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Abstract: A simple and rapid nanocomposite-based immunosensor is proposed for diagnosing celiac 

disease. The disease is highly prevalent, and the average prevalence of the disease has been 

reported to be between 0.5 and 1% worldwide. The advantage of the developed method is that it is 

more sensitive and specific for detecting anti-gliadin antibodies elicited in response to gluten ingestion in 

celiac susceptible individuals. The antigen (gliadin) was immobilized onto the nanocomposite electrode, 

and subsequently, specific antibodies from the human serum samples were electrochemically detected 

using 50mM of K3Fe (CN)6. Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) studies 

were carried out to record the electrochemical response. The modifications at each fabrication step were 

checked using Field emission-Scanning Electron Microscopy (FE-SEM). The sensor was specific and 

showed minimal response to non-specific serum proteins. The sensitivity and lower limit of detection of 

the developed sensor were 762.6µA cm-2ng-1 and 0.2pg per 6µl, respectively. 
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1. Introduction 

Celiac Disease (CD) is an intestinal disorder triggered by an inappropriate immune 

response to gluten and similar proteins of barley and rye in genetically susceptible individuals 

[1]. The prevalence of the disease is reported to be between 0.5 and 1% worldwide [1, 2]. 

However, it is suggested that CD is higher in patients with genetic and autoimmune diseases than 

in healthy individuals. The major triggering factors in CD are gliadins [2], which are deamidated 

by an enzyme tissue transglutaminase (tTG), resulting in an elevated immunostimulatory 

potential. When presented with human leukocyte antigens (HLA) DQ2 and DQ8 of antigen-

presenting cells to CD4+ T cells, the deamidated peptides result in problems related to 

malabsorption [3, 4]. The serological changes involve the emergence of antibodies against 

gliadin, and tTG, the specific disease indicators. CD has varied symptoms; however, they all are 

non-specific; therefore, many CD patients are misdiagnosed with other diseases [5]. CD has a 
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high prevalence (about 1 %) worldwide [6], and its frequency is increasing, not only because the 

success rate of diagnosis is improving but also by the areal spread of the disease [7, 8]. Despite 

the various therapeutic strategies developed so far [9], the only way to treat this problem is to 

strictly follow a gluten-free diet [10].  

Therefore, it is extremely important to diagnose CD early to control the gastrointestinal 

damage. The available tests for diagnosing CD include serological tests and biopsy of small bowel 

portion. Enzyme-linked immunosorbent assay (ELISA) has been routinely used for the detection 

of CD biomarkers [11-13]. However, it has various limitations in view of sensitivity, specificity, 

cost, and requirement of sophisticated instrumentation. Therefore, biosensors came out as a 

solution due to their higher sensitivity and specificity, lower sample volumes requirement, and 

short analysis time [14-18]. 

Various electrochemical immunosensors have been employed for detecting antibodies in 

celiac susceptible individuals [19-34]. However, these methods are less sensitive and specific for 

antibody detection. Hence, in the present study, a multi-walled carbon nanotubes-gold 

nanoparticles (MWCNT/AuNP)-Mercaptopropionic acid (MPA)–polyamidoamine (PAMAM) 

composite based electrochemical immunosensor was proposed for detecting anti-gliadin 

antibodies in human serum to aid in point-of-care analysis. MWCNT/AuNP platform in the 

electrode was used to increase the surface area, thereby leading to enhanced sensitivity. PAMAM 

is used in electrochemical biosensors due to its branched (tree-like) polymeric structures that 

contain a large number of amino groups for conjugation with desired carboxylated probes, and 

MPA is used for the activation of the thiol group of gold nanoparticles. 

2. Materials and Methods 

2.1. Materials. 

Polyamidoamine (PAMAM) dendrimer third-generation (G3; Mol. Wt.-6909), 1-Ethyl-3-

(3-dimethyl- aminopropyl) carbodiimide (EDC) and N- hydroxysuccinimide (NHS), anti-gliadin 

(wheat) antibody, Potassium ferricyanide (K3Fe (CN)6) were procured from Sigma- Aldrich, 

USA. Hydrogen peroxide (H2O2), sodium chloride (NaCl), potassium chloride (KCl), disodium 

hydrogen phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), ethanol, and other 

chemicals were obtained from Qualigens, India. ELISA kit specific for gliadin IgG isotype was 

procured from Diagnostics and Scientific Suppliers, Chandigarh, India.  

Screen printed Multi-walled Carbon Nanotubes-gold nanoparticles (MWCNT/AuNP) 

electrodes. A specific connector was purchased from DropSend, Spain, and modified at the 

Institute of Genomics and Integrative Biology (IGIB), New Delhi, India. The serum samples for 

carrying out the study were procured from Health Centre, Shoolini University, Solan, India. 

2.2. Fabrication of the MWCNT/AuNP–MPA–PAMAM composite. 

For fabricating the immunosensor, a screen-printed electrode (MWCNT/AuNP) was used. 

It was first washed with autoclaved distilled water, followed by dehydration with ethanol. The 

working electrode surface was then modified by adding MPA(6µl). This was followed by washing 

to remove unbound MPA and finally drying at room temperature.  

The COOH groups on the surface were activated by treating the carboxylated electrode 

with an equimolar mixture of a cross-linking agent, EDC, and NHS (10 mM, 1:1, v/v) prepared 

in 50 mM PBS for 1 h. 6µl of PAMAM was then incubated onto the working surface for 6 h. 

After the reaction, the electrode was again washed and dried at room temperature.  
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2.3. Immobilization of gliadin (antigen). 

The activation of the COOH assembly on the antigen was done by mixing 3µl of 2mg/ml 

gliadin with 3µl of EDC and NHS (10 mM each) for making the final antigen concentration 

1mg/ml. This mixture was then incubated overnight on the working surface at 4oC to allow the 

amide bond formation between the antigen and PAMAM to make MWCNT/AuNP–MPA–

PAMAM–antigen electrode. To remove the unbound antigen, washing was then done, followed 

by drying at room temperature before electrochemical detection. 

2.4. Hybridization with anti-gliadin antibodies. 

The MWCNT/AuNP-MPA-PAMAM-antigen electrode was hybridized with 0.001, 0.01, 

0.1, 10,100, and 1000ng per 6µl anti-gliadin antibody in human serum for 10 min on the surface 

of the working electrode. After hybridization, the electrode surface was first washed with tween 

20 (3-4 times). With PBS (pH 7), followed by drying at room temperature before electrochemical 

analysis was done using K3Fe (CN)6, which acts as the redox indicator. 

2.5. FE-SEM analysis. 

Field Emission Scanning electron microscopy (FE-SEM, Hitachi,4300, SE/N) studies 

were performed to analyze the changes in electrode surface morphology at different fabrication 

stages. The modified screen-printed electrodes were coated with gold (6 nm thickness) using a 

sputter coater under a vacuum and were scanned under a scanning electron microscope. The 

images of different modifications were then observed. 

2.6. Precision and accuracy studies. 

To check the accuracy of the present method, gliadin IgG antibodies ELISA was carried 

out with an anti-gliadin antibody in serum. Different antibody concentrations viz. 0 (control), 0.1, 

0.5, 1, 2, 5, and 10ng per ml prepared in serum were incubated with gliadin immobilized on the 

microtitre plate (96 wells). After 30 min of incubation, the wells were washed using a washing 

buffer.  

After that, horseradish peroxidase-labeled rabbit anti-human IgG that binds to surface-

bound antibodies was added to the well during incubation of 30 min. Washing was done to remove 

the unbound conjugate. After that, the solution containing TMB reagent and enzyme-substrate 

was added to monitor specific antibody binding. Stop solution was then added to stop the reaction 

and provide appropriate pH for color development. The optical densities (absorbance) were then 

measured using a microplate reader at 450nm.  

2.7. Statistical Analysis. 

Means, Standard deviation, slope, regression analysis was calculated using Microsoft 

Excel 2007. 

3. Results and Discussion 

The fabrication and electrochemical detection of the composite electrode, from 

immobilizing gliadin to hybridizing with anti-gliadin antibodies to form MWCNT/AuNP–MPA–

PAMAM/antigen/antibody, is shown diagrammatically in Figure 1. 
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Figure 1. Schematic fabrication of the MWCNT/AuNP–MPA–PAMAM composite electrode, immobilization of 

antigen, gliadin, and hybridization with anti-gliadin antibodies to form MWCNT/AuNP–MPA–

PAMAM/antigen/antibody and its electrochemical detection. SPE: Screen-Printed Electrode (CE: Counter 

Electrode, WE: Working Electrode, RE: Reference Electrode). 

3.1. Electrochemical studies for detecting anti-gliadin antibodies on nanohybrid electrode 

immobilized with antigen. 

Various electrochemical immunosensors have been employed for detecting specific 

antigens/antibodies in celiac susceptible individuals. However, these methods are less sensitive 

and specific for analyte detection. In the present study, the electrochemical response was recorded 

in the form of CV and DPV. It was observed that when anti-gliadin antibodies were absent, a high 

current response was seen in the nanohybrid electrode with antigen (gliadin). However, a decrease 

in current response was recorded in the presence of anti-gliadin antibodies. The reduction in 

current with increasing concentrations of anti-gliadin antibodies was due to the formation of an 

additional immune layer on the electrode surface at each step of fabrication. 

3.2. CV studies.  

Potassium ferricyanide was used to carry out the CV measurements of immobilized 

antigen and hybridization with antibody. The peak current (Ip) of the probe 

(MWCNT/AuNP/MPA/PAMAM/gliadin/serum) was used as a control for different 

concentrations of antibodies that were prepared in human serum (Figure 2). The Ip of antibody 

hybridized electrode was found to be lower than that of antigen. An inverse relation was observed 

between Ip and increasing concentrations of antibodies through the successive immune-complex 

formation. 

A hyperbolic curve was observed between various concentrations of antibody and the 

relative Ip values with reference to the probe (Figure 2, inset A) following a linear equation [Ip 

(μA) = 85.58 (μA ng-1) × anti-gliadin antibody (ng) + 7.5] and regression coefficient (R2) 0.983 

(Fig 2, inset B). The sensitivity (S) was calculated using the formula, S = m/A, where ‘m’ and 
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‘A’ correspond to the slope and area of the working (0.126 cm2) electrode surface, respectively, 

was found to be 679.2μA cm-2ng-1. The limit of detection (LOD) for anti-gliadin antibody was 

found to be 0.2pg per 6μl, which was calculated using LOD = 3 (s/S), where s is the standard 

deviation and S is the sensitivity [35-37].  

 
Figure 2. Cyclic voltammetric studies of gliadin immobilized nanohybrid electrode hybridized with 0.001ng/6µl to 

1000ng/6µl anti-gliadin antibody in serum (a→h) using 5mM K3Fe(CN)6 in 0.1M PBS, pH 7.4. Inset A shows a 

hyperbolic curve between relative Ip (with respect to control) and increasing concentrations of anti-gliadin 

antibodies ranging from 0.001-1000ng/6µl in serum. Inset B shows the linear plot from 0.001-0.1ng/6µl anti-

gliadin antibodies to calculate sensitivity and LOD. 

3.3. DPV studies.  

In DPV measurements, similar patterns of peak current were observed (Figure 3) as in CV 

measurements.  

 
Figure 3. Differential Pulse voltammetric studies of gliadin immobilized nanohybrid electrode hybridized with 

0.001ng/6µl to 1000ng/6µl anti-gliadin antibody in serum (a→h) using 5mM K3Fe(CN)6 in 0.1M PBS, pH 7.4. 

Inset A shows a hyperbolic curve between relative Ip (with respect to control) and increasing concentrations of 

anti-gliadin antibodies ranging from 0.001-1000ng/6µl in serum. Inset B shows the linear plot from 0.001-

0.1ng/6µl anti-gliadin antibodies for the calculation of sensitivity and LOD. 
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With an increase in the concentrations of antibodies, a reduction in peak current was 

observed. A hyperbolic curve was observed between different antibody concentrations and the 

relative Ip values with respect to the probe (Fig 3, inset A) following the linear equation [Ip (μA) 

= 96.09 (μA ng-1) × anti-gliadin antibody (ng) + 12.44] and regression coefficient (R2) was 0.988 

(Figure 3, inset B). The sensor's sensitivity was 762.6μA cm-2ng-1, and LOD was found to be 

0.2pg/6μl. 

3.4. FE-SEM analysis. 

The different stages of fabrication of the composite electrode (Figure 4) were studied 

using field emission-scanning electron microscopy (FE-SEM).  

 
Figure 4. FE-SEM scans of (A) MWCNT/AuNP/MPA, (B) MWCNT/AuNP/MPA/PAMAM, (C) 

MWCNT/AuNP/MPA/PAMAM/Gliadin and (D) MWCNT/AuNP/MPA/PAMAM/Gliadin/anti-gliadin antibody 

composite electrodes. 

The FE-SEM image of the MWNT/AuNP electrode with mercaptopropionic acid (MPA) 

in Figure 4A exhibits a smooth and uniform structure [38]. A significant change in surface 

morphology in terms of branched structures was observed when PAMAM was added onto the 

MPA fabricated electrode surface (Figure 4B). Figure 4C shows MWCNT/Au-MPA-

PAMAM/gliadin exhibiting scattered structures, and Figure 4D shows MWCNT/Au–MPA–

PAMAM/gliadin/anti-gliadin antibody. 

The MWCNT/Au-MPA-PAMAM/gliadin/anti-gliadin antibody is denser in surface 

morphology than the MWCNT/Au–MPA–PAMAM/gliadin, which confirms the hybridization of 

the antigen with the antibody. 

3.5. Specificity, sensitivity, and stability of the sensor. 

The specificity of the sensor was evaluated via DPV measurements with anti-gliadin 

antibody and various proteins found in serum like Creatinine, Cardiac Troponin I, human serum 

albumin, and Cystatin C. The DPV peak current (Ip) of the sensor after incubation with different 
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serum proteins (1 ng per 6µl) for 10 min each were found to be almost similar to the probe (Figure 

5).  

 
Figure 5. The specificity MWCNT/AuNP/MPA/PAMAM/Gliadin sensor with anti-gliadin antibody and other 

serum proteins. The inset shows the average relative Ip value of DPV (with respect to control incubated in serum) 

after hybridization with specific and non-specific serum proteins (1ng/6µl). 

A significant reduction in Ip was recorded only with antibody, confirming the sensor’s 

specificity to the anti-gliadin antibody. The bar graph of relative peak current with anti-gliadin 

antibody and different serum proteins is shown in the inset. The stability of the electrode 

immobilized with the probe was evaluated by determining the change in the DPV peak current 

every 30 days of storage at 4°C. The developed sensor was found stable for 6 months at 4°C with 

just a 10% decrease in the initial Ip of the immobilized probe.  

3.6. Precision and accuracy studies. 

The accuracy of the present method was checked by ELISA kit (y-axis) and compared 

with those determined by the present MWCNT/Au–MPA–PAMAM based nanohybrid sensor (x-

axis). 

 
Figure 6. Determination of accuracy of the present method (x-axis) and ELISA kit method (y-axis). 
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The unknown concentrations of antigliadin antibody (0.8, 4, 8, and 10ng/ml in serum) 

were made, and real values obtained by both methods (ELISA and Immunosensor) from the 

standard curve were plotted (Figure 6), which showed a good correlation (R2=0.998) with linear 

equation (y=0.984x). 

4. Conclusions 

A simple and rapid nanocomposite-based immunosensor has been developed to diagnose 

celiac disease. The analytical parameters of the optimized immunosensor based method can detect 

as low as 0.2pg per 6µl (35.8pg per ml) anti-gliadin antibodies in 10 min, confirming the sensor's 

sensitivity. 
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