved in a cationic 

surfactant (CTAB) followed by a polar aprotic solvent (IPA) different controls were used to 

determine the background absorbance’s due to the use of these solvents. Molar extinction 

coefficient was calculated by the ProtParam tool (ExPasy Bioinformatics Resource Portal) 

presented in Table 8 (refer chapter III). 

 

Dynamic Light Scattering (DLS) 

The nanoparticle hydrodynamic radius was measured using Zetasizer Nano (Malvern 

Technologies, Inc.). Measurements were carried out at 25°C in disposable cuvettes using a 

sample volume of 500 μL. Each sample was measured in triplicate and the mean value was 

calculated. 
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Transmission Electron Microscopy (TEM) 

High-resolution transmission electron microscopy (TEM) micrographs were obtained using a 

FEI Tecnai TEM 200V fitted with a Gatan (Pleasantville, CA) CCD camera. Samples were 

prepared by placing 2 μL of AuNP coated with gliadin onto a carbon-coated TEM grid (Agar 

Scientific, UK) and the film allowed to air dry for 15 minutes. 

 

UV-Vis Measurements 

UV-Vis measurements were carried out using a Cary Series UV-Vis spectrophotometer 

(Agilent Technologies) using a standard 1 cm path-length quartz cuvette. Spectra were obtained 

from 200 nm to 800 nm. MilliQ water was used as the blank. 

 

4.3.5    Assay for AGA 

The immunoassay used to assess the activity of AuNPs coated with gliadin with the antibodies 

is outlined below. Assay steps were performed at room temperature. Briefly, 150 μL of AuNPs 

coated with gliadin were added to 1.5 mL low protein binding Eppendorf® tubes. 1 μl of 20% 

BSA dissolved in MilliQ water was used as the blocking agent and was added to 150 μL of 20 

nm AuNPs coated with gliadin. AGA (1 mg/mL) from rabbit was added to each of the tubes 

corresponding to concentrations ranging from 2 μg/mL to 10 μg/mL (i.e. 1 μL to 5 μL). IgG 

from normal rabbit serum (1 mg/mL) was used as a control antibody and added to 150 μL of 

AuNPs coated with gliadin in concentrations ranging from 2 μg/mL to 10 μg/mL (1 μL to 5 

μL). MilliQ water was added to the tubes to bring the final volume in each Eppendorf tube up 

to 225 μL. The UV-Vis absorption spectra of solutions containing gliadin coated gold 

nanoparticles and AGA at increasing dilutions (2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL and 10 
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μg/mL) were studied using UV-Vis spectrophotometer. Readings were taken in triplicate and 

the student’s t-test was used to determine the p value. 

 

Assay for AGA in spiked human serum 

Normal human serum was diluted to 1:10, 1:20 and 1:50 using 10 mM HEPES buffer. 75 μL 

of serum from each of the dilutions was spiked with AGA at various dilutions comparable to 

that seen in patients with CD.  

To prevent non-specific binding, 1 μl of 20% BSA dissolved in MilliQ water and was added 

to 150 μL of 20 nm AuNPs coated with gliadin. The tubes were incubated for 30 minutes at 

room temperature. 75 μL of normal serum spiked with AGA at increasing dilutions of 2 μg/mL, 

4 μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL was then added to 20 nm AuNPs coated with 

gliadin. The tubes were then incubated for 30 minutes at room temperature.  

 

Assay for AGA in clinical human serum 

Anonymised patient samples were provided by Dr Jason Tye-Din from the Walter and Eliza 

Hall Institute of Medical Research (WEHI Institute, Melbourne Parkville, Australia). They 

were collected with informed consent and approval of Melbourne Health and WEHI Human 

Research Ethic Committees (2003.009 and 03/04) respectively. Ethical approval was also 

obtained from the University of Technology Sydney Research Ethics committee (UTS HREC 

ting the clinical samples. The cohort consisted of some samples that 

were found to be haemolytic and had been stored for > 5 years, these samples were taken out 

to maintain assay homogeneity. In the clinical study 30 human serum samples were analysed 

in a blinded assessment. No prior knowledge on the CD status or any other clinical condition 
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of any of the patient samples was known while testing. Samples were collected from patients 

with active CD (pre-treatment), treated CD (on a gluten free diet) and controls without CD. 

The histological interpretation and the serology levels for each of the clinical sample tested 

using biopsy and the existing commercially available serology tests is presented in Tables 1 

and 2. All cases of CD were medically diagnosed and based on typical small intestinal histology 

in conjunction with positive CD serology. 

Prior to testing, each human serum sample was diluted to 1:10, 1:20 and 1:50 using 10 mM 

HEPES buffer. 1 μl of 20% BSA dissolved in MilliQ water was added to 20 nm AuNPs coated 

with gliadin to prevent non-specific binding. 75 μL of serum from each of the dilutions was 

then added to 20 nm AuNPs coated with gliadin.  The tubes were incubated for 15 minutes at 

room temperature before the absorbance was measured using a UV-Vis spectrophotometer. 

 

Concentration of Immunoglobulins in clinical human serum 

supernatant was removed, and the serum samples were diluted with 200 μL of 10mM PBS. An 

equal volume of saturated ammonium sulphate solution was added slowly to achieve a 33% 

saturated (v/v) final concentration with continuous stirring of the tubes. Samples were kept at 

 supernatant was 

removed, and the pellet was re-suspended by adding 200 μL of 10mM PBS. The concentrated 

serum solution was stored at -20°C till further use.  

ZebaTM Spin desalting columns (Thermo ScientificTM) were used for the de salting of the 

immunoglobulins from the concentrated serum solution according to the manufacturer’s 

instructions. The final concentration of the total immunoglobulins was measured using the 

NanoDrop and stored at -20°C until further use. 
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4.3.6   Colorimetric Response Curve 

A colorimetric response curve was plotted to represent the sensitivity values obtained for the 

different dilution values for both the AGA and the control antibody (IgG from rabbit serum). 

The assay sensitivity was determined based on the colorimetric response values calculated as 

Colorimetric Response = I max at 532 nm/ I 550 nm i.e. spectral absorbance value obtained at 532 nm. 

532 nm is the wavelength where AuNP coated with gliadin shows maximum absorbance by 

itself (no antibodies are added) divided by the absorbance at 550 nm where a shift in absorbance 

is observed following the interaction of the antibody with the AuNP coated with gliadin. 

The assay sensitivity in spiked serum was calculated as Colorimetric Response = I max at 580 nm/ 

I 532 nm i.e. absorbance value obtained at 580 nm. This is the wavelength where a shift in 

absorbance is observed following the interaction of the antibody with the AuNP coated with 

gliadin in serum divided by the maximum absorbance value of AuNP coated with gliadin in 

serum.  
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4.4     Results and Discussion 

Gliadin, which is found in wheat and other cereal grains, is the antigenic protein that induces 

CD. Gliadin epitopes are recognised by T cells that stimulate the formation of CD4, natural 

killer (NK)-like cells, as well as the release of pro-inflammatory cytokines such as IFN-

thereby, activating the adaptive immune response [Abadie et al. 2011, Malamut et al. 2010].  

Gliadin is a 32-35,000 molecular weight, mostly hydrophobic wheat protein that is only slightly 

soluble in aqueous solution. In order to use it to coat AuNPs and develop an assay for AGA, I 

needed to overcome the problem of aggregation of the coated nanoparticles. In previous studies 

using coated AuNPs, the vast majority of work used water-soluble molecules such as 

DNA/RNA [Elghanian et al. 1997, Lee et al. 2007, Wang et al. 2016], peptides [Sperling and 

Parak 2010, Slocik et al. 2011], growth factors [Huang et al. 2005] and albumins to coat the 

nanoparticles [Brewer et al. 2005]. Thus, a new method was developed in order to establish a 

stable colloidal suspension of gliadin coated AuNPs under physiological conditions. 

I tested a variety of protic and aprotic solvents such as acetone, chloroform, di-chloromethanol, 

di-methylformamide and methanol where I observed only very partial solubility of the protein. 

Sufficient solubilisation of gliadin was finally achieved using the cationic surfactant CTAB 

and 70% isopropanol previously used in other studies to extract proteins from wheat [Watson 

and Thompson 1986].  

The solubilisation of gliadin allowed us to adsorb the protein on the surface of AuNPs, which 

was monitored by UV-Vis measurements [Link and El-Sayed 1999]. A red shift was observed 

in the absorbance maximum from 525 nm to 532 nm, indicating that the protein was efficiently 

coated onto the AuNPs surface (Figure 25A). In addition, no measurable decrease of 

absorbance was observed at peak wavelength or an increase of absorbance at longer 
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wavelengths (600-700 nm) suggesting the colloidal dispersion of protein-coated AuNPs was 

stable and no strong AuNP-to-AuNP interactions or aggregation took place.  

DLS was used to further confirm there was no aggregation, which had showed an increase in 

hydrodynamic diameter from 20 nm to 28 nm following coating with gliadin (Figure 25B). As 

the molar mass of the protein is directly proportional to its hydrodynamic radius in solution 

[Jans et al. 2009], an increase in the hydrodynamic radius indicates coating of gold 

nanoparticles with gliadin had occurred. A similar test using control AuNPs coated with BSA 

(molecular weight = 66 kDa) was carried out where an average particle diameter of 32 nm, 

correlating with the larger size of the protein was determined.  

 

Figure 25: Characterisation of gliadin coated AuNPs (A) Characterisation of AuNP coated 

with gliadin using a UV-Vis Spectrophotometer show a spectral red shift in wavelength from 

525 nm (for 20 nm AuNP only) to 532 nm (for 20 nm AuNP coated with gliadin). (B) 

Characterisation of AuNP coated with gliadin using DLS, showing an increase in the 

hydrodynamic size of the uncoated vs coated particles from 20 nm to 28 nm respectively. (C) 

High resolution TEM images of (i) uncoated AuNPs, (ii) gliadin coated AuNPs showing a 
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‘halo’ layer indicating coating of the gold with the protein had occurred. In contrast, the ‘halo’ 

effect was not observed on the surface of the un-coated AuNPs. 

 

To directly observe gliadin coated on AuNPs, high-resolution TEM imaging was used. The 

presence of a thin layer of material (1-2 nm) (Figure 25C (ii)) surrounding the nanoparticles, 

which was not observed on the surface of the uncoated nanoparticles (seen in Figure 25 C (i)) 

[Jürgen’s et al. 1999] confirmed the adsorption of protein. 

 

4.4.1    Incubation of gliadin-coated AuNPs with AGA 

To examine the ability of gliadin-coated AuNPs to detect AGA, serial dilutions of rabbit anti-

gliadin IgG polyclonal antibody in a range that normally exists in human serum [O’Farrelly et 

al. 1983, Al-Bayaty et al. 1989] were tested. After 30 minutes incubation a significant reduction 

in colour as well as a decrease in the absorbance peak with a shift from 532 nm to 580 nm 

(Figure 26A) was observed. These results showed that in the presence of the AGA there is 

increased nanoparticle-to-nanoparticle interaction leading to aggregation and precipitation of 

the AuNPs.  

As a control, normal rabbit serum IgG antibody with the gliadin coated AuNPs were tested. No 

significant change in colour or shift in the wavelength or size of the absorbance peak after 

taking the dilution factor into account was found (Figure 26 A, B). In addition, at all the tested 

concentrations, the absorbance was significantly lower using AGA as compared to normal IgG, 

reaching its minimum value in the range of 4-8 μg/mL (p< 0.005, Figure 26 B). These results 

demonstrate the specificity of the interaction between AuNP-gliadin to AGA and also 

demonstrate the sensitivity of the assay to detect AGA down to a concentration of 2 μg/mL.  
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Uncoated AuNPs and those coated with an irrelevant antigen, BSA, incubated with AGA as 

controls for specificity were also tested. The results did not show any significant change in 

absorbance or aggregation (Figure 27 and 28) confirming the specificity of the assay for whole 

gliadin. 
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Figure 26: Testing gliadin-coated AuNPs with AGA (A) Reduction in colour from red to 

translucent and lowered absorbance was observed in AuNP coated with gliadin (S) and 

incubated with AGA at various dilutions (S1) 2 μg/mL, (S2) 4 μg/mL, (S3) 6 μg/mL, (S4) 8 

μg/mL and (S5) 10 μg/mL. No significant change in colour or shift in peak wavelength was 

observed in gliadin coated AuNP incubated with control rabbit IgG at all dilutions tested (C1) 

2 μg/mL, (C2) 4 μg/mL, (C3) 6 μg/mL, (C4) 8 μg/mL and (C5) 10 μg/mL. Figure 27 (B) 

Representation of specificity based on UV-Vis absorbance spectra for the antibody interactions 

at equal concentrations of AGA and control antibody. Figure 27 (C) Colorimetric response 

curve plotted on AuNP coated with gliadin following the addition of AGA at different dilutions. 

To assess the specificity of the AGA toward gliadin coated AuNPs, a colorimetric response 

between our assays was calculated (Figure 26 C, Table 20). It was found that the response 

reaches a maximum value at a concentration of 8 μg/mL of AGA. The near constant 

colorimetric response curve obtained for the control antibody as compared to the response 

curve obtained for AGA further demonstrates the specificity of the assay. 

 

Figure 27: Incubation of uncoated AuNPs in serum with AGA at various dilutions. 
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Figure 28: Incubation of BSA coated AuNPs in serum with AGA at various dilutions.

Table 20. Calculated p-value in AuNP coated with gliadin in the presence of AGA 

antibody and the control antibody (IgG from rabbit serum) at dilutions 2-10 μg/mL. 

 

Sample Percentage 
Absorbance 

t-test p-values 

AuNP coated with Gliadin 100 
 

Anti-  54 0.004 

 83 

Anti-  45 0.002 

80 

Anti-gliadin  36 0.001 

80 
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Anti-  33 0.001 

 72 

Anti-  40 0.004 

 68 

 

 

4.4.2   Testing AGA in spiked serum 

Human serum is a complex fluid containing various proteins, peptides as well as nucleic acids. 

To reduce background binding, 1% BSA as a blocking agent was used, to lower the non-

specific interaction with the gliadin coated AuNPs. Spiked human serum containing 2-10 

μg/mL AGA was incubated with gliadin-coated AuNPs. The results showed an increase in 

aggregation and precipitation, which was easily detectable by eye (Figure 29).  A reduction in 

the colour of the solution from red to translucent was observed as shown in Figure 29 B. This 

change was further supported by the observation of an increase in the colorimetric response 

that reached a maximum at 8 μg/mL of AGA (Figure 29 A, Figure 30 and Figure 31). In 

contrast, when normal rabbit IgG to the human serum was added, no precipitate formation or 

change in colour was observed. Normal serum itself did not show any change in absorbance 

with the response curve being constant and low at all IgG concentrations.  
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Figure 29: Detection of AGA in spiked human serum using gliadin-coated AuNPs. (A) 

Colorimetric response curve of AuNP coated with gliadin in serum diluted 1:20 following the 

addition of AGA at different concentrations. (B) Reduction in colour from red to translucent 

as well as precipitate formation was observed in AuNP coated with gliadin in the presence of 

AGA and serum at different concentrations (S1-S5). No reduction in colour from red to 

translucent or precipitate formation was observed in AuNP coated with gliadin in the presence 

of control IgG and serum (C1-C5).  
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Figure 30: Colorimetric response curve plotted in AuNP coated with gliadin in 1:10 diluted 

serum following the addition of AGA antibody at dilutions 2 μg/mL, 4 μg/mL, 6 μg/mL, 8 

μg/mL and 10 μg/mL. 

 

Figure 31: Colorimetric response curve plotted in AuNP coated with gliadin in 1:50 diluted 

serum following the addition of AGA at dilutions 2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL and 

10 μg/mL. 
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4.4.3 Anti-gliadin antibody binding to gliadin-AuNPs in saliva 

UV–Vis spectrophotometry was used to confirm that the gliadin-AuNP were able to interact 

with anti-gliadin antibodies in saliva samples. A decrease in the absorption wavelength was 

observed when the gliadin coated AuNPs were added to saliva samples containing anti-gliadin 

antibodies. Normal saliva itself did not show any absorbance and behaved like water with zero 

absorbance value. These readings confirmed that the anti-gliadin antibodies can cause 

aggregation in the presence of saliva and their specificity is not affected by other constituents 

in saliva. A change in colour from red to translucent was also observed (Figure 32). 

 

 

 

Figure 32: Testing gliadin-coated AuNPs with AGA in saliva  

A 

B 
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(A) Reduction in colour from red to translucent and lowered absorbance was observed in AuNP 

coated with gliadin (S) and incubated with AGA at various dilutions (S1) 2 μg/mL, (S2) 4 

μg/mL, (S3) 6 μg/mL, (S4) 8 μg/mL and (S5) 10 μg/mL. (B) Colorimetric response curve plotted 

on AuNP coated with gliadin following the addition of AGA in saliva at different dilutions. 

A colorimetric response curve was plotted to represent the sensitivity values obtained for the 

different dilution values. A linear increase in the colorimetric response was observed, reaching 

a maximum value when anti-

AuNPs coated with gliadin in the presence of saliva. The response curve begins to show a drop 

in the colorimetric response value when the anti-gli

The antibody concentrations are similar to those normally observed in patients’ with CD saliva 

[Lenander-Lumikari et al. 2000 and Tucker et al. 1988].  

 

4.4.4    Testing clinical samples 

To assess the clinical relevance of the developed method, I next used the gliadin coated AuNPs 

to test a selected set of human serum samples obtained from patients with CD or controls 

without CD. The goal of the study was to test the ability of the assay to distinguish between 

previously diagnosed CD patients from non-CD individuals.  

The results for the 30 clinical samples were recorded after the visual examination of precipitate 

formation and the determination of a shift or change in absorbance values using a UV-Vis 

spectrophotometer. Based on the results observed by eye, the samples have been divided into 

three categories: clear precipitation, aggregation and colloidal suspension. Out of the thirty 

clinical samples tested, nineteen samples showed clear precipitation within 15 minutes and 

formed a pellet indicating they were positive for CD. Seven samples began to start showing the 

formation of aggregated particles (but no pellet) within 15 minutes and these were observed 
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for another 15 minutes for further confirmation as CD positive. In four samples, there was no 

precipitation or formation of aggregates within 15 minutes, and remained as a colloidal 

suspension, and were classified as negative for CD. 

The assay sensitivity was determined based on the colorimetric response obtained for each 

serum sample and was calculated as Colorimetric Response = I max at 580 nm/ I 532 nm. Using this 

method, the calculated colorimetric response for normal serum i.e. serum from non-CD patients 

is 1 and this acts as the cut-off value. Therefore, for the clinical samples, based on the spectral 

absorbance data, a value of 1 is indicated as negative for CD and a value above 1 is considered 

CD positive. Based on the observation and calculation of the colorimetric response curve, I 

have summarised the outcomes in Tables 21, 22 and Figure 33 along with the results reported 

using other serological methods, biopsy and histology. 

 

Table 21. Comparison of the patient samples analysed using the AuNP-AGA test with the 

previously existing histology and serological* results 

Volunteer Histology tTG-IgA DGP-IgG AuNP-AGA Test 

n.1 CD 1 (<4) 3 (<20) CD Positive 

n.2 Non-CD 0.1 (0-6) 0.2 (0-6) CD Negative 

n.3 CD >100 (<4) 33 (<20) CD Positive 

n.4 CD 121 (<20)  CD Positive 

n.5 CD >100 (<4) >100 (<20) CD Positive 

n.6 CD 217 (<5) >150 (<20) CD Positive 

n.7 CD 13 (0-6) 23 (0-6) CD Positive 

n.8 CD >100 (<5) >100 (<20) CD Positive 

n.9 CD 11 (0-6) 1.4 (0-6) CD Positive 

n.10 CD 9 (<4) 97 (<20) CD Positive 
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n.11  CD 18.2 (0<20) 3 (0.20) CD Negative 

n.12   CD 16 (0-20) 7 (<20) CD Positive 

n.13 Non-CD 4 (0-20)  CD Negative 

n.14 CD 47 (<5) 86 (<5) CD Positive 

n.15 CD 74 (0-20)  CD Positive 

n.16 CD 145 (0-20)  CD Positive 

n.17 CD 57 (<4) 93 (<20) CD Positive 

n.18 CD 149 (<20) 63 (<20) CD Positive 

n.19 CD >100 (<4) >100 (<20) CD Positive 

n.20    Non-CD 3.8 (<6) 37 (<6) CD Positive 

n.21 Non-CD <5 (<5) <20 (<20) CD Negative 

n.22 CD 180 (0-6) 21 (0-6) CD Positive 

n.23 CD 20 (0-6) 8.1 (0-6) CD Positive 

* Serology tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) results are 

indicated as IgA or IgG levels with assay kits obtained from different manufacturers with 

different test results followed by normal reference ranges in brackets  Following GFD > 8 

weeks,   Following GFD < 2 weeks,    False positive based on histology and tTG antibody 

titre. 

 

Table 22. Analysis of 7 samples with potential or undiagnosed CD using the AuNP-AGA 

test as compared with previously existing serology*. Cases are separated into those with 

histological observations of patchy /irregular mucosal lesions or those with mucosal 

inflammation resulting from an increase in + IELs. 

Volunteer Histology tTG-IgA DGP-IgG AuNP-AGA 

Test 

n.24 Mucosal lesions 5 (<20) 17 (<20) CD Positive 

n.25 Mucosal lesions 28 (0-6) 22 (0-6) CD Positive 
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n.26 Mucosal lesions 4.8 (0-6) 22 (0-6) CD Positive 

n.27 Increased + 

IELs  12 (0-6) 18 (0-6) 
CD Positive 

n.28 Increased + 

IELs 11 (0-6) 13 (0-6) 
CD Positive 

n.29 Increased + 

IELs <5 (<5) <20 (<20) 
CD Positive 

n.30 Increased + 

IELs <5 (<5) 22 (<20) 
CD Positive 

 
* Serology tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) results are 

indicated as IgA or IgG levels obtained from different manufacturers followed by normal 

reference ranges in brackets, IELs (Intraepithelial lymphocytes). 

 

 

 

 

Figure 33: Representation of the distribution of clinical samples using AuNP-AGA Assay 
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In sixteen samples that were previously diagnosed with active CD all of them were identified 

as CD positive using the AuNP-AGA assay as well. These samples showed the formation of a 

precipitate, had a clear shift and a drop in UV-Vis absorbance values as well as a high 

colorimetric response value. The remaining samples were then classified into various sub-

classes based on the analysis using the AuNP-Peptide-AGA assay as described below (refer 

Tables 21 and 22, Figure 33).  

In the cohort of tested samples, there are two cases where the patients had previously been 

diagnosed with CD and therefore followed a gluten free diet (GFD). While one person had 

been on a GFD for more than 8 weeks (volunteer number n.11), the other person had been on 

a GFD for less than 2 weeks (volunteer number n.12). The AuNP-AGA diagnostic test 

distinguished the person following GFD > 8 weeks as negative for CD, while serum from the 

person who has been on GFD < 2 weeks formed a suspension (Table 21). Interestingly, the 

conventional serology test identified these two patients as negative suggesting that the 

nanoparticle test can detect true biopsy-confirmed cases even when traditional serology is 

negative. The analysis of these two exceptional patients using the AuNP-AGA method 

indicates that this diagnostic test can potentially also be used for monitoring patients on a GFD 

over time. More CD patients on GFD need to be tested in the future to confirm this result. 

The sample cohort also contained serum from an individual who was suffering from Type 1 

diabetes mellitus (T1DM); the diabetic person could be identified as positive for CD using 

biopsy. For patients with T1DM, the prevalence of CD in T1DM is reported to vary from 3% 

to 16%, [Volta et al. 2011], due to the common genetic background as well as the multiple 

environmental and immunological factors [Ventura et al. 2002]. In addition, most T1DM 

patients, particularly diabetic children, have an undiagnosed form of the disease characterised 

by the absence of both gastrointestinal and extra-intestinal signs and are often regarded as 
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asymptomatic. Therefore, the diagnosis for CD of diabetic patients is difficult and requires 

continuing careful clinical and serological follow-up [Holmes 2001].  

The AuNP-AGA diagnostic test correctly identified the patient with T1DM as positive for CD, 

which matches with the previously conducted biopsy and serological profile of the patient. This 

result is important as it shows that the gliadin coated AuNPs can detect AGA in patients 

suffering from other autoimmune diseases. This is however, a single test result and needs to be 

further explored in larger clinical studies. 

Three samples (volunteer numbers n.24, n.25, n.26, Table 22) with patchy/ irregular mucosal 

lesions, classified as a broad sub-type of potential or undiagnosed coeliac, demonstrated a clear 

precipitate using the AuNP-AGA test. The UV-Vis absorbance data supported the visual 

examination. These three samples were classified as positive for CD as these may be 

undiagnosed coeliac sufferers that have positive CD serology and display mild mucosal atrophy 

initially, that then develops with typical atrophy of small intestine mucosa [Kaukinen et al. 

2001]. 

Four clinical samples (volunteer numbers n.27, n.28, n.29, n.30, Table 22) showed the 

formation of aggregated nanoparticles along with a drop in UV-Vis absorbance values. These 

samples showed mucosal inflammation with positive or low positive serology results. The 

AuNP-AGA test showed results similar to those found using the existing serological assays. 

These four cases have been identified as ‘potential’ CD positives, that is characterised by a 

+ 

intraepithelial lymphocytes as well as presence of gliadin specific antibodies, usually at low 

titres (<1:40) [Volta and Villanacci 2011]. Although, histology in general is considered the 

most reliable method of testing for CD, it has shown lowered predictive value in recognising 

“potential” CD cases. This situation requires an evaluation of serological markers for the 
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correct diagnosis of potential CD cases, which are then monitored for the appearance of 

pathological symptoms. 

The cohort included four samples identified as negative for CD based on biopsy. Out of the 

four samples (volunteer numbers n.2, n.13, n.20 and n.21, Table 21), three samples were 

correctly identified as CD negative by AuNP-AGA diagnostic assay while, one sample 

(volunteer number n.20) showed the formation of aggregates and was identified as positive. 

The DGP-IgG serology titres for that sample however, indicate positive CD necessitating a 

clinical follow-up on the patient to confirm CD status. As intestinal biopsy has been used as 

the gold standard for CD confirmation, that one sample (volunteer number n.20) has been 

referred to as a false positive result.  

Overall, the results for the clinical samples tested showed that 22 of the 23 samples gave the 

correct result based on previous biopsy and serology. In addition, there were 7 samples that 

were either potential or undiagnosed coeliac that all test positive for CD. Finally, there was one 

sample that may be a false positive giving an overall accuracy for this cohort of at least 96%. 

In future work, AGA in serum as a biomarker for CD needs further validation in larger patient 

cohorts, particularly, in patients suffering from other autoimmune diseases. This is necessary 

not only to verify the diagnostic accuracy, but also to confirm specificity for the diagnosis of 

CD. The developed test looks very promising in that it is single step, carried out within 15-30 

minutes and the results can be determined by eye not requiring any specialised equipment for 

signal reading. This gives this technology an advantage over the existing blood tests that need 

a sophisticated laboratory setting for analysis, which is time consuming and expensive. Finally, 

this assay may be useful for testing CD patients using saliva as a non-invasive, point of care 

test. Further work is required to test this possibility.  
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4.5     Conclusions 

CD is a chronic disorder that damages the small intestine and is caused by consuming the 

protein gluten present in wheat and other cereals. Gliadin is one of the two major protein groups 

that comprises gluten and plays a significant role in causing the disease. In the present study, I 

have demonstrated the potential of gliadin coated AuNPs for detecting a biomarker for CD 

from serum. This was achieved by developing a methodology to coat the hydrophobic gliadin 

protein on the surface of AuNPs without causing aggregation. 

The addition of AGA to gliadin coated AuNPs at levels associated with CD resulted in colour 

reduction and absorbance peak shift due to the aggregation of AuNPs. The gliadin coated 

AuNPs have been shown to detect AGA not only in quantitatively spiked samples but also in 

a small-scale study on real CD patients’ samples. The analysis of the clinical samples 

demonstrated not only the ease of the test procedure, but also its very high accuracy. This study 

demonstrates the immense potential of AuNP-AGA based approach in that it can be used for 

pre-selecting CD sufferers which can then be confirmed by mucosal biopsy for CD as well as 

for monitoring the effectiveness of a gluten free treatment. The test method has potential to be 

adapted as a point-of-care test that will be useful in resource-limited laboratory settings for the 

screening to aid in early identification of CD. 
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A novel screening test for coeliac disease using peptide functionalised gold 

nanoparticles 

 

5.1       Background 

In this chapter, I present a novel screening test for CD based on the coating of gold 

nanoparticles with a peptide derived from gliadin, the protein that triggers CD. Peptide-

functionalised nanoparticles (PFNs) are an emerging sensing element that have previously been 

used for effective drug delivery for treating brain tumours and for pancreatic cancer treatment 

as well as for enzyme studies. The gold nanoparticles were coated with a 17-mer peptide 

(QLQPFPQPQLPYPQPQC). The coating of the peptide to the AuNP was achieved through 

Avidin-Biotin interactions using Biotin-(PEG)11-Maleimide as the linker. 

The peptide coated gold nanoparticles were then converted into a serological assay. The peptide 

functionalised gold nanoparticle-based assay was tested on thirty patient serum samples in a 

blinded assessment and the results were compared with the previously run serological and 

pathological tests on these patients. This study demonstrates the potential of gold nanoparticle-

peptide based approach to be adapted for developing a screening assay for diagnosis for CD.  

This work is a part of the International patent PCT/AU2018/050125 that has been published 

with International Publication No. WO 2018/148801. This chapter is written in the form of a 

paper that has been published in the journal ‘World Journal of Gastroenterology’.  
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5.2    Introduction 

Sensing platforms based on the optical properties of gold nanoparticles (AuNPs) for the 

molecular detection and recognition of disease biomarkers is an important research challenge. 

Colorimetric sensors based on AuNPs have been applied for detecting targets, such as metal 

ions [Lee et al. 2007, Hung et al. 2010, Chen et al. 2014, Chen et al. 2015], DNA, [Elghanian 

et al. 1997, Wang et al. 2016], protein conformations [Tsai et al. 2011] and enzyme activity 

[Wang et al. 2011], where they have demonstrated high sensitivity and effectiveness.  

In recent years, newer designs of nanoparticles with enhanced and controlled surface chemistry 

are being explored for sensing applications. Peptide-functionalised nanoparticles (PFNs) are 

one such emerging sensing element. PFNs have previously been used for effective drug 

delivery for treating brain tumors and for pancreatic cancer treatment as well as for kinase 

inhibitor screening [Gao et al. 2014, Lee et al. 2013, Gupta et al. 2010, 2011]. Here the potential 

of PFNs as a colorimetric sensor for screening CD is demonstrated.  

CD is a small intestine enteropathy affecting genetically susceptible individuals, following the 

consumption of wheat prolamins (gliadin) and other prolamins of cereals [Ludvigsson et al. 

2013]. Population based studies have predicted a high prevalence rate for the disease, with a 

large number of CD sufferers remaining undiagnosed [Marsh et al. 2015]. The current 

diagnosis of CD is based on mucosal biopsy that remains the gold standard [Rostami et al. 

2017]. Serological testing for gliadin-induced antibodies using an enzyme-linked 

immunosorbent assay is being widely applied [Dahlbom et al. 2016, Benkebil et al. 2013] and 

is usually the first line in clinical diagnosis for CD. 

Gliadin antigenicity arises due to the higher content and repetitive arrangement of amino acids 

glutamine (~36 %) and proline (~17-23%) [Weiser 1996]. This acts as the substrate for the 

enzyme tissue transglutaminase (tTG: EC 2.3.2.13), resulting in deamidation and formation of 



138 
 

an irreversible isopeptidyl bond [Piper et al. 2002]. HLA-DQ molecules (HLA-DQ2/8) present 

the deamidated gliadin peptides (DGP) to mucosal CD4+T cells leading to an 

immunostimulatory effect [Lundin et al. 1993]. Gluten reactive helper T cells support the 

activated CD4+ T cells in the intestinal mucosa leading to the release of autoantibodies that act 

as the serological biomarkers [Sollid and Jabri 2013, Du Pre’ and Sollid 2015]. 

 Non-treated CD patients have been shown to have increased concentration of Anti-gliadin 

(AGA), tTG antibodies as well as Anti-DGP antibodies [Dieterich et al. 1998, Amarri et al. 

2013]. A deamidated peptide sequence derived from -gliadin amino acids 57-73 has also been 

identified as an immunogenic peptide sequence that can act as a trigger for CD [Anderson et 

al. 2000]. 

In this study, a screening test for CD using gold nanoparticles (AuNPs) coated with a peptide 

sequence derived from the gliadin protein is presented. A stable suspension (without any 

significant level of aggregation) of peptide coated AuNPs was established, which enables me 

to translate it to a serological assay. The sensitivity and specificity levels of the test using serum 

samples spiked with AGA was assessed. Furthermore, the assay was tested on thirty patient 

serum samples and it was found that the PFN-based assay could distinguish CD from non-CD 

patients.  

This study highlights the potential of using immunodominant and biomarker specific peptide 

sequences that can be used for developing an efficient, easy to use screening test for pre-

selecting CD cases, which can be then confirmed by mucosal biopsy for CD.  

5.3     Materials and Methods 

5.3.1    Reagents 

20 nm citrate stabilised gold nanoparticles (AuNPs), bovine serum albumin (BSA), anti-gliadin 

antibody (AGA) from rabbit, IgG antibody from whole normal rabbit serum, 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Phosphate-Buffered Saline (PBS) 

were all obtained from Sigma-Aldrich (Australia). Poly (ethylene glycol) [N-(2-

maleimidoethyl) carbamoyl] methyl ether 2-(biotinylamino) ethane (i.e. Biotin-PEG11-

Maleimide) and NeutrAvidin were all obtained from Thermo Fisher Scientific (Australia). 

 

5.3.2    Peptide 

Peptide (QLQPFPQPQLPYPQPQC) was synthesised from ChinaPeptides Co., Ltd. (China). 

The synthetic crude peptides were purified by reversed-phase liquid chromatography to give a 

satisfactory peptide sequence (~90% homogeneity by analytical HPLC) with the correct amino 

acid sequences and mass spectra. The peptide contained residues 57- -gliadin and was 

designated as follows: Peptide: QLQPFPQPQLPYPQPQC 

Peptide (QLQPFPQPQLPYPQPQC) was coated on the surface of the AuNPs in two stages: 

first, coating with NeutrAvidin followed by a second step of binding of the peptide through a 

biotin-PEG-Maleimide linker molecule.  

 

5.3.3   Preparation of the AuNPs coated with NeutrAvidin 

 NeutrAvidin dissolved in 10mM 

HEPES (1 mg/mL) while vortexing. The tube was incubated for 60 minutes at room 

temperature with repeated vortexing. The solution was centrifuged for 30 minutes at 4500 , 

supernatant discarded, and the pellet was re- The process 

was repeated twice after which the pellet was re-

NeutrAvidin coated AuNPs were stored at 4°C.  
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Binding of Peptide to linker molecule 

0.5 mg/mL peptide (QLQPFPQPQLPYPQPQC) dissolved in MilliQ water was 

added dropwise to 700 Poly (ethylene glycol) [N-(2-maleimidoethyl) 

carbamoyl] methyl ether 2-(biotinylamino) ethane (i.e. Biotin-PEG-Maleimide) dissolved in 

MilliQ water, (Mn 5,400, MW 921 Da) having maleimide at the - -end. 

This solution was left overnight at room temperature. 

 

5.3.4    Preparation of the AuNPs coated with peptide using linker 

The NeutrAvidin coated AuNPs were centrifuged at 4500

Eppendorf® Microcentrifuge, supernatant discarded, the pellet was re-

the peptide-linker solution. The tube was incubated for 60 minutes at room temperature with 

repeated vortexing. The solution was centrifuged for 5 minutes at 4500 , supernatant was 

discarded, and the pellet was re-

AuNPs were stored at 4°C for up to 4 weeks.  

 

Dynamic Light Scattering (DLS) 

The nanoparticle hydrodynamic radius was measured using Zetasizer Nano (Malvern 

Technologies, Inc.). Measurements were carried out at 25°C in disposable cuvettes using a 

sample volume of 500 μL. Each sample was measured in triplicates and the mean value was 

calculated. 
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Transmission Electron Microscopy (TEM) 

High-resolution transmission electron microscopy (TEM) micrographs were obtained using a 

FEI Tecnai TEM 200V fitted with a Gatan (Pleasantville, CA) CCD camera. Samples were 

prepared by placing 2 μL of AuNP coated with peptide onto a carbon-coated TEM grid (Agar 

Scientific, UK) and the film allowed to air dry for 15 minutes. 

 

UV-Vis Measurements 

UV-Vis measurements were carried out using a Cary Series UV-Vis spectrophotometer 

(Agilent Technologies) using a standard 1 cm path-length quartz cuvette. Spectra were obtained 

from 200 nm to 800 nm. MilliQ water was used as the blank. 

 

5.3.5    AGA Assay 

The immunoassay used to assess the activity of AuNPs coated with the peptide with the 

antibodies is outlined below. Assay steps were performed at room temperature. Briefly, 150 

μL of AuNPs coated with the peptide were added to 1.5 mL low protein binding Eppendorf® 

tubes. AGA (1 mg/mL) from rabbit was added to each of the tubes corresponding to 

concentrations ranging from 2 μg/mL to 20 μg/mL (i.e. 1 μL to 10 μL) to determine the 

specificity of the reaction between the peptide coated AuNPs and AGA. IgG from normal rabbit 

serum (1 mg/mL) was used as a control antibody and added to 150 μL of AuNPs coated with 

the peptide in concentrations ranging from 2 μg/mL to 20 μg/mL (i.e. 1 μL to 10 μL). MilliQ 

water was added to the tubes to bring the final volume in each Eppendorf tube up to 225 μL. 

The UV-Vis absorption spectra of solutions containing peptide coated gold nanoparticles and 

AGA at increasing dilutions (2 μg/mL, 4 μg/mL, 6 μg/mL, 8 μg/mL, 10 μg/mL, 12 μg/mL, 14 
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μg/mL, 16 μg/mL, 18 μg/mL and 20 μg/mL) were studied using a Cary Series UV-Vis 

spectrophotometer. Readings were taken in triplicate and the student’s t-test was used to 

determine the p value. 

 

AGA assay in spiked human serum 

Normal human serum was diluted to 1:20 using 10 mM HEPES buffer. 75 μL of serum from 

the dilution was spiked with AGA at various dilutions comparable to that seen in patients with 

CD.  

To prevent non-specific binding, 1 μl of 20% BSA dissolved in MilliQ water and was added 

to 150 μL of 20 nm AuNPs coated with peptide. The tubes were incubated for 30 minutes at 

room temperature. 75 μL of normal serum spiked with AGA at increasing dilutions of 2 μg/mL, 

4 μg/mL, 6 μg/mL, 8 μg/mL and 10 μg/mL, 12 μg/mL, 14 μg/mL, 16 μg/mL, 18 μg/mL and 

20 μg/mL was then added to AuNPs coated with the peptide. The tubes were then incubated 

for 30 minutes at room temperature.  

 

AGA assay in clinical human serum 

Anonymised patient samples were provided by Dr Jason Tye-Din from the Walter and Eliza 

Hall Institute of Medical Research (WEHI Institute, Melbourne Parkville, Australia). They 

were collected with informed consent and approval of Melbourne Health and WEHI Human 

Research Ethic Committees (2003.009 and 03/04) respectively. Ethical approval was also 

obtained from the University of Technology Sydney Research Ethics committee (UTS HREC 

 clinical samples. The clinical samples consisted of 30 human 

serum samples that were analysed in a blinded assessment. No prior knowledge of the CD 
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status or any other clinical condition for any of the patient samples was known while testing. 

Samples were collected from patients with active CD (pre-treatment), treated CD (on a gluten 

free diet) and controls without CD. All cases of CD were medically diagnosed and based on 

typical small intestinal histology usually in conjunction with positive CD serology. The 

histological interpretation and the serology levels for each of the clinical sample tested using 

biopsy and the existing commercially available serology tests is presented in Tables 1 and 2. 

Prior to testing, each human serum sample was diluted to 1:10, 1:20 and 1:50 using 10 mM 

HEPES buffer. 1 μl of 20% BSA dissolved in MilliQ water was added to AuNPs coated with 

the peptide to prevent non-specific binding. 75 μL of serum from each of the dilutions and the 

tubes were incubated for 15 minutes at room temperature before the absorbance was measured 

using a UV-Vis spectrophotometer. 

 

Concentration of Immunoglobulins in clinical human serum 

was removed, and the serum samples were diluted with 200 μL of 10mM PBS. An equal 

volume of saturated ammonium sulphate solution was added slowly to achieve a 33% saturated 

(v/v) final concentration with continuous stirring of the tubes. Samples were kept at 4°C for 30 

minutes and th

and the pellet was re-suspended by adding 200 μL of 10mM PBS. The concentrated serum 

solution was stored at -20°C till further use. 

ZebaTM Spin desalting columns (Thermo ScientificTM) were used for the desalting of the 

immunoglobulins from the concentrated serum solution according to the manufacturer’s 

instructions. The final concentration of the total immunoglobulins was measured using the 

NanoDrop and stored at -20°C until further use. 
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5.3.6   Colorimetric Response Curve 

A colorimetric response curve was plotted to represent the sensitivity values obtained for the 

different dilution values for both the AGA and the control antibody (IgG from rabbit serum). 

The assay sensitivity was determined based on the colorimetric response values calculated as 

Colorimetric Response = Imax at 527 nm/ Iat 550 nm, i.e. spectral absorbance value obtained at 527 

nm - the wavelength where AuNP coated with the peptide show maximum absorbance by itself 

(no antibodies are added)- divided by the absorbance at 550 nm, where a shift in absorbance is 

observed following the interaction of the antibody to the AuNP coated with the peptide. 

The assay sensitivity in spiked serum was calculated as Colorimetric Response = Imax at 580nm/Iat 

527 nm, i.e. absorbance value obtained at 580 nm. This is the wavelength where a shift in 

absorbance is observed following the interaction of the antibody to the AuNP coated with the 

peptide in serum divided by the maximum absorbance value of AuNP coated with the peptide 

in serum.  

 

5.4   Results and Discussion 

The hexapeptide sequence QXQPFP (X being P, Q and L) within gliadin was previously 

identified as the dominant epitope for IgA and IgG antibodies against deamidated gliadin 

peptides (a-DGP) [Osman et al. 2000]. This sequence overlaps with residues 57-62 of native 

-gliadin and has been shown to occur with high specificity in sera from CD individuals 

[Piaggio et al. 1999, Aleanzi et al. 2001]. The 17-mer peptide sequence 

(QLQPFPQPQLPYPQPQC) used as the antigen in this study is a small, 2 kDa molecular 

weight hexapeptide containing sequence. 
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In order to use peptide to coat AuNPs and to develop an assay for AGA, the potential problem 

of aggregation of the coated nanoparticles prior to adding the AGA in the test needed to be 

overcome.  

To ensure the peptide coating on AuNPs, a long chain PEG linker containing Maleimide at the 

- -end was used. Following the reaction of maleimide group with 

the thiol (-SH) side chain of the cysteine amino acid in the peptide sequence, the biotinylated 

and PEGylated peptide was added to the NeutrAvidin coated AuNPs. 

The coating of the peptide sequence to the colloidal AuNP using the Biotin-(PEG)11-Maleimide 

linker is represented in the schematic below (Figure 34). 

 

 

A
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Figure 34: Schematic representation of preparation of peptide coated AuNPs. (A) Maleimide 

groups of the linker reacted specifically with free (reduced) sulfhydryl’s in the peptide sequence 

to form stable thio-ether bonds. (B) NeutrAvidin was coated on the surface of the AuNPs to 

obtain NeutrAvidin-AuNP particles. (C) The biotin end of the linker interacted with the 

NeutrAvidin-AuNPs resulting in the formation of peptide coated AuNPs. 

 

The coating of peptide onto the AuNPs surface was examined by UV-Vis measurements that 

are based on the observation of a change in the absorbance peak for the nanoparticle or a red-

shift [Link and El-Sayed 1999]. It was observed that upon coating of the peptide onto the 

AuNPs, there was a shift in absorbance maximum from 525 nm to 527 nm (red-shift) (Figure 

35). Also, any measurable decrease of absorbance at peak wavelength or increase of absorbance 

at long wavelengths (600-700 nm) was not observed. These results indicate that no strong 

AuNP-to-AuNP interactions took place after being coated with peptide and were stable in a 

dispersed colloidal state with minimal aggregation. In addition, a small peak at 210 nm was 

also observed following the binding of peptide to AuNPs, as indicated in previous studies on 

peptide coating [Slocik et al. 2011].  

B 

C 
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The absence of aggregation was confirmed using DLS, that showed an increase in 

hydrodynamic diameter from 20 nm to 28 nm following coating with peptide (Figure 35 B). 

The increase in hydrodynamic diameter is larger than that expected for a 2 kDa peptide and 

can be attributed to the larger molecular weight (68 kDa) NeutrAvidin that coated the AuNPs 

through the biotin-maleimide PEG linker. The hydrodynamic diameter of NeutrAvidin coated 

AuNPs is presented in Figure 36. Since the hydrodynamic radius in solution compares directly 

to the molar mass of the protein [Jans et al. 2009], in this case, being the peptide, NeutrAvidin 

as well as the linker, an increase in hydrodynamic radius to 28 nm can be correlated.   

To directly observe the coating of peptide onto the surface of the AuNPs, high-resolution TEM 

imaging was used. The results showed the presence of a thin layer of material (< 1 nm) 

surrounding the nanoparticles (Figure 35 C (ii)), which was not observed on the surface of the 

uncoated nanoparticles (Figure 35 C (i)) [Jürgen’s et al. 1999] that indicated peptide-linker-

NeutrAvidin (peptide complex) coating. As the layer was very thin, peptide complex coated 

and uncoated AuNPs were incubated with AGA (12 μg/mL), wherein the peptide coated 

AuNPs aggregated (Figure 35 D (i, ii, iii) while uncoated AuNPs remained dispersed (Figure 

35 D (iv, v, vi). 
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 Figure 35: Characterisation of peptide coated AuNPs. Characterisation of AuNP coated with 

peptide using a UV-Vis Spectrophotometer indicating a spectral red shift in wavelength from 

525 nm (for 20 nm AuNP only) to 527 nm (for 20 nm AuNP coated with peptide). (B) 

Characterisation of AuNP coated with peptide using DLS that showed an increase in the 

hydrodynamic size of the uncoated vs coated particles from 20 nm to 28 nm respectively. (C) 

High resolution TEM images of (i) uncoated AuNPs, (ii) AuNPs coated with peptide showing 

a ‘halo’ layer surrounding the surface of the nanoparticles indicating coating of the gold with 

the peptide had occurred. In contrast, the ‘halo’ effect was not observed on the surface of the 

un-coated AuNPs. (D) High resolution TEM images following the incubation with AGA (12 

μg/mL) (i, ii, iii) AuNPs coated with peptide showing aggregation confirming coating of 

peptide on AuNP (iv, v, vi) uncoated AuNPs remained dispersed.  
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Figure 36: Characterisation of AuNP coated with NeutrAvidin using DLS that showed an 

increase in the hydrodynamic size of the uncoated vs coated particles from 20 nm to 25 nm 

respectively. 

 

5.4.1   Incubation of Peptide-coated AuNPs with AGA  

To assess the capability of peptide-coated AuNPs to detect AGA, serial dilutions of rabbit anti-

gliadin IgG polyclonal antibody in a range that normally exists in human serum, was tested 

[O’Farrelly et al. 1983]. After 45 minutes incubation, a significant reduction in colour as well 

as a shift in absorbance from 527 nm to 550 nm was observed (Figure 37 A, B, Figure 38). The 

decrease in the absorbance peak indicated that in the presence of the AGA there was an increase 

in the intermolecular association of the peptide coated AuNPs. These inter-particle interactions 

caused aggregation, leading to precipitation and a drop-in absorbance.  

To confirm the specificity of the interactions, normal IgG antibody with the peptide coated 

AuNPs as a control was tested, where it was observed that there is no significant reduction in 

colour or shift in the wavelength or aggregation of AuNPs. (Figure 37 A, B, Figure 39). At all 

the tested concentrations, the absorbance was significantly lower using AGA as compared to 

normal IgG (p< 0.005, Figure 37 B, Table 23).  
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These results obtained for the peptide coated AuNPs-AGA interaction are consistent with 

previous work, on the addition of specific analytes, such as metal ions, to citrate stabilised gold 

nanoparticles [Wang et al. 2008, Guo et al. 2011]. 

To confirm the sensitivity of the AGA toward peptide coated AuNPs, a colorimetric response 

for the assay was calculated (Figure 37 C). The colorimetric response reaches a maximum value 

at a concentration of 8 μg/mL of AGA meaning the highest sensitivity occurred at this 

concentration. This interaction of the peptide coated AuNPs with AGA resembles the precipitin 

reaction of antibody-antigen immune complexes. The near constant colorimetric response 

curve obtained for the control antibody as compared to the response curve obtained for AGA 

demonstrates the distinct sensitivity of the assay. 

 

 

A 
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Figure 37: Testing peptide-coated AuNPs with AGA. (A) Reduction in colour from red to 

translucent and absorbance was observed in the AuNP coated with peptide (S) and incubated 

with AGA at various dilutions (S1) 2 μg/mL, (S2) 4 μg/mL, (S3) 6 μg/mL, (S4) 8 μg/mL, (S5) 

10 μg/mL), (S6) 12 μg/mL, (S7) 14 μg/mL, (S8) 16 μg/mL, (S9) 18 μg/mL and (S10) 20 μg/mL.  

No significant reduction in colour or shift in peak wavelength was observed in peptide coated 

AuNP incubated with control rabbit IgG at dilutions (C1) 2 μg/mL, (C2) 4 μg/mL, (C3) 6 

μg/mL, (C4) 8 μg/mL, (C5) 10 μg/mL), (C6) 12 μg/mL, (C7) 14 μg/mL, (C8) 16 μg/mL, (C9) 

18 μg/mL and (C10) 20 μg/mL. (B) Representation of specificity based on UV-Vis absorbance 

spectra for the antibody interactions at equal concentrations of AGA and control antibody (C) 

Colorimetric response curve plotted on AuNP coated with peptide following the addition of 

AGA at different dilutions. 

B C 
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Figure 38: Incubation of AuNPs coated with peptide with AGA at various dilutions. 

 

Figure 39: Incubation of AuNPs coated with peptide with control antibody at various dilutions. 
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Table 23: Shows the calculated p-value in AuNP coated with peptide in the presence of 

AGA antibody and the control antibody (IgG from rabbit serum) at dilutions 2-20 μg/mL. 

 

Sample Percentage 

Absorbance 

t-test p-values 

AuNP coated with Peptide 100.0 
 

Anti-  17.5 0.0002 

Control  68.5 

Anti-  15.0 0.0003 

 65.0 

Anti-  12.5 0.0002 

 62.5 

Anti-  12.5 0.0002 

 60.0 

Anti-  17.5 0.001 

 55.0 

Anti-  15.0 0.001 

 55.0 

Anti-gliadin antibody    17.0 0.002 
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 52.5 

Anti-  15.0 0.001 

 52.5 

Anti-  17.0 0.0002 

 51.0 

Anti-  17.0 0.0002 

 51.0 

 

 

5.4.2    Testing AGA in spiked serum  

A variety of proteins, peptides as well as nucleic acids are constituents of human serum, making 

it a complex fluid. To reduce background binding, 1 μL of 20% BSA as a blocking agent was 

used, to lower the non-specific interaction with the peptide coated AuNPs. Spiked human 

serum containing 2-20 μg/mL AGA was incubated with the peptide coated AuNPs. The results 

showed an increase in aggregation and precipitation, which was easily detectable by eye, with 

a specificity up to a value of 2 μg/mL of AGA (Figure 40 A). A reduction in the colour of the 

solution from red to translucent was also observed. This change was supported by the increase 

in the colorimetric response reaching a maximum sensitivity at 8 μg/mL of AGA. The curve 

then begins to drop off at 10 μg/mL of AGA, however, it remains well above the control IgG 

level (Figure 40 B). In comparison, when normal rabbit IgG was added to the human serum, 

no precipitate formation or change in colour was observed. Normal serum itself did not show 
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any precipitate formation or change in absorbance with a constant response curve at all IgG 

concentrations. 

 

 

 

 

 

 

 

 

 

 

Figure 40: Detection of AGA in spiked human serum using the peptide-coated AuNPs.  

(A) Reduction in colour from red to translucent as well as precipitate formation was observed 

in AuNP coated with peptide in the presence of AGA and serum at different concentrations (S1-

S10). No reduction in colour from red to translucent or precipitate formation was observed in 

AuNP coated with peptide in the presence of control IgG and serum (C1-C10). (B) Colorimetric 

response curve plotted in AuNP coated with peptide in 1:20 diluted serum following the 

addition of AGA at different dilutions.  

B

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

C7C6C5C3 C4C2C1 C8 C9 C10
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5.4.3    Testing clinical samples 

Peptide-coated AuNPs were next tested in a selected set of human serum samples obtained 

from patients with CD or controls without CD. The main aim was to clearly distinguish the CD 

affected from the non-CD affected. To achieve that, serum was diluted with PBS, concentrated, 

purified and then allowed to react with AuNPs coated with peptide. This ensured that the range 

of the AGA in the sera fell in the peak sensitivity range (2-20 μg/mL). 

The results for the 30 non-haemolytic, clinical samples were recorded after the visual 

examination of precipitate formation and determination of shift or change in absorbance values 

using a UV-Vis spectrophotometer. Based on the results observed by eye, the samples have 

been divided into three categories: clear precipitation, aggregation and colloidal suspension.  

The assay sensitivity was determined based on the colorimetric response obtained for each 

serum sample and is calculated as Colorimetric Response = I max at 580 nm/I at 527 nm. Using this 

method, the calculated colorimetric response for normal serum (serum without AGA) is 1 and 

this acts as the cut-off value. Therefore, for the clinical samples, based on the spectral 

 is indicated as negative for CD and a value above 1 is indicated 

as CD positive. Based on the observation and calculation of the colorimetric response curve, I 

have summarised the outcomes in Tables 24, 25 and Figure 41 along with the results reported 

using other serological methods, biopsy and histology. 
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Table 24. Comparison of the patient samples analysis using the AuNP-Peptide-AGA test 

with previously existing histology and serological* results 

 

Volunteer Histology tTG-IgA DGP-IgG AuNP-Peptide-AGA 

Test 

      n.1 CD 1 (<4) 3 (<20) CD Positive 

n.2  Non-CD 0.1 (0-6) 0.2 (0-6) CD Positive 

n.3 CD >100 (<4) 33 (<20) CD Positive 

n.4 CD 121 (<20)  CD Positive 

n.5 CD >100 (<4) >100 (<20) CD Positive 

n.6 CD 217 (<5) >150 (<20) CD Positive 

n.7   CD 13 (0-6) 23 (0-6) CD Negative 

n.8 CD >100 (<5) >100 (<20) CD Positive 

n.9 CD 11 (0-6) 1.4 (0-6) CD Positive 

n.10 CD 9 (<4) 97 (<20) CD Positive 

n.11 CD 18.2 (0<20) 3 (0.20) CD Positive 

n.12 CD 16 (0-20) 7 (<20) CD Positive 

n.13 Non-CD 4 (0-20)  Non-CD 

n.14 CD 47 (<5) 86 (<5) CD Positive 

n.15   CD 74 (0-20)  CD Negative 

n.16 CD 145 (0-20)  CD Positive 

n.17 CD 57 (<4) 93 (<20) CD Positive 

n.18 CD 149 (<20) 63 (<20) CD Positive 

n.19 CD >100 (<4) >100 (<20) CD Positive 
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n.20  Non-CD 3.8 (<6) 37 (<6) CD Positive 

n.21 Non-CD <5 (<5) <20 (<20) Non-CD 

n.22 CD 180 (0-6) 21 (0-6) CD Positive 

n.23 CD 20 (0-6) 8.1 (0-6) CD Positive 

 * Serology tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) results are 
indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

 False positive based on histology and tTG antibody titre,   False negative based on 
histology and tTG antibody titre 

 

Table 25. Analysis of 7 samples with potential or undiagnosed CD using the Peptide-

AuNP-AGA test as compared with previously existing serology*. Cases are separated into 

those showing histological observations of irregular/patchy mucosal lesions or those with 

mucosal inflammation resulting from an increase in + IELs. 

Volunteer Histology tTG-IgA DGP-IgG Peptide-AuNP-
AGA 

n.24 Mucosal lesions 5 (<20) 17 (<20) CD Positive 

n.25 Mucosal lesions 28 (0-6) 22 (0-6) CD Positive 

n.26 Mucosal lesions 4.8 (0-6) 22 (0-6) CD Positive 

n.27 Increased + 

IELs  <5 (<5) 22 (<20) 
CD Positive 

n.28 Increased + 

IELs 12 (0-6) 18 (0-6) 
CD Positive 

n.29 Increased + 

IELs 11 (0-6) 13 (0-6) 
CD Positive 

n.30 Increased + 

IELs <5 (<5) <20 (<20) 
CD Positive 
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* Serology tTG (Tissue transglutaminase), DGP (Deamidated gliadin peptides) results are 
indicated as IgA or IgG levels followed by normal reference ranges in brackets. 

 

Figure 41: Representation of the distribution of clinical samples using AuNP-Peptide-AGA 

test 

 

Out of these thirty samples, fourteen samples that were diagnosed with active CD with high 

antibody titres as shown by serology and intestinal damage as per biopsy were identified as CD 

positive using AuNP-Peptide-AGA assay as well (refer Table 24). These samples showed the 

formation of a precipitate and had a clear shift as well as drop in UV-Vis absorbance values as 

well as a high colorimetric response value. The remaining samples were then classified into 

various sub-classes based on the analysis using the AuNP-Peptide-AGA assay as described 

below (refer Tables 24 and 25, Figure 41). 

The AuNP-Peptide-AGA assay could also correctly identify the patient suffering from another 

autoimmune disease, Type 1 Diabetes (T1DM), as positive for CD and this result matched with 



160 
 

the previously conducted biopsy and serology profile of the patient. In comparison, an existing 

commercially available point-of-care test, SimtomaX® blood drop (Augurix diagnostics) that 

uses a combination of three different peptides as the DGP antigens was found to be less specific 

in diagnosing CD in children suffering from T1DM [Bienvenu et al. 2012].  

The elevated risks of patients with T1DM to develop CD arises because of multiple 

environmental and immunological factors and common genetic background [Volta et al. 2011]. 

The prevalence of CD in T1DM is reported high with a mean prevalence rate of 8% [Ventura 

et al. 2002] making regular monitoring of patients, particularly children with T1DM a 

necessity. AuNP-Peptide-AGA diagnostic assay shows improved specificity over the existing 

point-of-care test based on DGP. This test result shows immense potential of the assay in pre-

selecting CD sufferers particularly those belonging to high-risk paediatric populations and, 

therefore, needs to be further explored in large clinical studies. 

The cohort of tested samples included two cases where the patients had previously been 

diagnosed with CD and therefore followed a gluten free diet (GFD). While one person had 

been on a GFD for more than 8 weeks (volunteer number n.11), the other person had been on 

a GFD for less than 2 weeks (volunteer number n.12). While the conventional serology test 

identified these two patients as negative, the peptide-based assay obtained a positive for CD 

that is similar to the diagnosis based on mucosal biopsy.   

A clear precipitate using the AuNP-Peptide-AGA assay was obtained for three samples 

(volunteer numbers n.24, n.25, n.26, Table 25) with patchy/ irregular mucosal lesions, 

classified as a broad sub-type of potential or undiagnosed coeliac. The UV-Vis absorbance data 

supported the visual examination. These three samples were classified as positive for CD as 

these may be undiagnosed coeliac sufferers that initially, display mild mucosal atrophy that 
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then develops to typical atrophy of small intestine mucosa along with a presentation of positive 

CD serology [Kaukinen et al. 2001]. 

Aggregation of nanoparticles along with a drop in UV-Vis absorbance values was 

demonstrated by four clinical samples (volunteer numbers n.27, n.28, n.29, n.30, Table 25). 

These samples had positive or low positive serology along with mucosal inflammation. The 

AuNP-Peptide-AGA assay showed results similar to those found using the existing serological 

assays. These four cases have been identified as ‘potential’ CD positives, a subtype of CD that 

displays + 

intraepithelial lymphocytes along with the presence of gliadin specific antibodies, that are 

mostly at low titres (<1:40) [Volta et al. 2011]. Potential CD cases are often difficult to 

diagnose by histology and has a lowered predictive value in recognising such cases. Correct 

diagnosis for potential CD cases therefore necessitates an evaluation of both serological 

markers as well as pathological symptoms. 

The cohort included four samples identified as negative for CD based on biopsy and existing 

serology tests (volunteer numbers n.2, n.13, n.20 and n.21, Table 24). Out of the four samples, 

two samples were correctly identified as CD negative by AuNP-Peptide-AGA assay while the 

other two samples showed the formation of aggregates and were identified as positive 

(volunteer numbers n.2 and n.20). As intestinal biopsy has been used as the gold standard for 

CD confirmation, these two samples have been referred to as a false positive.  

Overall, upon comparing the results for the 30 clinical samples, while 26 samples showed 

comparable results with existing serology and histology, 2 false positive results and 2 false 

negative results were obtained using the AuNP-Peptide-AGA assay giving the AuNP-Peptide-

AGA assay an overall accuracy of 86.6%. 
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5.5    Conclusions 

CD is induced by the protein gliadin, present in wheat and some other cereals causing damage 

to the small intestine. In the present study, it was demonstrated that a peptide derived from 

gliadin in conjunction with AuNPs can be used as an efficient tool to detect a biomarker for 

CD from serum. This was achieved by developing a methodology to coat the small antigenic 

peptide on the surface of AuNPs without causing aggregation. A colour change and absorbance 

peak shift caused by the aggregation of AuNPs was observed following the addition of AGA 

to peptide coated AuNPs at levels associated with CD. The developed assay was confirmed to 

detect AGA not only in quantitatively spiked samples but also in a small-scale study on real 

non-haemolytic CD patients’ samples.  

The present study shows that this novel peptide functionalised AuNP based assay is useful for 

pre-selecting CD diseases particularly in high-risk paediatric populations that can be then 

confirmed by mucosal biopsy. The assay format has potential to be adapted as point-of-care 

test that would be useful in an exclusion diagnostic strategy as positive result would strengthen 

the possibility of CD that can be confirmed using intestinal biopsy.  
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Conclusions 
 

Gluten, a protein present in wheat and some other cereals such as rye and barley triggers CD, 

a chronic disorder that damages the small intestine. Of the two major groups that comprise 

gluten, namely gliadin and glutenin; gliadin plays the key role in inducing CD. The gliadin 

epitopes are recognised by the T cells that then activate the innate immune response by 

stimulating the release of CD4+ T cells, CD8 T cells and natural killer (NK) cells. This leads 

to the release of pro-inflammatory cytokines and in turn damages the small intestine. The 

stimulation of CD4+ T cells leads to lymphocyte B cell differentiation into plasma cells that 

causes the release and formation of specific anti-gliadin antibodies that are considered as the 

serological biomarker for CD.   

The sensitivity of anti-gliadin antibodies for diagnosis for CD was based on the observed 

reduction in the titre levels of anti-gliadin antibody in a person diagnosed with CD who had 

been following a gluten free diet (Tucker et al. 1988). It was proposed that on a gluten 

containing diet, the IgA containing cells in the jejunum increased that in turn lead to an increase 

in circulating IgA. The circulating IgA anti-gliadin antibodies significantly decreased on 

compliance of a gluten free diet. The sensitivity values for anti-gliadin antibodies was 

confirmed using the ELISA assay (Rujner et al. 1996). 

The current testing methods include mucosal biopsy, genetic testing of MHC Class II HLA 

DQ2/DQ8 alleles and serological testing that includes Anti-gliadin antibody (AGA), IgA 

endomysium antibody (EMA-IgA), IgA tissue transglutaminase antibody (tTG-IgA) and 

deamidated gliadin peptide (DGP). The analysis for these serological tests makes use of 

techniques such as ELISA, radioimmunoassay and fluorescent microscopy. 

The review of the literature indicates that in spite of the reasonable results in terms of sensitivity 

and specificity of the existing tests, when applied on large public screenings, these 
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immunological assays even when combined with genetic testing, have a lowered predictive 

value for disease diagnosis. In addition, the challenges in developing a cheap and reliable 

diagnostic test for CD have been highlighted. Even the gold-standard mucosal biopsy has been 

found to have difficulties when testing in some individuals. There is an immediate need for an 

easy to use, cost effective, accurate and sensitive diagnostic assay for detecting CD.  

Application of gold nanoparticles as sensors to help in the detection of biomarkers specific for 

CD is one novel method to aid early disease diagnosis. The concept of using gold–protein 

conjugates has previously found wide applicability as a colorimetric probe and has been used 

for analysing DNA, RNA, peptides, pregnancy testing in humans and detection of GLUT 1 in 

diabetic rats. A multidisciplinary research effort in immunology, molecular biology and 

nanotechnology may lead to pivotal discoveries in CD genetics, immunology and diagnostics 

that will ultimately solve this problem of diagnosis for CD. A promising new approach for CD 

detection was evaluated in this project using gold nanoparticles as the biosensor and gliadin as 

well as a peptide sequence derived from gliadin as the antigen. The CD detection is based on 

using the interaction of anti-gliadin antibody expressed in body fluids such as serum and 

protein gliadin as well as peptide sequence coated to gold nanoparticles. The test assay was 

validated on human serum sample cohort to determine the accuracy of the developed test 

methods. 

 

6.1       CD diagnostic assay using gliadin and peptide coated AuNPs 

AuNPs were successfully coated with gliadin as well as the peptide and were used to develop 

an efficient diagnostic test to detect CD specific biomarker, anti-gliadin antibody, from serum. 

To achieve a stable colloidal suspension of gliadin coated AuNPs, a novel methodology to 

solubilise and coat gliadin on AuNPs was developed. The gliadin coated gold nanoparticles 
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were characterised using UV-vis spectra, Dynamic Light Scattering (DLS) and Transmission 

Electron Microscopy (TEM). The peptide sequence was successfully coated to the AuNP and 

characterisation methods indicated that a stable colloidal suspension of the peptide coated 

AuNPs was achieved that was sustained by the high affinity biotin-avidin interactions. The 

UV-vis absorbance readings of gliadin/peptide coated AuNPs following interactions with AGA 

and IgG from rabbit serum (control antibody) were used to calculate the percentage absorbance 

values. The students t-test was used to compare the sets of quantitative data that were collected 

independently of one another to calculate the p value and determine statistical significance. 

The assay sensitivity was determined based on the colorimetric response values. 

BSA is a water-soluble monomeric protein and was used as a control protein in the study. 

Adsorption of BSA on the AuNP took place due to electrostatic interactions as well as hydrogen 

bonding, hydrophobic and Van der Waal's interactions. The presence of a free thiol group on 

the external surface of BSA with the AuNP surface also support BSA conjugation to the AuNP 

surface [Shang et al. 2007]. In addition, BSA also showed an increased hydrodynamic diameter 

of BSA when coated to AuNPs as compared to gliadin adsorbed AuNPs. This can be attributed 

to the complete solubility that BSA shows in aqueous solution in addition to having a higher 

molecular weight as compared to gliadin, which is a hydrophobic protein with a much lower 

molecular weight. Subsequently, in the presence of water, while gliadin develops a tighter 

conformation with its amino acids directed towards the core, BSA shows a relaxed 

conformation. This results in a higher increase in the hydrodynamic diameter for AuNPs coated 

with BSA. 

The absorbance spectra following the addition of an affinity purified, polyclonal anti-gliadin 

antibody raised in rabbit to AuNPs coated to gliadin as well as peptide was observed using the 

UV-Vis absorbance spectroscopy. Upon addition of anti-gliadin antibody there was a 

broadening of the SPR band as well as a reduction in colour from red to translucent with 
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precipitation. The decrease in absorbance was accompanied by a red shift; the wavelength of 

light increased, and it shifted to the red end of the spectrum. The interactions between the 

gliadin/peptide coated AuNPs were assisted by the flexible arms of the IgG antibody which 

shows a Y-shape structure, and each of the antibody arms can bind to two individual 

nanoparticles at a given time. This lead to a decrease in the inter-particle distance between the 

nanoparticles and facilitated their interaction. Similar results as observed for the AuNP-gliadin 

– anti-gliadin interaction were obtained with previous work by Lee et al. [2008] who studied 

the changes in the stability ratio of gold nanoparticle aggregates after the addition of benzyl 

mercaptan. The presence of benzyl mercaptan, lead to aggregation of gold nanoparticles that 

caused a decrease in the intensity and a red shift in the characteristic surface plasmon band at 

520 nm. In comparison, when the gliadin/peptide coated AuNPs were spiked with a non-

specific antibody, rabbit serum IgG antibody, no significant change in colour or shift in the 

wavelength or size of the absorbance peak was observed.  

The clinical accuracy of the gliadin coated AuNPs was determined using a selected, varied set 

of thirty human serum samples obtained from patients with CD or controls without CD. The 

results for the thirty clinical samples were recorded after the visual examination of precipitate 

formation and the determination of a shift or change in absorbance values using a UV-Vis 

spectrophotometer. The assay sensitivity was determined based on the colorimetric response 

values obtained for each serum sample. 

Following testing and analysis, an overall accuracy of 96% was obtained using the AuNP-

gliadin-AGA assay, while when using the AuNP-Peptide-AGA assay an overall accuracy of 

86.6% was obtained. This level of accuracy is in the range required for a serological test and is 

similar to the accuracy levels of the existing serological assay. On comparing the AuNP-

Peptide assay with the AuNP-gliadin assay, the gliadin-based assay seems to be more sensitive. 

However, both the approaches seem promising for development as a point-of-care test. This is 
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because both approaches are based on the formation of a precipitate as well as a reduction in 

colour for a positive sample in the presence of a CD specific auto-antibody, thereby, 

eliminating the need for secondary antibody. One-step detection would be particularly useful 

in aiding large-scale screening of the general population, particularly in the pre-selection of 

young CD sufferers which can be then confirmed by mucosal biopsy. A positive result would 

strengthen the possibility of CD while a negative test would help avoid unnecessary intestinal 

biopsy thereby reducing the economic burden on healthcare resources resulting in cost savings.  

 

6.2    Summary and Future Work 

In the present study, I have demonstrated the potential of the highly antigenic protein gliadin 

coated AuNPs for detecting a biomarker for CD from serum. Results obtained have 

demonstrated that following the addition of the biomarker, anti-gliadin antibody to gliadin 

coated AuNPs at levels associated with CD, resulted in colour reduction from pink to 

translucent and absorbance peak shifted due to the aggregation of AuNPs. 

The difference in the accuracy levels for the gliadin based AuNP assay as compared to the 

peptide-based assay, might be because an auto-antibody- anti-gliadin antibody, is detected in 

the assay. The auto-antibodies differ from synthesised antibodies in that they can recognise 

multiple epitopes as well as structural diversities. As a result, anti-gliadin antibody can 

recognise not only the critical epitope portions of the antigen that are composed of backbone 

atoms but side-chain carbons such as those made from aromatic amino acids [Peng et al. 2014], 

leading to increased specificity with gliadin. In addition, gliadin solubilisation using the 

solvents might have played a driving factor in forming direct hydrogen bonding across 

paratope-epitope interactions, thereby involving four-fifth of surface atoms and improving the 

AuNP-gliadin interactions with anti-gliadin antibody. 
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The results obtained in this work, demonstrate the great potential of the AuNP based approach 

to be developed as a CD detection test and can have a huge market as it has been reported that 

the CD shows ‘iceberg characteristics’ i.e. there are far greater number of undiagnosed cases 

than the diagnosed cases. This project is a stepping stone in the development of a diagnostic 

device for CD detection using functionalised AuNPs. The findings produced here show 

promising potential for future research in an effort to meet the need to develop easier and pain 

free coeliac detection methods.  

The existing criteria for diagnosis for CD require four components of testing, including 

serological testing of two auto-antibodies namely tTG and anti-EMA along with genetic testing 

for HLA DQ2/8 genes followed by biopsy. The existing serological tests face the problem of 

inter-observer variability as significant differences exist among the serological tests 

particularly with regard to assay methodology and interpretation, the ELISA based assays are 

however more objective as compared to immunofluorescence methods. This limits the potential 

of the existing tests for development as a point-of -care test. On the other hand, the AuNP based 

assay developed in this study demonstrates great potential to be developed as a point-of-care 

test that would be useful in an exclusion based diagnostic strategy as well as for monitoring 

gluten free treatment.  

After developing the serum based AuNP assay, the next step would be to validate the assay in 

real patient saliva samples. Disease detection based on saliva analysis is currently being used 

for a number of infectious and malignant diseases, hereditary disorders, autoimmune diseases 

and endocrine disorders as well as the evaluation of therapeutic drug levels. The analysis of 

these disorders and diseases is based on ELISA, polymerase chain reaction (PCR) methodology 

or its advancements such as multiplex PCR. The method studied here brings together the 

specificity of the antibody and the physical properties of gold nanoparticles. Such an assay 

would be particularly useful for investigating CD in young children as it is a non-invasive and 
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pain free method for CD detection. In this direction, I have already obtained promising results 

using spiked saliva samples wherein anti-gliadin IgG antibody was added at concentrations 

represented in CD sufferers to the saliva. Normal saliva meaning the saliva of a person not 

suffering from CD was used as a control. A shift of the absorbance peak to a lower absorbance 

level was observed following the addition of saliva containing anti-gliadin antibodies to gliadin 

coated AuNPs. The decrease in absorbance suggested strong AuNP-AuNP interactions in the 

presence of anti-gliadin antibody in saliva. As the saliva was diluted prior to testing, other 

proteins and constituents of saliva do not seem to disrupt the interactions. Visual examination 

of the tubes also indicated aggregation of the particles. These results are consistent with those 

obtained for the AuNP-gliadin-anti-gliadin interactions that took place in spiked serum. Further 

optimisation of the test method is being carried out to improve assay sensitivity, this would 

involve coating of gliadin to different sized nanoparticles such as the smaller sized 10 nm 

AuNPs. Following optimisation, the next step would be assay validation of the AuNP-saliva 

based assay using saliva from patients with CD as well as from non-CD individuals. The saliva 

sample cohort would be assembled from a varied, diverse set of individuals to enable a non-

biased study.  

Following testing of real saliva samples and validation of the results, the next step would be to 

develop a prototype of the point-of-care device to allow for testing for CD in clinics. The design 

prototype of the device is presented below. Saliva would be collected at the top end of the 

device, and would flow towards the gliadin coated gold nanoparticles, indicated by red colour. 

A positive test would be indicated by a colour change or precipitation that would be observable 

by naked eye. A negative test would however, remain red with no observable precipitation.  
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Prototype design: Proposed design of prototype for testing CD using saliva.

As compared to the current methodologies in use, mainly, blood-based testing; the saliva-based 

test would be non-invasive, have a quicker result turnaround, and has lower manufacturing 

costs with a greater potential for use as a take home test. Such a test would be particularly 

useful for testing individuals and would be a first in the direction of pain-free testing for CD. 
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