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ABSTRACT 

DEVELOPMENT AND EVALUATION OF NANOBIOSENSORS FOR THE 

DETECTION OF CONTAMINANTS IN FOOD 

 

Saipriya Ramalingam 

University of Guelph, 2021

         Advisor: Dr. Ashutosh Singh 

         Co-advisor: Dr. Chandra B. Singh 

         

Allergic reactions to food have evolved into one of the most widespread forms of non-

communicable chronic diseases, world-wide.  Their interaction with the human body is 

specific to significant factors such as exposure time, intake levels, mechanism of action, 

immunological reaction to the allergen and overall metabolism. Small molecule 

contaminants in food can be broadly classified as toxic and non-toxic substances, based 

on their origin. Food allergens are protein compounds that stimulate an immunological 

reaction on ingestion.  Mycotoxins, on the other hand (both aquatic and land-based), are 

secondary metabolites of fungal origin. Addressing the challenge of accidental exposure 

via food and feed, governing bodies like the World Health Organization (WHO), the US 

Food and Drug Administration (FDA) and the European Commission have devised 

regulatory threshold limits and imposed proper labelling measures. Therefore, to 

maintain food standards, there remains a pressing need for the development and 

validation of a reliable, sensitive and accurate detection technique for such contaminants.    



 

This study involves the development of various bioanalytical platforms for the rapid and 

sensitive detection of 4 small molecule contaminants:  Okadaic Acid (OA), Brevetoxin 

(BTX), Gliadin and Gentamicin. While OA and BTX are marine biotoxin, Gliadin is one 

of the major food allergens and Gentamicin is an antibiotic. Affinity biosensors exploring 

the concepts of electrochemistry, surface plasmon resonance (SPR- optical technique) and 

quartz crystal mass balance techniques were fabricated and analyzed. While the 

transduction elements were varied through the study, the bio-recognition element was 

chosen to be a highly specific, single-stranded DNA called ‘aptamer’.  

The chapters in this thesis explore an electrochemical approach to determine the extent 

of Okadaic Acid and Gliadin in food samples. An optical biosensing route using gold 

nanoparticles was adapted for the detection of Gentamicin in milk, performed on a paper 

sensor. Further, a piezoelectric mass balance technique was chosen to determine the 

extent of BTX in shellfish samples. Each of the biosensing platforms discussed in this 

thesis were optimized to performance and studied for their sensitivity, selectivity, 

repeatability and stability. 
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Chapter 1. Introduction  

This thesis is an effort to address the rising global concern of food safety and monitoring, 

which plays an important role in ensuring food quality and overall consumer wellbeing. 

Herein, different food biosensing platforms were designed and fabricated, while 

evaluating their performance and applicability in the process.  

Adverse reactions to food have exponentially risen in the past decade owing to changes 

in anthropogenic activity. An estimated 10% of the total world population has been 

diagnosed with, or allergic to, certain types of food. Geographically, this concern is more 

distributed in the western world than it is in developing nations. Although different 

theories of its cause and effect have been developed, roughly 2.5million people suffer 

from food allergies. It has also been hypothesized that the prevalence of these allergies 

would surpass the manifestation of diseases in coming years. Since food allergies have 

no treatment so far, the only solution to maintain a healthy life rests with avoiding the 

causative allergenic food. The first step to ensuring this is to understand the components 

of food and identifying the extent of allergenic agent present in it. Food being a complex 

matrix of proteins, carbohydrates and fats are known to react differently to food 

processing techniques.  Hence a food biosensor becomes an essential tool to effectively 

identify the allergenic protein and estimate it presence to avoid consequences such as 

anaphylaxis or death. The source of an adverse food reaction can be classified into two: 

(a) Toxic (b) Non- toxic. The cascade of events resulting in a reaction vary widely with 

the type of exposure.  

Non- toxic adverse food reactions can be further divided into two categories, namely (a) 

immunological reactions (food allergies) and (b) non- immunological reactions 

(intolerances). Biochemically speaking, food allergens are proteins that elicit an 

immunological response. When contact between IgE and the food allergen proteins are 

established, a cascade of reactions occur, triggering inflammatory mediators such as 

histamines. These inflammatory components manifest themselves, almost 

instantaneously on the body, in the form of a rash or a respiratory issue. The priority food 

allergens (more common than others) that have been identified worldwide are – peanuts, 

egg, milk, wheat, soy, tree nuts, fish and shellfish. Food intolerances on the other hand, 

trigger cell- mediated immunological responses or in certain other cases, react with a 

different isotype of IgE such as IgA or IgM. It has been particularly difficult to trace these 

non- immunogenic / cell- mediated reactions during an allergic reaction. Toxic reactions 

to food are caused by a small class of naturally occurring, stable compounds. Mycotoxins 

secondary metabolites of algal or fungal origin that are non-proteinaceous in nature, 
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unlike food allergens. These entities proliferate on both land and aquatic animal species 

causing a significant negative impact on food security. Land based mycotoxins are mostly 

found in annual in-field crop produce or in grain storage bins. Marine biotoxins, are also 

secondary stable metabolites like mycotoxins but accumulate in the bi- valve of sea 

creatures such as shellfish, mussels and clams.  

Apart from toxins and allergens in food products, there are another class of metabolites 

called “antibiotics” that are known to present themselves in the food. These classes of 

chemicals (drugs) have bactericidal and antimicrobial activity. Although their 

consumption does not present itself as an immediate allergic reaction in the human body 

(except for some high- risk groups), they are known to accumulate and cause antibiotic 

resistance. Antibiotics have been a consistent part of cattle diet and are sometimes 

administered over the recommended limit. Aside from its uptake, a fraction of these 

antibiotics remains in the cattle’s system which further make their way into the food 

chain. 

To ensure public safety several detection techniques have been developed and deployed 

to help quantify the presence of the aforementioned contaminants in food. Some of the 

conventional detection techniques include chromatographic techniques such as HPLC 

and LC-MS. Despite providing accurate results and structural insight to the material of 

interest, drawbacks include long sample preparation, assay time and cross reactivity. 

Immunological techniques such as ELISA, took shape soon after their discovery and 

became the “gold-standard” of assays. However, their deployability is restricted to the 

laboratory and requires technical skill to handle.  With the inception of nanomaterials, 

their exceptional properties of electrical and optical tunablility have been deployed in the 

fabrication of quick and reliable point –of –care biosensing devices.  

This thesis aims to explore the functionalities and performances of nanomaterial- 

enhanced biosensors for various food contaminants.  Aspects of selectivity, specificity, 

stability and portability of these biosensing platforms and their benefits thereof were 

examined.  The chapters include studies conducted on biosensor fabrication and analysis 

related to two major classes of marine toxins, a widely administered antibiotic and a 

common food allergen have in food.  

1.1 Hypothesis: 

The applicability of different biosensors requires thorough understanding of the behavior 

of the bio-recognition element, its interaction with the molecule of interest, the signal 

transduction element and the substrate used for the assay.  To evaluate these parameters, 
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platforms such as continuous flow microfluidic chambers, paper substrates and 

piezoelectrically active crystals were used. 

Hence, this research hypothesizes that the combined effect of nanocomposites and highly 

specific single –stranded DNA applied to electrochemical, colorimetric and piezoelectric 

transducers can significantly improve their limit of detection and therefore enhance their 

applicability as point-of-care devices.   

 

1.2 Objectives  

1.2.1 Overall Objective:  

The overall objective of this study is to design, develop and compare the performance of 

point-of-care food biosensors for the application of allergens and mycotoxin detection. 

 

1.2.2 Specific Objectives:   

The specific objectives of this thesis are as follows:  

➢ To gain an in-depth understanding of the various analytical techniques used in the 

fabrication of point-of-care devices 

➢ To fabricate a highly sensitive nanomaterial modified microfluidic based 

electrochemical biochip for the detection of marine mycotoxin Okadaic Acid (OA)  

➢ To develop a microfluidic aptasensor for the detection of a major food allergen 

gliadin in complex food matrices  

➢ To fabricate a nanomaterial assisted paper-based biosensor for the detection of 

antibiotic Gentamicin in milk  

➢ To develop a piezoelectric assay for the detection of Brevetoxin (BTX) in shellfish  

samples.    
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Chapter 2.  Evolution of Food Allergen Detection Systems  

 

2.1 Abstract: 

One of the major challenges the food industry faces during product development and 

distribution is the presence of allergy-causing entities in food. Food sensitivities 

contribute to some of the most life-threatening conditions such as anaphylaxis or, in 

extreme cases, death. Recent statistics indicate that almost 8% of the total world 

population suffers from some form of food allergy. Nuts, shellfish, egg, and milk (even 

in trace amounts) are primary contenders of allergies in almost 6% of the infants 

worldwide. Hence, testing food for allergens before ingesting becomes vital for people 

with a high risk of allergies to avoid accidental exposure. Food allergen detection systems 

have evolved over the years giving rise to more efficient and accurate devices. Molecular 

biomarkers and their conjunction with nanotechnology have opened up new avenues for 

detection. This review provides an overview of the perception of allergies in history, 

advancements made and the very latest nano-based biosensing mechanisms available for 

determining allergens and toxins in food. In summation, the role of biosensors and their 

futuristic prospects of application in the food sector has been discussed in depth. 

Keywords:  Food allergen, nanomaterials, biosensors, point- of- care devices 

 

2.2 Background  

Over 8% of the total world population has been found to be diagnosed with, or prone to 

food allergies (Valenta et al., 2015). The trend taken by infectious diseases has seen a 

sharp decline over the past few decades while food allergies have exponentially risen 

(von Mutius, 2007).  The term “Food allergy” by definition is an abnormal/ adverse 

immunological reaction that occurs reproducibly on exposure to given foods. The food 

components that majorly interact with the body’s immune system to cause a reaction, 

have found to be proteins. Conversely, non-immune mediated adverse reactions to food, 

are termed as “food intolerances”. They are not classified under the former but are 

secondary to metabolic disorders such as lactose intolerances or can be caused by enzyme 

defects in the body (e.g.: vasoactive amines).  
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Food allergies have existed among us since time immemorial. Historical examples of food 

allergies and intolerances can be dated back to 466 BC when Hippocrates mentioned that 

cheese was well consumed by some but had an adverse reaction on a few others. It wasn’t 

until 1906, that Australian scientist Clemens von Pirquet, known for extensive work in 

the field of bacteriology and immunology, coined the word “allergie” in 1906. He noticed 

severe cases of anaphylaxis in the masses on consumption of a particular variety of nuts 

and berries (Bukantz, 2002). Highly sensitized individuals exhibit life threatening 

conditions- (respiratory, circulatory or digestive symptoms), while exposed to the 

smallest amount of allergen. Most food allergies have been known to develop in children 

under the age of 6, however, they can occur later, in adulthood. Statistics reveal that 30.4% 

of American children under the age of 5, suffer from food allergies and 40% of them are 

severely anaphylactic. (“Allergy Statistics | AAAAI,” n.d.). In the UK, 20% of the 

population and 40% of the adults suffer from at least one kind of allergy (“Food Allergy 

Facts and Statistics for the U.S.,” 2011). As of June 11, 2020 (“Allergome” 2020) 2553 

allergen sources (food or otherwise) have been documented of which 99.684% have been 

described as allergenic to humans. 

Despite advances in science and technology, food allergies have dramatically affected the 

lives of people suffering from it. Teaching children to avoid potential allergy-causing 

food and raising them on an “elimination diet”, is the easiest solution to alleviate 

sensitization. But these practices have several repercussions as some of the foods 

identified as potential food allergens are abundant in essential nutrients. Avoiding these 

classes of food affect the child’s overall growth, opening doors to vitamin  and mineral 

deficiencies. Speaking of avoiding certain classes of food, labelling it for potential 

allergens becomes a major part of the consumer’s understanding of food and its contents. 

The Food and Agricultural Organization (FAO) recognizes 170 foods that can potentially 

cause allergies. Of these, major food allergens are 8 in number and are known to cause 

90% of all major food allergy cases. For the safety of the consumer the FAO, came up with 

the practice of food labelling in collaboration with the World Health Organization (WHO) 

to the Codex Committee of Food Labeling in the year 1999. This led to the formation of 

food standards, guidelines and a list of substances of concern aimed at global food safety. 

The directive of 2003/89/EC (European Commission, 2018) and the US Food Labelling 

and Consumer Protection Act, internationally recognized food allergens as a threat to 

sensitive individuals and their right to information was collectively agreed upon. The 

2003/89/EC established a list “common food allergens” that are known to cause 

hypersensitivity or allergic reactions among individuals of different age groups after 

extensive discussion at the Codex and the FAO. These “priority allergens” were made 

mandatory to be identified in simple language on the labels of food/food groups that 
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might contain them as ingredients. Although the regulatory framework varies slightly 

from country to country, the major 8 allergens listed by Codex have been identified and 

widely adopted. The largest cause of concern for risk groups would be the presence of 

“hidden” ingredients that might be added during processing of food. Hidden ingredients 

are additives that can be derived from allergenic sources e.g.: casein from milk and 

ovalbumin from egg. This puts the individual at risk of developing severe allergic 

reactions hence complete transparency of ingredients becomes very crucial. Despite these 

measures, accidental consumption does occur among children and adults. “Cross- 

contamination” of allergenic species can occur during or after processing from the use of 

shared equipment. Factually, processing affects physiochemical and structural properties 

of the allergenic protein. Taking the classic example of the influence of various thermal 

treatments on Ara h1 (major peanut protein), it has been established that frying and 

boiling peanuts significantly reduces the Ig-E binding affinity, while dry- roasting 

increases the allergenic property (Mondoulet et al., 2005). Altering the characteristics of 

proteins require effective testing of intermediate and final food products for major food 

allergens. Some of the most commonly used techniques for the detection of allergens are 

immunochemical DNA techniques, PCR and Mass spectroscopic techniques. However, 

at the industrial scale, there is a need to: 1) ensure that the number of allergenic 

components adheres to permissible threshold limits and 2) perform quick and easy to 

handle tests which provide accurate results on each use. Hence, a simple and portable 

device known as a biosensor that can easily detect trace amounts of allergenic protein 

could empower the consumer to make the right choices in food to avoid a reaction.  

The purpose of this review is to highlight the transition, science has made in the detection 

of food allergens at the lab scale and in the market. Taking into perspective the 

permissible allergen limits, this review walks us through the various allergens and the 

proteins responsible for causing sensitivities in people. The role of employing an 

appropriate bio-recognition element, in conjunction with the latest nanomaterials for the 

purpose of food safety has been discussed in detail. In addition, the review also enlists 

the recently developed platforms used for allergen detection such as microfluidics and 

smartphone assisted devices.   
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2.2.1 Understanding Allergies  

Most allergens (antigens) are proteins or glycoproteins, which are known to have a 

molecular mass ranging from 5-70kDa. An “epitope” is the functional part of an antigen 

that is recognized by antibodies or an antigen receptor cells (B or T-cell). This interaction 

is  responsible to set off an allergic reaction in the human body (Liu and Sathe, 2018). 

Briefly, an Ig-E mediated response happens in two steps: (i) During the sensitization 

phase, the antigen enters the body through the mucosal membrane and is picked up by 

the antigen- presenting cell (APC). This results in the loading of major histocompatibility 

class II (MHC cells) molecules from APC cells. Meanwhile, the T cell receptors (CD4 +T) 

helper cells recognize the modified MHC cell giving rise to the production of effector B-

cells (Tordesillas et al., 2017). B-cell differentiation is now responsible for the production 

of Ig-E specific antibodies, apart from other effectors such as basophils, eosinophils, and 

mast- cells. (ii) in the effector phase, the antigen cross-links with the adjacent IgE 

antibody, activating mast-cells which in-turn releases pro-inflammatory cytokines such 

as histamines, resulting in a typical allergic reaction. Histamine reactions occur almost 

instantaneously and appear as a rash or a respiratory issue like rhinitis (Chinthrajah et 

al., 2016) (Figure  2.1).  
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                       Figure 2.1: Triggering of an IgE mediated histamine reaction in the body 

Evidence on the immunology of food allergies has led researchers to understand the 

reasons behind their manifestation and generate several hypotheses. One such 

hypothesis is the “Hygiene Hypothesis”, which has received considerable public 

attention in recent years. It states that the prevalence of food allergies would increase 

with increasing cleanliness and sanitization in society. Based on this hypothesis, scientists 

have studied the pattern of risks associated with contracting food allergies in both adults 

and infants and have drawn several conclusions (Okada et al., 2010). For example, the 

frequent use of antimicrobials and parabens greatly impacts the human body and is said 

to increase occurrences of food intolerances and allergies (Schaub et al., 2006). Despite 

these theories, the lack of comprehensive information on the mechanism of food allergies 

and its cure remains a major challenge. The 8 major food allergens known as the “Big 8” 

and their functional epitopes are discussed below:   
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Egg Allergens 

Allergies due to egg generally develop in the initial days of birth and later diminish when 

the individual reaches 5 years of age (Mine and Yang, n.d.). Organ systems such as the 

skin and the GI tract get directly affected by either egg whites or yolks for individuals 

who are intolerant. (Tey and Heine, 2009). Biochemically, egg sensitization is caused by 

the following major egg allergens:  

1) Gal d 1 – OVM- Ovomucoid comprising of up to 11% of the total egg white protein 

with a MW of 28kDa. (Bernhisel-Broadbent et al., 1994). 

 2) Gal d 2 - OVA - Ovalbumin is a short stretch of protein having a slightly higher 

molecular weight than Ovomucoid (45kDa), constituting of 54% of the total egg protein. 

Ovalbumin has been widely used as a model system to study egg protein; it is found not 

to exhibit any inhibition activity.   

3) Gal d 3 – OVT – Ovotransferrin, belongs to the transferrin protein family and functions 

as an iron transport molecule.  

4) Gal d 4 - LYS – Lysozyme is one of the most widely researched egg allergens for the 

development of biosensors. It is often used as a stabilizer in food and is a great example 

of a naturally occurring enzyme(Mine and Yang, n.d.).  

5) Ovomucin, is a 165kDa minor glycoprotein present in the whites of the egg.  The 

omnipresence of egg-derived components at the industry level does indicate some 

amount of inevitable cross-reactivity. Stringent rules on food safety are imposed 

worldwide to ensure no cross-reactivity occurs on- site. In events like these, the use of on-

site biosensing devices would do a better job at determining trace quantities of allergen 

in food products. 

(i) Peanut Allergen  

Nut allergies are the most commonly dreaded allergies and several reviews have been 

published in the past highlighting the epidemiology and its molecular aspects. Of the nut 

allergies, the most life-threatening allergies come from the consumption of peanuts. A 

total of 11 peanut allergens have been identified, of which seed storage protein members 

comprise of 7 (Słowianek and Majak, 2011). The Cupins superfamily of proteins 

comprises of three main allergens sub-classified under it namely: Ara h1, Ara h3, and Ara 

h6. Ara h1 is a low molecular weight protein (64kDa) comprising about 20% of the total 

peanut protein (Mills et al., 2002). This glycoprotein has been identified in almost 90% of 
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the population suffering from peanut sensitivity. Hence, Ara h1 is considered one of the 

major allergen in peanuts (Viquez et al., 2003).  MALDI-TOF- MS, Western Blotting and 

ELISA have been used time and again to determine allergen presence depending on its 

molecular weight. Ara h3 and Ara h4 were isolated from about 50 % of the patients who 

were diagnosed with peanut sensitivity. These 60kDa glycinin is recognized to be a 

trypsin inhibitor by property, the occurrence of Ara h4 poisoning is comparatively less 

than Ara h1(Jayasena et al., 2015). 

The Conglutin protein family, on the other hand, comprises of 3 other peanut allergens 

namely: Ara h 2, Ara h6 and Ara h7. These proteins are said to have a compact 

hydrophobic core and contain two polypeptide chains linked by disulfide bridges. (Barre, 

Borges, and Rougé 2005) Owing to their stability, Ara h 6 and Ara h4 do not degrade at 

high temperatures, escaping heat treatment which is generally provided in food 

processing. Ara h 2 is considered a major peanut allergen, present widely in crude peanut 

extracts. Western blotting and MALDI- TOF has allowed a detailed analysis of these 

proteins based on the band formed at 17kDa.  

(ii) Milk Allergen 

 Cow milk proteins can be classified based on their solubility. Every 100 ml of milk 

contains 3g of protein comprising broadly of soluble and non- soluble proteins. Of the 

existing 25 different types, caseins precipitate at pH 4.6 and at a temperature of 20 0C (Wal, 

2004). Casein subunits are αS1- casein (Bos d 9), αS2 casein (Bos d 10), β- casein (Bos d 

11) and κ- casein (Bos d 12) while the insoluble proteins are β- lactoglobulin, α- 

lactoglobulin, bovine immunoglobulins, bovine serum albumin and bovine lactoferrin 

(Bernard et al., 2000). Of these proteins, caseins are the major allergen causing agents 

comprising about 80% by weight. Whey proteins, on the other hand, comprise of the rest 

20 % of the cow milk proteins (Wal, 2001). The globular proteins responsible for 

allergenicity are β- lactoglobulin (Bos d5) and Bos d4 (α- lactoglobulin) respectively 

comprising of 50% and 20% of total whey weight percentile. The protein least involved 

in causing sensitivity is lactoferrin which presents in <1% of the total milk proteins. Its 

function mainly includes free radical scavenging and antioxidant nature apart from its 

active participation in the body’s defense mechanism.  
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(iii) Wheat Allergen  

Wheat (Triticum aestivum), a widely grown and consumed crop is said to cause certain 

immune reactions to susceptible individuals. Recognized by the activation of T- Helper 

cells, wheat allergies can manifest itself as: (i) IgE mediated and (ii) non- IgE mediated 

reaction. In an IgE mediated reaction results in an immediate onset of symptoms which 

can be life endangering. On the other hand, non- IgE mediated reactions result in the 

inflammation of the GI tract due to chronic eosinophilic infiltration. Asthma/ rhinitis is 

also said to occur when inhalation of wheat triggers and IgE onset. Recent statistics reveal 

on a global scale that 1.4% of the world population have been serologically tested positive 

for gluten allergies. Genetically, HLA- DQ2 and HLA- DQ8 haplotypes exist in almost 

90% of the population diagnosed with gluten sensitivity. Table 2.1 lists the profiles of  

specific allergens in wheat protein and their stability (Allergen Nomenclature, 2018).  

Table 2.1: Wheat allergen subunits and stability 

Allergen Name Biochemical Name Solubility 

Tri a 20 γ– gliadin   Insoluble  

Tri a 12 Profilin  Soluble  

Tri a 14 Lipid transferase protein  Soluble 

Tri a 15 α- amylase inhibitor  Soluble 

Tri a 28-30 α- amylase tripsin inhibitor  Soluble 

Tri a 19 ώ- 5 gliadin Insoluble 

Tri a 21 αβ gliadin  Insoluble 

Tri a 31 Triosphosphate isomerase  Soluble 
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Tri a 26 High molecular weight 

glutenin  

Insoluble 

Tri a 27 Thiol reductase  Soluble 

Tri a 37 α- purothionin   

Tri a 18 Agglutenin isolectin 1  Soluble 

Tri a 25 Thioredoxin  Soluble 

Tri a 36 Low Molecular weight 

glutenin  

Insoluble 

 

(iv) Tree Nut Allergen  

Tree nuts include cashew, almond, walnut, hazelnut and pistachios, and brazil nuts. Tree 

nut allergy is most prevalent in children and it develops at the age of 2. A mild to severe 

allergy is expected almost instantaneously including anaphylaxis. Some of the tree nut 

allergens and their respective allergy-causing epitopes are listed in Table 2.2. 

Table 2.2: Tree nut Allergens 

Tree Nut Protein 

Component 

Type 

*Hazelnut Cor a 1  PR-10 

 Cor a 2 Profilin 



 

 

13 

 

 Cor a 8 Lipid Transfer Protein 

 Cor a 9 11S globulin 

 Cor a 11 7S globulin 

 Cor a 14 2S Albumin 

   

*Pistachio  Pis v 1  2S Albumin 

 Pis v 2 11S globulin 

 Pis v 3 7S globulin 

 Pis v 5 11S globulin 

   

*Almond  Pru du 6 11S globulin 

 Pru du 3 Lipid Transfer Protein 

 Pru du 4 Profilin 

   

*Cashew  Ana o 1 7S globulin 
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 Ana o 2 11S globulin 

 Ana o 3 2S albumin 

   

Pine Nut  Pin p 1  2S albumin 

   

Walnut  Jug r 1 2S albumin 

 Jug r 2 7S globulin 

 Jug r 3 Lipid Transfer Protein 

 Jug r 4 11S globulin 

 Jug r 5 Profilin 

   

Brazil nut  Bre e 1  2S albumin  

 Bre e 2  11S globulin 

 

 “*”- More commonly allergenic worldwide  
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(v) Soy Allergen 

Soy, a legume rich in protein is one of the “Big 8” allergens. With increasing cultivation, 

soy has been identified as a major allergen in milk. The symptoms of Soy allergy can 

exhibit itself instantaneously (during IgE involvement) in the form of hives, wheezing, or 

abdominal pain or in severe cases, anaphylaxis. Non- IgE symptoms present themselves 

as GI symptoms. 

(vi) Shellfish Allergen 

Seafood is widely consumed across the world and plays a vital role in health and 

nutrition. Cross-reactivity at the clinical and molecular level becomes a major issue 

among countries with shared water bodies. Mild urticaria or oral allergies are common 

in crustacean and mollusk allergy. The major shellfish allergen has been identified as 

tropomyosin although myosin light chain or arginine allergies are also possible. (Wild 

and Lehrer 2005)  

Food additives can also cause allergies in sensitive groups. They are mandated by law to 

be clearly stated and their “threshold-limit” be outlined in all packaged food items. MRL 

(Maximum Residue Limit) is defined as the maximum quantity of residue per kg of  food, 

beyond which an allergic reaction is bound to happen (Allen and Taylor, 2018). For 

instance, by EU law, any product labeled "gluten-free" should have 20ppb (parts per 

billion) or less of gluten in the marketed final product. Hence, by establishing these levels, 

issues of cross-contamination and accidental exposure are kept under control. Table 2.3 

illustrates high priority allergens in various countries and their respective global 

threshold limits.  

Table 2.3: Priority Allergens & Declaration 

Allergen Targeted 

protein 

Canada US EU Japan Threshold 

Limit (mg) 

Milk  Milk Soluble 

Protein 

    X X X X 0.36-3.6 

 β- 

Lactoglobulin 
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 Casein      

       

Egg Egg Soluble 

Protein  

    X X X  0.13-1 

 Ovalbumin       

       

Peanut  Soluble Peanut 

protein mixture  

    X X X X 0.25-1.25 

 Ara h1       

       

Wheat Wheat Soluble 

Protein 

    X X  X 20-100 

 Gliadin      

       

Mustard  Sin a1      X  X  N/A 
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Soy Soy Flour 

Proteins  

 X X  21.8 

       

Fish Fish 

parvalbumin 

    X X X X 1-100 

       

Crustacean 

 

Tropomyosin      X X  N/A 

           

Tree Nut Hazelnut 

Protein 

     X X X  0.2-35 

 Pru du 6 

(Almond) 

     

 Jug r 1(Walnut)      

 Ana o2( 

Cashew) 

     

       

Sesame  Ses i1      X  X  N/A 
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 Ses i2      

       

Lupin Lup-1       X    N/A 

       

Celery  Api g 1      X    N/A 

 

2.2.2 Conventional Allergen Identification Techniques   

Techniques of reliable allergy identification and quantification play a crucial role in 

improving consumer perception of food and adherence to food labeling guidelines. Food, 

being a complex matrix, can easily mask the presence of trace amounts of allergen. This 

further raises questions of how sensitive a detection system needs to be to ensure precise 

detection of allergens in pre- and post-processed food. A double-blind, placebo-

controlled food challenge (DBPCFC) was widely accepted in the early 1980s where 

allergic individuals were fed potential allergenic foods between 1mg to 1g and their 

reactions were monitored (Bock et al., 1988).  Immunochemical detection techniques 

include Radio-allergosorbent Test (RAST), Enzyme-linked immunosorbent assay 

(ELISA) which provide quantitative results, while Rocket immune-electrophoresis (RIE) 

providing qualitative results. Although RAST is currently considered the “clinical 

standard” of allergy tests and performed at hospitals, advancements in science have led 

to quicker and more accurate assays (Sampson and Albergo, 1984) (Besler, 2001).  

Alternatively, DNA- based detection techniques, such as PCR and PCR- ELISA are 

known to provide consistent results and, thus are an accurate scientific tool for lab-based 

studies of allergies. The technique of choice depends on factors like the availability of 

primers or antibodies for DNA amplification and its on-field applicability. Having its 

advantages and disadvantages, some methods are discussed below: 
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2.2.3 Protein-based detection 

Allergens, being proteins, need to be first isolated before identification and assessment. 

RAST and EAST immunoblotting assay work on the specific interaction between an 

allergen and the IgE in human serum. This in-vitro test uses IgE antibodies which bind 

to a solid phase for the detection of food sensitivities in patients. For instance, widely 

used food products such as baby formula have been tested for bovine milk allergens 

using this technique (R. E. Poms et al., 2004). A Sodium Dodecyl Sulfate – Polyacrylamide 

Gel Electrophoresis (SDS- PAGE) based immunoblotting technique was the pioneer in 

protein isolation where they were separated as bands based on their molecular mass. The 

separated proteins coupled with human IgE-antibody immunoblotting have been widely 

applied in identifying allergens. Liquid chromatography-based Mass Spectroscopy 

(LCMS) was designed to select, identify, and determine the proteomic composition of the 

allergen. LCMS detection is popular among allergens whose subunits have a molecular 

mass ranging from 10-80kDa (Ji et al., 2017). The protein component of the sample is 

separated by the liquid chromatograph of the LC-MS while the spectrometer identifies it 

on the basis of its charge to mass ratio.  The sub-unit is ionized using a suitable 

electric/magnetic field which is further used to determine its charge to mass (c/m) ratio. 

This provides a unique structural identity to the protein subunit (allergen) similar to a 

fingerprint. The (c/m) ratio from the detector is amplified and represented as a spectrum 

providing quantitative analysis of known /unknown compounds in a complex matrix 

such as food. Despite the accurate analysis, certain limitations do exist in the use of LCMS 

detection techniques which are the long extraction and sample preparation time and 

instances of matrix interference and cross-reactivity. Recognized as the “gold standard” 

of confirmatory tests, the Enzyme-Linked Immunosorbent Assay (ELISA) is an 

immunological detection technique involving the unique binding of epitopes present on 

the allergenic protein with the antibody specific to the target (Butler, 2000). These tests 

are largely preferred for their easy handling, high recovery, and standard results. Two 

major approaches are available in the quantitative estimation of allergens: sandwich and 

competitive ELISA. Sandwich- ELISA (s- ELISA) requires the capture antibody to be fixed 

to a 96-well plate or a microtiter plate to form a "sandwich" like structure. In essence, the 

first antibody comes in contact with the target and the second set of enzyme-linked 

antibody detects the analyte. The plate reader detects a color change during Ag-Ab 

interaction and a  standard graph is used as a reference to understand the total 

concentration of the allergen present on antigen-antibody interaction (Paulie et al., 2006). 

Competitive ELISA (c- ELISA) works on the attachment on the protein of interest to the 

base of a 96-well plate, followed by blocking to ensure stray binding (Lequin, 2005). The 

modified mixture is later introduced to the 96-well plate where the HRP conjugated and 
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unconjugated protein “compete” to attach to the antibody epitope(Jordan, 2005). On the 

addition of TMB substrate, a color would change is expected, whose intensity is picked 

up by the plate reader. The overall concentration of the required sample in the solution 

would be inversely proportional to the color produced by TMB. ELISA has been widely 

developed and commercialized, specific to major allergens in the form of a kit, illustrated 

in (Table 2.4). Although ELISA is a stable and precise technique, the multiple washing 

steps could be considered a drawback. Also, understanding the specificity of the antigen 

and its binding epitopes is a challenging task in complex food matrices. ELISA sometimes 

fails to deliver in cases where the epitopes of the protein structure are modified. In the 

case of multiple allergenic species, cross-reactivity can be caused by homologous epitope 

conformation between the species, also leading to false positives. It also becomes 

imperative to mention the long time period (1.5 hours) it takes and the experienced 

personnel it requires to complete the analysis 

Table 2.4: Commercially available ELISA kits for major allergens and their sensitivity 

Allergen ELISA Kit Sensitivity / 

Range of 

Quantification 

Test 

Time 

Ref 

Peanut Agraquant Peanut  0.1ppm   Romer 

Labs  

 Peanut Residue Detection 

Kit  

1.0-15 ppm 15 mins ELISA 

systems  

 EnzyChrom Peanut ELISA 

Kit  

5ppb 3hrs  BioAssay 

systems 

 Sensitive Peanut  0.25-2.5ppm 15 mins  ELISA 

systems 

 Biokits Peanut Assay Kit  0.1ppm 75 min Neogen  



 

 

21 

 

     

Wheat  Gluten ESGLUT -48  2-40ppm  ELISA 

Systems  

 Alert ® for Gliadin  10ppm  Neogen 

Egg  Enhanced Egg Residue Kit  1-10 ppm N/A  ELISA 

systems 

 Biokits Egg Assay Kit  0.1ppm 75 min Neogen 

     

Milk  Β- Lactoglobulin 

ESMRBLG-48 

1ppm   

 Casein ESCASPRD -48 1-10 ppm 45 mins   

 Veratox® for Total Milk 

Allergen 

2.5-25ppm 30 mins  Neogen 

Lupin  Lupin ESLFP – 48  0.5-5ppm    

     

     

Almond  ELISA systems EARD - 48 0.5- 5ppm 35 mins   
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 Almond Allergy Test  5ppm  Neogen  

     

Walnut  Biokits Walnut Assay Kit  0.25 ppm 75 min Neogen 

     

Soy  Soy ESSOYPRD-48  2.5-25ppm  ELISA 

Systems 

 Rapid Soy Allergen Test  2.5-25 ppm  Neogen 

 

2.2.4 DNA based detection  

Unlike immunological detection systems, DNA based techniques identify the gene 

responsible for protein production, rather than the protein itself. Known for its ability to 

minimize cross-reactivity, this technique has gained popularity in recent times. 

Polymerase Chain Reaction (PCR) involves the isolation of the oligonucleotides specific 

to coding for the protein or allergen and amplifying it using a thermocycler. In a typical 

reaction, a 3 –stage method is adopted where the DNA is first melted to single strands, 

annealed and extended using appropriate primers and extended using polymerases 

(Roland Ernest Poms et al., 2004). On obtaining a detectable quantity of DNA, it is isolated 

and identified using agarose gel- electrophoresis. Many approaches have been 

undertaken to use PCR as a mode of detecting allergens in food such as qPCR, PCR- 

ELISA, and multiplex PCR. Graziano et al., 2017 performed qPCR on samples from kiwi, 

peach, and apple with SYBR Green with respect to standard to obtain LODs of 25mg/kg, 

20 mg/kg, and 50 mg/kg respectively (Graziano et al., 2017). Compared to protein-based 

detection techniques, RT-PCR is preferred to determine shellfish and hazelnut allergens. 

Eischeid and Stadig 2018, performed RT- PCR for the detection of crustacean allergens in 

food and obtained a lower limit of detection of about 0.1ppm. Sanchiz et al. 2018 used 

Taq- Man probes with RT- PCR for the quantification of allergens in cashew nut. A 
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LOD/LOQ of 10ppm was obtained in the process. Alterations can be made to 

primers/probes to target more complex food matrices or protein-encoding species which 

differ by a few base pairs. Similarly, the performance of single and multiplex RT- PCRs 

was compared by Waiblinger et al. 2017 to quantify the allergenic content in mustard, 

celery, soy, wheat, and rye. A limit of detection of 40mg/kg was observed by both PCR 

systems. 

Loop-mediated isothermal amplification (LAMP) is a novel method that can amplify 

DNA to the tune of 109 copies at a constant temperature within an hour (Notomi et al., 

2000).  Improvements in experimental conditions are considered a major advantage while 

its results have been comparable to PCR. LAMP was used by Sheu et al. 2018 for the 

detection of allergens in peanut samples. In this system, the signal increases 

proportionally with increasing copies of target DNA and reaches saturation when the 

reaction is complete.  Further, the DNA based analysis of the PCR method has been 

combined with the rather widely accepted quantitative detection technique of ELISA to 

give PCR-ELISA. It uses PCR to DNA fragment of interest for the allergenic food which 

is amplified, purified, and immobilized to the 96- well plate. Next, a probe (labeled DNA 

fragment) complementary to the PCR isolated strand, is introduced, and the reaction is 

initiated yielding a semi-quantitative response. Despite the sensitivity and selectivity of 

the PCR system, it suffers from limitations including (1) longer research time to 

understand and decode the amino-acids responsible for the detection of the protein of 

concern (2) inconsistencies in results of processed food sample (false positives/negatives) 

and (3) possible mutations in the PCR fragments during amplification. To overcome the 

aforementioned limitations of DNA based techniques, researchers have developed and 

improved on the working of “biosensors”, some of which have been elaborated in the 

following sections. 

2.3 Biosensors  

2.3.1 Definition  

Food allergen detection has taken a new form in the past few decades with the 

introduction of the “biosensor”. The definition of a biosensor given by the International 

Union of Pure and Applied Chemistry (IUPAC, 2014) is: “A device that uses specific 

biochemical reactions mediated by isolated enzymes, immunosystems, tissues, 

organelles or whole cells to detect chemical compounds usually by electrical, thermal or 

optical signals”. In other words, a biosensor is a compact, analytical device which 

responds to an input stimulus, which is biological in nature (Mehrotra, 2016). It is 

comprised of the following major components: (a) substrate (b) transducer and (c) signal 
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transducer (Figure  2.2). The substrate or a detection element is the one that directly comes 

in contact with the analyte/target substance. A transducer converts any observable 

physical or chemical change in the analyte to a measurable signal. The choice of the 

transducer will majorly depend on the type of sensing output we expect to build. 

 

                        Figure  2.2: Schematic representation of the building blocks of a biosensor 

 

Although conventional detection systems remain the gold standard for analyte detection, 

in recent times, biosensors are preferred for:   

(a) Short analysis time: The time frame between analyte contacts and the response is 

to the tune of minutes 

(b) Easy- handling and user-friendliness: Apart from enzymatic reactions, many 

label-free systems have emerged reducing cost and improving overall specificity 

of the system 

(c) Continuous monitoring feature: Biosensors are deployed on a wearable basis 

keeping track of the person’s biological data, which was deemed impossible in 

conventional detection techniques 

(d) Minimum sample requirement: The amount of analyte required for the assay to 

be carried out is scaled down to a few microliters.   

(e) Precision and Accuracy: Improved sensitivity and reduced the risk of interference 

or cross-reactivity when multiple biomolecules are involved. 

Biosensors can be broadly classified based on their (i) bio-recognition element (BRE) and 

(ii) mode of analysis    
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2.3.2 Bio- recognition elements  

2.3.2.1 Enzymes  

Enzymes are 3D- globular proteins that speed up the rate of the reaction yielding by-

products such as electrons, protons, heat, and light. Catalytic biosensors have been a very 

attractive option for the detection of analytes of interest. The "active site" of the enzyme, 

generally a groove, perfectly binds to the substrate molecule that catalyzes a chemical 

reaction. The interaction between enzyme and substrate (enzymatic activity) is given by 

Michaelis-Menten Kinetics, while the active sites can be recovered to catalyze further 

reactions. Some of the most commonly used classes of enzymes are oxidases, peroxidases, 

and phosphatases (Qian and Elson, 2002). The earliest application of an enzymatic 

biosensor was the glucose sensor which used the oxidase enzyme (glucose-oxidase GOx) 

to yields reduced products – H2O2 or H2O. Extending its application into food allergen 

detection, Marrakchi et al. 2008 fabricated a conductometric biosensor for the detection 

of lactose in milk. β- galactosidase and glucose oxidase enzymes were used on real 

“lactose- free” samples that were obtained post-processing. The biosensor had a linear 

calibration curve from 60-800µM with an R2= 0.988. 

 

2.3.2.2 Antibodies   

Apart from the most widely used glucose sensor, several other biosensors deploy 

antibodies for their quantification. Antibodies (Ab), also known as Immunoglobulins (Ig) 

are proteins produced by the body’s immune system to eliminate/ neutralize an incoming 

pathogen. These proteins comprise of four polypeptide chains (two heavy "H" chains and 

two light “L” chains) connected through disulfide bonds. The interaction between the 

antibody binding site and the epitope of the antigenic determinant gives rise to a specific 

affinity/association between the two. There are three categories of antibodies generally 

used in assays (i) Monoclonal (ii) polyclonal and (iii) recombinant antibodies (Byrne et 

al., 2009). However, the criteria to choose the best type of antibody for the application 

largely depends on factors such as (i) ability of the Ab to detect very low quantities of 

antigen or protein (ii) differentiate specific strains of interest among a pool of similar ones. 

Once the right Ab has been chosen, the antigen-specific interaction is initiated for 

quantitative or semi-quantitative determination of analyte. This method of detection has 

been applied as an analytical strategy for the detection of life-threatening food- allergies, 

broadly known as “immunoassays”(Hock et al., 2002).     
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2.3.2.3 Aptamers   

The functional evolution of nucleic acids, not just as informative molecules but its 

potential in their ability to behave as a recognition molecule came with the discovery of 

DNA/RNA aptamers. Aptamers are a short stretch of DNA or RNA sequences which has 

the unique ability to change its conformational property to interact with the target of 

interest. Systemic Evolution of Ligands by Exponential enrichment (SELEX) is used to 

repeatedly run a pool of 15-80 bases against a stationary target to study its dissociation 

constant (Kd). After eluting un-bound bases, the bases with low dissociation constant are 

isolated and amplified using PCR (Alves et al., 2016). DNA aptamers in particular are 

said to be more stable and can be easily modified to improve their properties. They are 

greatly preferred for their ability to distinguish between molecules that vary by 1 base 

group and its property of reversible denaturation (de-los-Santos-Álvarez et al., 2008). The 

aptamers assume various tertiary structures after interacting with the target molecule 

such as hair-pin, G-quartet, Pseudo-knot, T- junction, etc. due to their ability to form 

helices and secondary-stranded loops. The following sections discuss the various 

application of these biomarkers on various transducing platforms for point-of-care 

detection. 

2.3.3 Transduction Platforms  

2.3.3.1 Optical  

Optical biosensors have been widely applied in the field of food science due to its simple 

detection technique, reasonably low cost, and portability (Cush et al., 1993). The 

operating principle of an optical biosensor works on the interaction of light with the 

conjugated ligand and analyte. Surface plasmon resonance (SPR) is a key feature 

observed on the surface of conducting materials when illuminated by light of a specific 

wavelength at the junction of media with varying refractive indices. During biosensor 

design, a biomarker is first functionalized on the surface of the SPR device over a metal 

surface (Homola et al., 1999). Next, the analyte is made to interact with the bio-

recognition system causing a change in the angle of incidence. This reduction in reflected 

light is identified by the detector and depicted as a change in the output signal. Fiber-

optic surface plasmon resonance biosensor (FO- SPR) was used by Tran et al. 2013 for the 

detection of Ara h1 aptamer selection and detection. A dissociation constant of 353nM 

was obtained while clearly distinguishing between Arah1 and Ara h2 proteins.  

With the application of nanomaterials in the field of biosensing, localized surface 

plasmon resonance (LSPR), the optical properties of metal nanoparticles (MNPs) such as 
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Au and Ag were focused. This optical phenomenon is a result of collective electron beam 

oscillations that occur when incident light interacts with MNPs.  One of the most striking 

features of LSPR has been observed in colloidal Au NPs on the addition of NaCl from 

pink to blue. An absorbance peak shift and a color change from pink to violet to pale blue 

is detected at the gold nanostructure interface. LSPR has been applied widely in 

colorimetric biosensing where parameters such as MNP size, shape, ionic balance, and 

inter-molecular distance play a major role. Being a “label-free” approach, they have been 

applied in the state of- the art analytical devices in the field of food safety and clinical 

diagnostics. Metal nanoparticles such as Au and Ag have been conjugated with bio-

recognition molecules such as proteins, antibodies, and aptamers to improve specificity, 

sensitivity to the target molecule, and sensor recovery. For instance, Zhou et al. 2013 used 

melamine conjugated with AuNPs for the colorimetric and naked-eye detection of 

ractopamine and salbutamol, both being feed additives with severe side-effects on 

human health. The linear range of the developed sensor was determined to be 1×10-

10mol/L to 1×10-5mol/L with R2 = 0.996 for salbutamol and a linear range of 1×10 -10mol/L to 

5×10-7mol/L with R2 = 0.995 for ractopamine. An aptamer-based colorimetric biosensor for 

the detection of Ochratoxin- A (OTA) was fabricated by (Yang et al., 2011). This salt-based 

aggregation system uses a G-quadruplex structure that shields the gold nanoparticles 

from aggregation. While in the presence of target OTA, the aptamer undergoes 

conformational changes, promoting a significant color change.  

Another type of label-free biosensor is an Evanescent Wave biosensor which works on 

the principle of Total Internal Reflection (TIR). The light from the waveguide is totally 

internally reflected at the junction between two surfaces having different refractive 

indices. The rate at which the evanescent wave (EW) decays from incident to target 

determines the sensing mechanism (Chocarro-Ruiz et al., 2017). The concentration of the 

analyte in the sample is detected by the EW created and the affinity the biomarker 

exhibits with the target. A multiplexed fiber optic immunosensor was developed by 

Keeley D. King et al. 2000 for the detection of ovalbumin, Bacillus Golbigii spores, 

Erwinia Herbicola, and MS2 Coliphage. In this study, an average assay time of 10 minutes 

and a low limit of detection of 105 cfu/ml, 107 cfu/ml and 109 cfu/ml were achieved 

respectively.  Changes to the physical properties of the waveguide such as the material, 

thickness, etc., have been done over time to improve its sensitivity. Labeled detection 

systems, on the other hand, are prepared by tagging a fluorescent molecule to the epitope 

of a biomarker or employing dyes such as Methylene Blue or a quantum dot to the ligand.  

In a FRET (fluorescence resonance energy transfer) system, a donor chromophore is 

initially in the electronically excited state. The acceptor molecule derives energy from the 

donor forming a non- radiative dipole-dipole couple (Narsaiah et al., 2012). The “FRET 
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pair” exhibit their luminous intensity on quenching, to determine decay – time and 

energy transfer kinetics of the system. Xuan Fu et al. 2018, developed a universal sensor 

for the detection of Ovalbumin (OVA) exploiting the FRET properties of graphene oxide 

(GO) and carbon dots (CD). The FRET biosensor was in an initial “off” state due to the 

quenching action and π- π stacking of GO. The sensor is turned “on” when OVA is 

introduced into the system and the antibodies attached to the NOP- CD complex detaches 

itself from the surface of the GO sheet. Further, a very low LOD of 153ng/ml, with a high 

recovery rate of 99.2-118.9 % was achieved. (Figure 2.3C)     

 

2.3.3.2 Electrochemical  

Electrochemical biosensors are based on the oxidation and reduction reaction of the 

electroactive substance subject to a varying voltage source. IUPAC defines an 

electrochemical biosensor as “a self-contained integrated device, which is capable of 

providing quantitative or semi-quantitative results” (Dudok de Wit, 1987). As illustrated 

in Section 2.3.1 several BREs can be immobilized/ kept in direct contact with the 

electrochemical transduction element. A change in electron flux occurring during the 

interaction with BRE and the target results in a change in a measurable electrochemical 

output (Martín-Fernández et al., 2017), (Grieshaber et al., 2008). A wide range of electrode 

materials from noble metals (Au, Ag, Pt), conducting polymers (polyaniline, poly-

pyrrole) to carbon electrodes are available for various applications. (Campuzano et al., 

2017). Electrodes made of gold, copper, nickel, silver, etc., are known for excellent 

electron transfer kinetics and conductivity (~10710 Scm-1), but are more expensive than 

their carbon or doped counterparts. Semiconducting materials such as indium-tin oxide 

(ITO) have shown promise due to their ease in fabrication, despite lower conductivity. 

Glassy carbon has found its niche as an electrode material due to its availability and wide 

working potential range (-0.4V-1.7V). Organic redox molecules work best on glassy-

carbon surfaces, which further have been developed into screen-printed carbon electrode 

chips. Contrary to noble metals and carbon materials, conducting polymers have much 

lower conductivity (~10317 Scm-1). These electrode materials have been widely applied in 

various electrochemical detection in three main strategies namely: voltammetric, 

impedimetric, and conductometric techniques (Kounaves, 2007). 

(i) Voltammetry requires the application of a potential difference between the WE 

and the reference electrode (RE). The oxidation/reduction cycle happening on 

the surface of the electrode is mapped in the form of the current flowing 

between the working electrode (WE) and the counter electrode (CE). One of the 
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most common settings of voltammetry is Cyclical voltammetry (CV), where a 

varying potential difference is applied within the working potential window. 

Following this, the same is applied in the opposite direction, until initial 

potential is reached. Another mode of voltammetry is differential pulse 

voltammetry (DPV), where an amplitude potential is applied to a linearly 

increasing potential. The difference between the current generated before and 

after the application of pulse is calculated and plotted. 

(ii) Impedance Spectroscopy measures the resistance and capacitance property of 

the material after the application of a frequency-dependent electrical potential 

in AC mode. An equivalent electric circuit can be derived from the impedance 

values after fitting the data. This technique provides a comprehensive idea of 

the electrical conductivity and mass transport kinetics of the system.   

(iii) Conductometry involves the measurement of change in conductivity of the 

sample in a bulk setup. Broadly termed as chemiresistors, gives a change in 

electrical resistance in response to the chemical changes in and around the 

sensor environment. 

Figure  2.3D schematically represents an electrochemical biosensor for the detection α - 

lactoglobulin, one of the major constituents of whey protein in milk (Ruiz-Valdepeñas 

Montiel et al., 2016). A magnetic- bead-based immunoassay using amperometry was 

performed on the surface of a screen-printed carbon electrode. A large linear range of 37-

5000pg/ml was observed in the study, with a low limit of detection of 11pg/ml. Other 

illustrative examples of electrochemical sensors are given in Table 2.5. 

Table 2.5:  Biosensing platforms for common allergens in food 

Biosensor 

Configuration 

Analyte Nanomaterial 

Used 

Food 

Matrix / 

Platform 

LOD Ref 

Electrochemical 

Immunosensor  

 Ara h1   Au – NP Cookies , 

Chocolat

e 

3.8ng/ml (Alves et 

al., 2015b) 
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 Ara h1  Magnetic 

beads  

Food 

extracts, 

saliva 

6.3ng/ml (Montiel et 

al., 2015) 

 Ara h2  Carboxyl- 

modified 

magnetic beads   

Wheat 

flour 

spiked 

samples  

26pg/ml (Ruiz-

Valdepeña

s Montiel 

et al., 2016) 

 Ara h6 Gold NP @ 

SPCE 

Wheat 

flour, 

sunflowe

r lecithin, 

eggs, 

whey 

0.27ng/ml (Alves et 

al., 2015a) 

 Ovomuc

oid 

Carboxyl- 

modified 

magnetic beads   

Unproces

sed egg, 

wheat 

flour, 

baked 

bread 

0.1ng/ml  (Benedé et 

al., 2018) 

 β- 

lactoglob

ulin 

Carboxyl- 

modified 

magnetic beads  

@SPCE 

Milk 0.8ng/ml (Ruiz-

Valdepeña

s Montiel 

et al., 2015) 

 α- 

lactoglob

ulin 

Carboxyl- 

modified 

magnetic beads  

@SPCE 

Raw, 

UHT, 

Human 

Milk  

11pg/ml (Ruiz-

Valdepeña

s Montiel 

et al., 2016) 
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 Gluten Gold NP 

@SPCE 

Spiked 

samples 

in 

cocktail 

and Rice 

flour 

8ng/ml (Manfredi 

et al., 2016) 

 Gluten Carboxylated 

MWCNT 

@SPCE 

Human 

Serum 

sample  

0.13ng/µL (Gupta S et 

al., 2016) 

 Gliadin Porus Reduced 

GO @SPCE  

Spiked 

Rice and 

Gluten 

free flour  

1.2ng/ml (Chekin et 

al., 2016a) 

Electrochemical 

DNA sensor  

 Ara h1  Multilayer 

graphene – 

gold  

Peanut 

milk 

beverage  

0.041fM (Sun et al., 

2015b) 

 Okadaic 

Acid  

Gold electrode  Spiked 

samples  

70pg/ml (Eissa et 

al., 2013a) 

 Ara h1  Gold electrode Spiked 

sample  

 (Trashin et 

al., 2015) 

 Aflatoxin 

B1  

PAMAM 

Dimers  

Contami

nated 

peanuts 

& Spiked 

samples  

0.4nM (Castillo et 

al., 2015) 
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 Aflatoxin 

B1  

Diazonium 

grafted bare 

SPCE  

Alcoholic 

Beverage  

0.12ng/ml (Yugender 

Goud et al., 

2016) 

 Aflatoxin 

M1  

Fe3O4/polyanil

ine @ Pt 

microelectrode

s  

 

Milk 1.98ng/L (Nguyen et 

al., 2013) 

 Aflatoxin 

B1  

Polycarboxyic 

macrocycle + 

Natural Red 

Peanut, 

cashew 

nuts, 

white 

wine , soy 

souce  

0.1nM (Evtugyn 

et al., 2014) 

 

      

Optical       

Fluorescent 

Assay  

Tropomy

osin  

Graphene – 

oxide  

Spiked 

samples  

4.2nM (Zhang et 

al., 2017) 

 Ochratox

in A 

 N/A Corn 

samples  

0.8ng/ml (Chen et 

al., 2012) 

 Mast Cell  

(RBL-

2H3 cell) 

Fe3O4@SiO2@F

ITC 

Crucian 

carp and 

brown 

shrimp 

crude 

extra, 

3.3×10−4 ng/

mL 

(Jiang et 

al., 2015) 
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shrimp, 

peanut 

 β-

conglutin 

N/A Spiked 

Sample 

150 pM (Mairal et 

al., 2014) 

 Paravalb

umin 

N/A   0.35ng/ml  (Jiang et 

al., 2015) 

 Ara h1  Quantum dot – 

Aptamer GO 

Biscuit 

samples  

56 ng/ml (Weng and 

Neethiraja

n, 2016a) 

SPR  α – 

Casein  

Molecular 

imprinted 

polymer 

nanoparticles  

Spiked 

sample 

0.127ppm (Ashley et 

al., 2018) 

      

Piezo electric      

 β- 

lactoglob

ulin 

Quartz 

Microbalance 

Spiked  
>200ng/cm2 

(Jachimska 

et al., 2018) 

 Gliadin  Quartz 

Microbalance 

Corn and 

wheat 

flour  

4 ppm  (Funari et 

al., 2017) 
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2.3.3.3 Acoustic Wave  

Piezoelectric crystals exhibit the property of piezoelectricity where an electrical dipole is 

generated on the application of a mechanical strain on the surface of a piezoelectric 

material. These crystals have garnered acclaim in the field of biosensing, due to its 

functionality in contemporary electronic applications (Alassi et al., 2017). The Quartz 

Crystal Microbalance (QCM) arrangement of piezoelectric material is achieved by 

sandwiching the crystal between two conducting electrodes. Sauerbrey equation gives 

the relation between change in the crystal base frequency (f0) with respect to mass 

variations on its surface (Δm). Further, the shift in resonance frequency also depends on 

the crystal’s effective surface area (Ae), crystal’s loaded resonant frequency (fM), its odd 

harmonic overtone (N=1,3,…), shear modulus of the crystal material (µq) and its density 

(ρq).  

∆𝑓𝑀

𝑓0
=  −

2𝑁𝑓0∆𝑚

𝐴𝑒√µ𝑞𝜌𝑞
)                                                     (2.1) 

 In a conventional mass balance QCM setup, an AT-Cut quartz crystal is preferred due to 

its near-zero temperature co-efficient around room temperature. An AT- Cut QCM 

operating within a temperature range from 10-50℃ results in a 1ppm/℃ change in its 

resonant frequency. While operating in liquid media, the overall shift in resonant 

frequency is a combination of multiple factors such as temperature (ΔfT), viscosity(ΔfL), 

and mass(ΔfM).  

                                                     𝛥𝑓 ≈  𝛥𝑓𝑇 + 𝛥𝑓𝑀 + 𝛥𝑓𝐿                                           (2.2) 

QCMs have now been widely applied to the field of biosensing, in addition to its existing 

application of chemical, temperature, humidity, and pressure sensing. QCM based 

aptasensors have been used in recent times for the quantitative detection of Pb2+ (Yuan et 

al., 2017). To improve the response from the crystal, oligonucleotide –embellished gold 

nanoparticles were immobilized on its surface. The limit of detection was about 4nM and 

is said to have a working range from 5- 200 nM/L (Figure 2.3A). The least limit of 

detection of the as-prepared sensor  Similarly, a DNA probe biosensor was fabricated on 

a QCM electrode for the rapid detection of Bacillus anthracis, the bacterium responsible 

for anthrax (Hao et al., 2011) (Figure  2.3B). The interaction between the thiolated probe 

DNA and the target DNA sequences increases the mass on the surface of the QCM thus 

decreasing the output resonant frequency of the QCM. This sensor can be automated for 

continuous and real-time monitoring, while the sensor itself is cheap and has a quick 

response rate.  
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Figure 2.3: (A) Quartz microbalance biosensor which features an aptamer which changes conformation 

when Pb2+ is introduced to the system. (B) QCM sensor for the detection of anthrax causing Bacillus 

anthracis. Probe and target DNA interaction on the surface of the biosensor increases the mass on the sensor 

surface. (C) Initial “OFF” state of NOP- CD biosensor for the detection OVA and turned “ON” when OVA 

is introduced (Xuan Fu et al. 2018) (D) Electrochemical biosensor for the detection of α- lactoglobulin using 

acetate functionalized magnetic bead with immobilized antibodies (Ruiz-Valdepeñas Montiel et al., 2016) 

2.4 Functional Nanomaterials in biosensing 

Since its inception, nanomaterials have played a pivotal role in various fields of study its 

small size and high reactivity. Ranging from medicine, food packaging and safety, animal 

and human health care, its applications are widespread. Particles of the size range of 10 -

9m can be achieved by specifically controlling the temperature, pressure, the ratio of 

chemical composition, and surface modifier (Lv et al., 2018). From the perspective of a 

biosensor, nanomaterials have a high surface- to- volume ratio helps in maximizing 

sensitivity in comparison to their bulk counterparts. Nanomaterials can be broadly 

classified based on their dimensions- 0-D, 1-D, 2-D, and 3-D.  

0-D nanomaterials are those whose dimensions (x,y, and z) are in the nano-range. 

They are generally symmetric in geometry such as sphere or cubic in nature. Noble metal 

nanoparticles are the best examples of 0-D nanoparticles widely preferred for biosensing 

(A) (B)

(D)(C)
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for their easy synthesis, surface modification, and excellent electrical conductivity. 

Reduction of salts such as AgNO3, HAuCl4, CuSO4, and FeCl3 in the presence of reducing 

and stabilizing agents have been used in the synthesis of silver, gold, copper and iron 

nanoparticles. GNPs in the range of 10-15nm have been widely explored for their optical 

properties and excellent color change. Using the property of SPR, a significant absorption 

peak at 520nm is observed by the colloidal solution of gold. This SPR peak is systemically 

tunable with changes in the size of synthesized GNPs thus blending them into “labeled” 

and “label-free” biosensing systems. Antibiotics such as tetracycline in milk were 

detected by taking a colorimetric approach by Zhang et al. 2017 while a low detection 

limit of 45.8nM was observed. Magnetic nanoparticles in the form of beads and core-shell 

structures have been extensively used for their ability to easily conjugate with various 

biomarkers. In addition, they are largely applied in electrochemical biosensing due to 

their benefits of easy washing and binding abilities. Iron oxide nanoparticles express 

ferromagnetic or superparamagnetic properties depending upon its particle size. A 

lateral flow device was developed for the detection of major fish allergen by coupling 

parvalbumin specific antibodies to super-paramagnetic metal nanoparticles (SPMNP) 

(Zheng et al., 2012). These SPMNPs acted as an attaching probe to incoming fish allergen 

antigen providing a great specificity and 5µg/ml LOD. Similarly, functionalized magnetic 

nanoparticles were conjugated with short DNA structures called aptamers and an Oil 

Green Dye signaling molecule. On interaction with tropomyosin, a conformational 

change was observed in the detection probe exhibiting significant fluorescence. The 

calculated LOD was as low as 77ng/ml and high sensitivity was achieved. 

1-D nanomaterials (1-DNM) are those which have one dimension in the macroscale 

and two in the nanoscale. One of the most common examples of 1-DNM is carbon 

nanotubes (CNTs) which are, in essence, graphene sheets rolled up into seamless hollow 

tubes. They are grown using chemical vapor deposition, laser ablation, or electric arc 

discharge techniques and can be single-walled or multi-walled. SWCNTs have been 

successfully used in the detection of major peanut allergen Ara h1 using pAb as a 

biomarker (Sobhan et al., 2018). Similarly, nanofibers, whose diameter is in the range of 

a few hundred nanometers are potential candidates of 1-D nanomaterials in the field of 

sensing. They can be easily prepared by the process of electrospinning from synthetic 

polymers/bio-polymers depending on their application. A paper-based electrochemical 

mast-cell biosensor was explored for the detection of milk allergen Casein using Carbon 

nanofiber/Graphene/GelMA. A remarkable limit of detection of 3.8×10-8g/ml on the 

fabricated paper sensor was observed (Jiang et al., 2019).  

2-D nanomaterials on the other hand have plate-like morphology where two of their 

dimensions are in the microscale. Graphene, a recent champion of all 2D nanomaterials 

is renowned for its sheet-like hexagonal lattice structure of sp2 hybridized carbon. The 
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monoatomic layout of graphene contributes to high electron conductivity, high 

mechanical strength, and thermal stability finding its application in various biosensors 

(Liu et al., 2012). Porous reduced graphene oxide (prGO) has shown exceptional energy 

storage properties were implemented to detect gliadin in food. An electrochemical 

immunosensor modified with gliadin specific antibodies was fabricated by (Chekin et al., 

2016b). Real samples labeled "gluten-free" were tested and a detection limit as low as 

1.2ng/ml was achieved. Graphene nanosheets have been coupled with 0-D nanomaterials 

for higher electron conductivity. For instance, an electrochemical stem-loop DNA 

biosensor was fabricated by (Sun et al., 2015a), for the detection of major peanut allergen 

Arah1. Apart from graphene, there are graphene-like nanomaterials and a new addition 

to the 2-D nanomaterial family is phosphorene. Similar to the versatile MoS2, 

phosphorene is a which is recently in vogue for its versatile optical and electronic 

properties. An atomically thin 2-D semiconductor, it offers superior carrier mobility and 

its most stable allotrope is black phosphorous. (Ramalingam et al. 2019) explored the 

electrochemical properties of black-phosphorous- gold nanocomposites (phosphorene- 

gold) for the detection of Okadaic acid in shell-fish extract. Exceptional electrical 

conductivity and edge reactivity was observed in sheet-like phosphorene structures 

resulting in a limit of detection of 8pM.  

3-D nanomaterials (3-DNMs), although of a larger dimension >100nm in the x, y, and 

z-axis, possess nano- characteristics.  They possess a unique nano-crystalline structure 

but have superior characteristics in comparison to bulk materials. Nanoporous materials 

are classic examples of 3-DNMs and they can be metallic or non- metallic. Metallic 3-

DNMs, eg: Nanoporous Gold electrodes (np-Au) were prepared by sputtering a seed 

layer on the surface of the glass electrode and further co-sputtered with different metallic 

targets. After dealloying and annealing, a porous Au electrode was obtained which was 

later used as a template for DNA immobilization as a potential biosensor application 

(Daggumati et al., 2015). Nano-porous non-metallic 3-DNMs on the other hand, are 

graphene foam-like materials and can act as a free-standing electrode material.  They 

combine the advantages of 2-D graphene materials and the benefits of the enhanced 

surface area of porous materials. A hierarchically structured Mn3O4 doped 3-D graphene 

foam (3DGF) was prepared by Si et al. 2013 for the detection of glucose in serum and food 

samples. This non- enzymatic Mn3O4/3GDF biosensor is a flexible free-standing biosensor 

where the catalytic sites in the porous mat and the conductivity of graphene was 

explored. A linear range of 0.1-8mM and a limit of detection of 10µM was obtained.  

In addition to the structures that are governed by dimension, hybrid nanostructures have 

attracted considerable attention in its application on electrochemical biosensors. Recent 

advances in this field are in the synthesis of metal-organic frameworks (MOFs). MOFs 

are also known as porous coordinated polymers and are formed by the self- assembly of 
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metal ions with organic ligands. It uses the principles of coordination chemistry where 

the organic linker forms co-ordinates with the metal ions/ cluster of metal ions resulting 

in ultra-high porosity. The solution infiltration method and template synthesis method 

are some of the most commonly used synthesis methods for the synthesis of MOFs. For 

instance, a flower-like graphene/CuO@Cu-BTC composite was prepared by Tu et al. 2020 

as an electrode material for the detection of caffeic acid in wine. The synthesis process 

used CuO as a source of Cu2+ ions for the preparation of Cu-BTC and simultaneously acts 

as a template The synthesized MOF was found to have good electro-catalytic activity and 

high surface to volume- ratio, ideal for sensor fabrication. DPV studies on 

graphene/CuO@Cu-BTC composites were used for the fabrication of a label-free sensor 

giving a linear range of 0.02-10µM, and a limit of detection of 7nM. 

 

2.5 Novel Biosensing Platforms  

2.5.1 Microfluidic devices 

Microfluidic devices are defined as an integrated platform used for the analysis of 

substances around the volume range of 10 -9 – 10 -18 L, in micro-sized channels (Reverté et 

al., 2016). They fall broadly under the recently advancing field of point-of- are devices, 

some of which are pictorially represented in Figure 2.4. The advantages of using 

microfluidic devices include high surface- to – volume ratio, enhanced heat transfer, 

molecular kinetics, high portability, and reproducibility. A Micro Total Analysis Systems 

(µTAS) is a standalone that is programmed to simultaneously run various biological 

assays on a single chip, providing a readable output in minutes. Processes such as sample 

extraction, filtration, segregation, and detection have been incorporated on a single chip 

thus reducing overall process time and improving efficiency. A µTAS includes 

components such as- micropumps, mixers, capillary flow chambers, and the detection 

unit itself. Micropumps are designed to mechanically mix and transport reagents from 

one chamber to another. These can be activated either (i) mechanically - using physical 

forces such as electrostatic, piezoelectric of pneumatic) or non- mechanically- using 

acoustic or magneto-hydrodynamic forces. Micromixers control the laminar flow and 

diffuse mass transfer statistics of a microfluidic device. Although available in, passive 

and active configuration, these mixers are tricky to design and also expensive. 

Microvalves are responsible for the undeviating transport of minute quantities of fluid 

throughout the µTAS. Finally, the detection element is the one that selectivity interacts 

with the sample to detect the amount of the analyte in question. Conventional 

microfluidic device fabrication included multiple steps such as (i) design preparation (ii) 
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photoresist application of wafer (iii) hard and soft baking cycles (iv) application of PDMS 

on mold and (v) Master evaluation. 3-D printed microfluidics have become a hot research 

topic these days. The extent of manual labor and time consumed in fabricating a 

microfluidic chip by conventional lithographic technique has significantly reduced. The 

design is digitally built-in a CAD file and fed to the 3D printer which constructs it layer 

by layer without the processes of dissolution or etching(Au et al., 2016). 

 

Figure 2.4: Novel biosensing platforms with its application as a point-of- care sensing device for samples 

acquired from food 

Electrochemical and optical detection systems are most commonly integrated with the 

microfluidic devices these days. A microfluidic-based optical approach was taken by 

(Weng and Neethirajan, 2016b) for the detection of Ara 1 by integrating quantum dots on 

layered graphene. These highly specific aptamers underwent conformational changes 

when they were introduced to the allergen. The unique property of fluorescence 

quenching and recovery was facilitated by the use of graphene oxide. Ara h1 was 

detected within 10 minutes, while the limit of detection was as low as 56 ng/ml. Similarly, 

the standard ELISA technique was miniaturized by (Weng et al., 2016) for major food 

allergens such as peanuts and gluten (Figure 2.5A).  Although the design of the 

microfluidic chip was tedious, integrating the ELISA technique to a microfluidic system 

substantially reduced the assay time from 3.5hrs to 20 minutes. Another major advantage 

of miniaturization being, low reagent use yielded in a detection limit as low as 4.77ng/ml 

for gluten and 15.2ng/ml for Ara h1 samples. Complex food matrices such as cookies were 

used to analyze the developed optical- ELISA sensor and the results were compared with 

standard ELISA kits. With advances in microfluidics emerging as a promising platform 
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for high- throughput analysis, its application in the field of biosensing for food safety has 

also broadened (TermehYousefi et al., 2015).  An electrochemical- microfluidic cell- to – 

cell device was fabricated by (Jiang et al., 2016) for tracking food allergen-induced cell 

morphological changes. RBL-2H3 mast cells and ANA-1 macrophages are deployed to 

observe the allergenic response to an input antigen stimulus by co-culturing technique. 

A microfluidic PDMS cell containing two parallel channels with electroplated gold 

electrodes was fabricated. Various concentrations of RBL-2H3 mast cells and ANA-1 

macrophages were seeded from (104 cells/ml to 106 cells/ml) and consecutively simulated 

by 10-1ng/ml standard allergen DNP-BSA (dinitrophenylated bovine serum albumin) 

(Figure 2.5B).  Real-time signals of the co-culture were acquired using AutoLab 

PGSTAT302N using impedance spectroscopy while ELISA quantified the release of 

metabolites such as IL- 6, TNF-α, and INF- γ. 

Droplet microfluidics or digital microfluidics is an upcoming lab-on-chip platform that 

deals with the manipulation of a single, highly mono-dispersed droplet at the nano / 

femto diameter range. Contrary to the microfluidic channel setup, droplet microfluidics 

allows a droplet of the sample, reagent, etc., to be manipulated in the 2D planar field. 

Some of the advantages of droplet-based microfluidics include no dispersion due to 

diffusion, quick and easy fluid manipulation, and close to zero cross- reactivity. Splitting 

or merging of single droplets has been proven effective in parallel experimentation as 

each drop can be considered as a reaction unit/vessel. It has been found that appropriate 

channel geometry aids in folding/stretching of droplets resulting in active mixing. The 

inclusion of folds, smooth and sharp turns introduce asymmetric (chaotic) flow among 

the droplets resulting in mixing, vis-à-vis a uniform laminar flow. Extending the 

application of digital microfluidics for the detection of a food allergen, a droplet-based 

microfluidic device was fabricated by (Giuffrida et al., 2018)for the detection of lysozyme 

(LYS). LYS has been classified as a “concealed” allergen and antimicrobial agent in food. 

Since it is also present in human sources such as milk and saliva, the authors have 

developed a gold nanoparticle- aptamer conjugated droplet microfluidic device. A PDMS 

device was fabricated using replica molding to form a T- junction, while the inlet was 

connected to a controlled syringe pump (Figure 2.5C). While chemiluminescence was 

achieved using luminol, the absence of target protein had a distinguishable low 

background luminosity. The overall detection limit was reported as low 44.6 fM was 

achieved which consumed just 20nL of the sample. 
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Figure 2.5:  (A) Microfluidic based optical biosensor for the detection of major peanut allergen Ara h1 

developed by (Weng and Neethirajan, 2016b).  The fluorescence quenching property of GO was exploited 
in a microfluidic set up consisting of a capillary pump and mixing channel to aid sensing. (B) 

Electrochemical- microfluidic cell- to – cell device fabricated by (Jiang et al., 2016) for tracking food allergen- 

induced cell morphological changes. Co- culturing technique used to  observe changes in RBL-2H3 mast 

cells and ANA-1 macrophages (Jiang et al., 2016). (C) Schematic of 3D digital microfluidic device by 

(Guiffrida et al. 2017) for the ultrasensitive detection of lysozyme in human serum.  

2.5.2 Lateral Flow Devices 

Lateral flow devices have been used more often in the quantitative determination of 

disease biomarkers, drug presence to name a few. The principle behind its functionality 

is the attachment of the target to the immobilized antigen on the test strip, similar to 

ELISA but a miniaturized scale. Simple LFD's have been developed which work similarly 

to that of a litmus paper for the detection of bovine paratuberculosis (Karthik et al., 2011). 

Identifying and isolating the antigen-specific to the target and avoiding cross-sensitivity 

poses as a challenge when it comes to food allergen detection. The lateral flow assay uses 

a simple construction of a sample pad, a nitrocellulose membrane, backing, and 

absorbent pad in a single device. Similar to the ELISA technique, LFD (Sajid et al., 2015) 

has two basic formats for detection, namely: sandwich and competitive. Sandwich or 

direct assays are determined positive when the test and control line are highlighted. 

(A) (B)

(C)
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Ideally, the sandwich format is used for target analytes like HIV which have a higher 

molecular weight and contain multiple binding sites. The anti-specific Ab of the target is 

immobilized on the control line which conjugates with the excess sample that flows 

through the nitrocellulose paper. Competitive tests, on the other hand, provide a single 

line denoting a positive result. Here the sample interacts with a detection antibody and a 

BSA analyte, showing up as a colored test- line (Anfossi et al., 2018). Used for smaller 

molecules of interest like glycinin, β- lactoglobulin, etc. Wang et al. 2015 fabricated a 

rapid and sensitive LFD for the detection of glycinin in powdered milk. A high recovery 

rate was observed and the total analysis time was about 10 mins. A lower limit of 

detection of 0.63 mg/kg was achieved while testing different brands of powdered milk. 

Commercially available lateral flow devices were evaluated for cross-contamination to 

evaluate its performance at the industrial scale. Best LFDs were identified to have 

3.5mg/kg for hazelnut, 1mg/ml for peanut, and 5mg/kg in a dough. Crustacean proteins 

in processed food were fabricated and validated using LFD's by Koizumi et al. 2014. The 

total assay took 20 mins and LOD was 1µg/g protein sample. Recently, capture probes 

conjugated with a fluorescing molecule/ biotin-tagged to them have been used to 

improve specificity. The simplest idea of an LFD is a pregnancy test kit available 

commercially. When the test commences, a small quantity of the sample is applied to the 

surface of the "sample pad". The detection Ab- complex along with the signaling molecule 

is immobilized on the "conjugation zone" and the "test zone" comprises of the capture 

antibody, ready to receive the conjugated target. ". Capillary action aids the sample to 

migrate towards the absorbent pad while actively interacting with the primary Ab – 

complex. This immuno-complex further travels towards the test pad where it interacts 

with a secondary antibody, completing a sandwich structure (Zhang et al., 2017). The 

output derived from the (Ag-Ab complex) interaction can be quantified by 

electrochemical or optical techniques.  This detection technique actively replaces the 

tedious ELISA technique, which involves multiple washing steps and longer incubation 

time. In addition, nanomaterials have also been applied in the modification of sample 

pads to improve target – reporter binding capacity thereby improving signal intensity. 

Their higher surface area has more binding sites to offer, which encourages rapid output 

signal generation. The nanomaterials used in this system are generally quantum dots that 

fluoresce at a particular wavelength or AuNP's (gold nanoparticles) which have the 

property of SPR (Surface plasmon resonance), as illustrated in Section 2.3.3.1. Some of the 

advantages of LFDs over other sensing techniques include- high recovery, low cost, and 

higher shelf life. Since the detection is completed in a single step, there is less room for 

error or cross-reactivity. LFDs have been preferred by major food co-operatives and 

companies to detect mycotoxins in food before and after processing. For instance, 

magnetic- gold nanospheres based LFD was fabricated by (Tang et al., 2009) for the rapid 



 

 

43 

 

detection of Aflatoxin B2 in food. The total assay time was about 15 mins having a lower 

limit of detection of 0.9ng/ml. Mycotoxins not only affect the food sector, significantly, 

but they are also found in the feedstock. An LFD specific to Aflatoxin B1 in pig feed was 

prepared by (Barbara S. Delmulle et al., 2005)which had a visual limit of detection of 

5µg/kg.  

 

2.5.3 Smartphone Assays 

The production and distribution of smartphones have increased exponentially since its 

introduction in the 2000s. From recent processor updates, larger memory, novel apps to 

an interactive assistant on board, smartphones have not only provided a platform to 

communicate but also transformed into personal healthcare devices. Smartphones are 

now capable of performing several diagnostic tests, process data, and also provide 

feedback on the health of the individual. They are now equipped with miniaturized 

signal acquisition systems, healthcare provider connectivity while simultaneously being 

cost-effective and accurate. Electrochemical, lateral flow assays, optical, and SPR based 

biosensing have been successfully incorporated with smartphones, turning them into a 

point of care device. Smartphone-based immunoassays (SPIA) test food for allergens 

providing a comprehensible output within a few minutes.  

A portable electrochemical allergen sensor was developed by (Lin et al., 2017) to provide 

a solution to people suffering from allergies and food sensitivities. The interaction of the 

allergen antibody with the antigen modified magnetic bead constitutes the detection 

technique. Single or multi-channel mode operations for major allergen screening was 

performed for gliadin (wheat), casein (milk), Ara h1 (peanut), ovalbumin (egg- white) 

and Cor a1 (hazelnut). Food is first extracted using a disposable kit followed by 

incubating with the magnetic beads for about 3 minutes. During the interaction between 

allergen and antibody, an electron mediator 3,3',5,5'-tetramethylbenzidine (TMB), and 

oxidizing enzyme 0horseradish peroxidase (HRP) are mixed in the process. This mixture 

is added to the working electrode of the electrochemical sensor where the oxidized TMB 

is reduced by incoming electrons. The iEAT (integrated exogenous antigen testing 

system) connects wirelessly via Bluetooth to the smartphone, providing a platform for 

data collection and sharing. The kit comes with pre-measured quantities of extraction 

buffers and a key- chain size device for portability (Figure 2.6A).  

The iTube, a smartphone attachment for allergen detection systems was developed by 

(Coskun et al., 2013). Interestingly this device is fixed to the camera element of the cell 
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phone device and weighs approximately 40gms. Veratox test Kit, specific for peanuts was 

used to test the iTube hence sample extraction and testing were done as per existing 

protocol. Control and sample tubes were incubated with their respective solutions for 

about 10 mins to establish an interaction. Once the color in the sample cuvettes started to 

develop, they were mounted on to the digital reader for a quantitative output. Off the 

shelf cookies (i) peanut butter chocolate (PBC) (ii) oatmeal raisin with walnut (ORW) and 

(iii) milk chocolate chip (MCC) to evaluate their peanut content. Although tested only for 

peanut, the iTube could also be implemented for other allergens such as almond, soy, 

mustard, hazel, lupine, etc and becomes a promising and user-friendly appliance for 

individuals with severe allergies (Figure 2.6B). 

Similarly, a phone-based digital image colorimeter (DIC) was designed by (Masawat et 

al., 2015) for the estimation of tetracycline in milk. The DIC set up comprised of a sample 

cell, a fluorescent lamp, a lightbox, and a sample chamber. Milk was sundown and 

pretreated with a mixture of methanol and water. The “ColorConc” app, an image 

matching algorithm for the iPhone was used to process the image obtained of the milk 

samples placed in the photography lightbox (Figure 2.6C). Varying concentrations of 

tetracycline standard solutions were analyzed to form a database. The lowest limit of 

detection (LOD) achieved was 0.5µg/ml and the limit of quantification was 1.5µg/ml. 

Color-encoded lateral flow devices have been integrated recently with smartphone apps 

for the detection of multiple toxins affecting food. RGB data was collected as a result of 

semi-quantitative analysis for aflatoxin- B1 (AFB1) and type – B Fumonisins (FM). The 

interaction of toxins with the immobilized antibodies gave a combination of red and blue 

hues whose extent was determined by a "color- coded-assay". The system could detect a 

minimum of 1ng/ml of AFB1 and 50 ng/ml of FMs (Nardo et al., 2018). An integrated 

chip-based smartphone app (SPAC) was developed by (Li et al., 2017) for aflatoxin 

detection in corn samples. A competitive immunoassay was immobilized on a plastic- 

chip which provided colorimetric analysis through an android app. The plastic chip was 

comprised of PDMS microchannels containing AFB1 antibody. A dark strip was observed 

in the presence of AFB1 due to gold- nanoparticle promoted silver enhancement and 

lighter bands in the presence of free AFB1 in the test lane (Figure 2.6D). 
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(A) (B)

(C)

(D)

 

Figure 2.6: (A) Integrated magneto- chemical allergen sensor (iEAT) can be interfaced with the cell phone 

to obtain timely readings. The device comes in the size of a key chain to aid portability and has a sensitivity 

of 0.1mg/kg for gluten and a response time of <10mins Reprinted (adapted) with permission from (Lin, 

Hsing-ying, Chen-han Huang, Jongmin Park, Divya Pathania, Cesar M Castro, Alessio Fasano, Ralph 

Weissleder, and Hakho Lee. 2017. “Integrated Magneto-Chemical Sensor For On- Site Food Allergen 

Detection,” 10062–69). Copyright (2017) American Chemical Society. (B) iTube smartphone based allergen 

detection system (Coskun et al., 2013)  (C) iPhone based DIC used a fluorescent lamp and a light box for 
sample detection (Masawat et al., 2015). (D) Integrated smartphone app chip system for “on- site” detection 

of Aflatoxins. 3D optical accessary attached to smartphone for instantaneous read outs on Android App.  

 

2.6 Conclusion and perspectives  

Allergic reactions to food are a serious societal concern. Accidental exposure can cause 

severe repercussions and even a loss of life. The objective of this paper was to provide 

the reader with a comprehensive review of the current advancements made in the 

isolation and detection of allergens in various food substances. The steep decline in the 

occurrence of infectious diseases worldwide to food allergies points to a changing 
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dynamic of food security. It has been understood that varying environmental conditions 

and food habits greatly influence food sensitization. Testing food before it leaves the 

production line and once again at the consumer level has become a mandatory process. 

Cross-reactivity is a major concern as it is highly unpredictable among individuals who 

have pre-existing high- risk conditions. For example, an individual who is allergic to 

pollen is at a threat of being allergic to peanuts as well. However, this might not be true 

for all, as the immune response would vary among individuals. With devices becoming 

user-friendly, accurate, and "smart" the real knowledge gap lies in the inability to point 

out why certain individuals are more susceptible to allergies than others. Despite clinical 

examination and quick detection systems there still exists a knowledge gap in addressing 

these questions. The ultimate goal of the research is to empower the consumer which can 

identify, monitor, and prevent the onset of an allergic episode. With signs of progress in 

nanoscience contributing to innovations each day, an allergen-free environment looks 

promising. 
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Connecting Statement 

This chapter reviews current literature available on the design and evolution of 

biosensing systems, over the years. It was observed during the review that there exists a 

significant knowledge gap in the availability and applicability of such devices in the 

domain of food safety and security. It was also inferred that the gold standard of 

techniques currently used to test the presence of contaminants, quantitatively in food 

samples is Enzyme Linked Immunosorbent Assay (ELISA). Some of the challenges that 

came with the application of ELISA was understood. Therefore, keeping these findings 

and its drawbacks in mind, the following study was designed to reduce overall assay 

time, the number of washing steps involved, reduce the risk of cross-reactivity and use 

a small quantity of stable solvents. To do so, the following study uses an electrochemical 

approach where the screen- printed carbon electrode will be modified using a novel 

nanocomposite. In addition, a continuous microfluidic channel will be designed to 

enhance on-chip mixing effects. which in turn are known to improve the biosensor’s 

sensitivity and selectivity.  
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Chapter 3.  Phosphorene- gold nanocomposite based 

microfluidic aptasensor for the detection of Okadaic acid          

 

3.1 Abstract 

Okadaic acid (OA) is one of the most prevalent and largely distributed bio-toxin in the 

world. Consumption of OA results in a series of digestive ailments such as nausea and 

diarrhea. This study demonstrates the preparation and functioning of an electrochemical 

microfluidic biochip for the detection of OA. The screen-printed carbon electrode (SPCE) 

was modified by phosphorene-gold nanocomposite onto which an aptamer specific to 

OA was immobilized. BP-Au nanocomposites were synthesized by in-situ, on- step 

method without the use of a reducing agent. Potassium ferro- ferri cyanide was used as 

a redox pair to quantify signal strength. To improve reaction time, increase sensitivity 

and portability, a microfluidic platform was designed and developed. This device 

comprised of channels identified for specific purposes such as sample mixing and 

incubation. Overall, the integrated system consisted of a polydimethylsiloxane 

microfluidic chip housing an aptamer modified SPCE, as a single detection module for 

Okadaic acid. The nanomaterials and the microfluidic channels prepared were 

spectroscopically and electrochemically analyzed. Differential pulse voltammograms 

revealed a detection limit of 8 pM, while a linear range was found between 10nM – 

250nM. Selectivity studies were also performed with spiked mussel samples and other 

interfering species. This point- of- care device can be deployed to perform on- farm assays 

in fishing units. 

Keywords: Okadaic acid; Phosphorene; Phosphorene- gold; 2D nanomaterials; 

Microfluidics 

 

3.2 Introduction  

Photosynthetic organisms (marine algal blooms) often flourish during the warm summer 

months of the year. However, some phytoplankton, broadly classified under “harmful 

algal blooms” (HABs), produce chemically stable compounds which negatively impact 

human health (Hallegraeff, 1993). With shifting global dynamics, it has been 
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hypothesized that environmental changes and climatic fluctuations increase the 

production of HABs (Landsberg, 2002). A by-product of HAB is Okadaic Acid (OA), 

which originates from algal genera Prorocentrum and Dynophysis. The okadaic acid group 

of biotoxins, consist of okadaic acid (OA) and its analogues dinophysistoxins 1, 2 and 3 

(DTX-1, DTX-2 and DTX-3) (Morabito et al., 2018). Chemically, OA [C45H68O13] is a 

polyether fatty acid derivative and has been recognized as a major toxic compound in 

Diarrheic Shellfish Poisoning (DSP). OA accumulates widely in the adipose tissue of 

bivalve marine species such as clams, mussels and scallops. Ingestion of OA 

contaminated sea food, results in a series of gastro intestinal symptoms like vomiting, 

diarrhea, abdominal cramps, collectively known as DSP (Ishihara et al., 1989).  OA 

poisoning occurs by the inhibition of major Ser/Thr protein phosphatases – PP1, PP2A 

and PP2C. These phosphatases (enzymes) control cellular phosphorylation and de-

phosphorylation activities which help maintain the cytoskeletal structural and functional 

integrity. In addition, OA is also a potent tumor promoter, known to initiate the TNF-α 

pathway causing tumors in different parts of the body (Haystead et al., 1989)(Cohen et 

al., 1990). Hence, the buildup of these biotoxins in marine life has raised food safety 

concerns among fishing industries and governments worldwide.  

According to European standards (CE No: 853/2004) the maximum threshold level for 

OA in sea food are set at 160μg/kg (of shellfish meat) (“European Food Safety Authority,” 

2008). This low permissible limit has urged scientists and researchers to look for effective 

detection techniques. Various analytical methods have been developed over the years, 

the first of which was the mouse bioassay (MBA).  This in-vivo assay, was considered the 

standard method for the quantification of OA until 2011(EC No.15/2011). Although it is 

the simplest screening method, MBA caused large variability in results due to mouse 

gender, health and low specificity to toxins (Suzuki and Okada, 2018). Advancements in 

science and technology, gave rise to lab-based techniques which alleviated costly animal 

maintenance and ethical issues. Chromatographic techniques such as Capillary 

Electrophoresis (CE) (de la Iglesia et al., 2007) and liquid chromatography mass- 

spectroscopy (LCMS) were introduced, which gave a limit of detection of ~ 0.015μg/g 

(Suzuki et al., 2009). The LCMS was later recognized as the standard technique for OA 

detection due to good sensitivity, repeatability and insight to structural information 

(Sassolas et al., 2013). A combination of micellar electrokinetic chromatography and 

ultravoilet detection was used to determine the concentration of Okadaic acid in sample 

by (Bouaïcha et al., 1997) with a linear range of 40-640pg/ml.  In the last decade, 

immunological detection methods gained popularity owing to their sensitivity, cost 

effectiveness and high recovery. Direct and competitive Enzyme- linked Immunosorbent 

Assay (ELISAs) were designed on the basis of simple antigen- antibody interaction. 
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Variable parameters for any immunological sensing system are: (a) Mode of Ab 

immobilization (b) choice of transducer and (c) surface modification (Stewart et al., 2009). 

Based on these considerations, several immunosensing platforms were developed 

namely: electrochemical, piezoelectric, optical, surface plasmon resonance (SPR) and 

chemiluminescence (Su et al., 2017). Among the above listed various sensing techniques, 

electrochemical sensing has garnered attention due to its selectivity, analyte specificity 

and easy handling. However, drawbacks include longer analysis time, multiple washing 

steps and cost of antibodies.  

With development in molecular sciences, nanomaterials were discovered to have 

enhanced properties as compared to their bulk counterparts. The 2D nanomaterials 

(2DM) were preferred as they possess a unique sheet- like ultrathin structure of a few 

atomic layers (Zhang et al., 2018). Their simple preparation, easy functionalization and 

biocompatibility made 2DM a promising transducer modification for improved 

biosensor performance. Further, challenges faced by immunosensor technology gave rise 

to the discovery of aptamers which are short DNA strands, approximately 25 bases long. 

The Systematic Evolution of Ligands by Experimental Enrichment (SELEX) process is 

employed to screen large combinations of DNA libraries and the sequence having affinity 

to  target is isolated on the basis of its dissociation constant (Kd) (Wu and Kwon, 2016). 

Some of the advantages aptamers have over antibodies include: (1) better shelf life and 

stability, (2) can be made synthetically and does not require an animal source, (3) kinetic 

parameters can be altered according to application, (4) minimal batch to batch variation, 

and (5) high specificity (Teller et al., 2009).   

Herein, a unified aptasensing system for the detection of OA, was developed taking into 

account the positives of 2DM nanocomposites. Phosphorene nanosheets have been 

chosen for the purposes of this research, as they have proven to be a good alternative to 

graphene (Ahmed et al., 2017).  Black Phosphorous (BP) is known for stability, unique 

hinge structure, high band gap and reactive edge structure (Ren et al., 2017). A high band 

gap activity of 0.36eV has been observed by (Liu et al., 2014) indicating high hole mobility 

in exfoliated BP sheets. Further, its property to reduce bulk gold into nanoparticles 

without the use of a reducing agent, like sodium citrate has been validated in this paper. 

The working of the electrochemical sensor was enhanced by incorporating multiple 

layers of BP-Au NC. The synthesized BP-Au NC served as a backbone to the aptamer 

sequence, fastening it throughout the process. The use of a ferro- ferri cyanide redox 

probe eases the sensing process, thus yielding a label free electrochemical sensor. The 

interaction of OA specific aptamer with target causes a variation in charge transfer on the 

surface of the electrode. A higher concentration of OA would lead to reduced current 
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output while the reverse would happen at lower concentrations. In addition, this paper 

also highlights the fabrication of a microfluidic biochip for OA detection. This integrated 

chip comprises of specific zones for on- chip functions such as incubation, mixing and 

sensing. The nanomaterials synthesized were characterized using Transmission electron 

microscopy, Raman Spectroscopy, Energy Dispersive X-Ray Analysis (EDX) and UV- 

Visible spectroscopy in addition to electrochemical studies such as Cyclic Voltammetry 

(CV) and Differential Pulse Voltammetry (DPV).  

 

3.3 Experimental Procedure   

3.3.1 Materials  

Black phosphorous powder was obtained from ACS Materials (CA, USA). Hydrogen 

tetrachloroaurate (III) hydrate (HAuCl4. 3H2O), potassium hexacyanoferrite 

(K3[Fe(CN)6]), potassium hexacyanoferrate (K4[Fe(CN)6]), phosphate buffer saline (PBS) 

tablets, N-methyl-2-pyrrolidone (NMP) and Lysozyme (chicken egg white) were 

purchased from Millipore Sigma (Oakville, ON, Canada). Milli- Q water (18.2MΩ, DI 

water) was used throughout the experiment and fresh buffers were prepared whenever 

required. Carbon screen printed electrodes (SPCE) were obtained from Orion High 

Technologies (Spain). The SPCE has a working electrode of 4 mm diameter, a (Ag/AgCl) 

reference electrode and a carbon counter electrode on a flexible PET substrate. For the 

preparation of microfluidic chips, PDMS (Sylgard, 184), elastomer base and curing agent 

were obtained from Dow Corning (Canada). SU-8 Photoresists (SU-8 2025) and developer 

were purchased from MicroChem Corp. (Westborough, MA, USA). Okadaic acid sodium 

salt and Brevetoxin were acquired from Abcam (Canada). Aptamer sequences specific to 

Okadaic acid were determined from previous studies (Eissa et al., 2013b);(Wu et al., 2015) 

and synthesized by IDT Technologies (USA). The aptamer (OA- Apt) sequence chosen is 

as follows:  

5'- Thiol -GGTCACCAAC AACAGGGAGC GCTACGCGAA GGGTCAATGT 

GACGTCATGC GGATGTGTGG-3'  

The 5' end of the aptamer was thiolated (-SH) so that it can readily bind with the 

synthesized BP-Au nanocomposite. TE buffer (10mM Tris/1mM EDTA) was used to re-

suspend the lyophilized aptamer to yield a stock solution of 100µM.  
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3.3.2 Nanocomposite Synthesis and Characterization 

The BP-Au nanocomposite preparation was based on the in- situ reduction capacity of 

BP nanosheets on HAuCl4. In brief, 20 mg BP crystals were dispersed in 20 ml of NMP 

and exfoliated for a period of 8 hours (Figure 3.1). The sonication tip was set to a power 

of 200W with a 2 s ON time and a 4 s OFF time. The mixture was immersed in an ice bath 

to maintain the temperature around 5°C throughout the process. Further, the dispersion 

was centrifuged at 5000 rpm for 10 min to obtain BP nanosheets. BP-Au nanocomposite 

(BP-Au NC) was prepared by the addition of 5ml of BP stock solution to 20ml of boiling 

water. To this dispersion, 20mM of HAuCl4 was added and allowed to boil for a period 

of 2 min. A change from blackish- yellow to a deep purple color marked the formation of 

BP-Au NC. Further, the mixture was taken off the heat and allowed to stir at room 

temperature for a period of 2 hours. Once cooled, BP- Au NC was stored in the 

refrigerator at 4°C for later use. 

 

Figure 3.1 Schematic representation of the steps involved in the preparation of BP-Au Nanocomposites 

(BP-Au NC)    

Characterization of the synthesized BP and BP- Au NC were done using UV- VIS 

Spectrophotometer (DR- 6000 UV-VIS, Hach, Germany), Transmission Electron 

Microscopy (TEM, Tecnai G2 F20, USA), Raman Spectroscopy (Reinshaw inVia Raman 

Microscope) and EDX Energy Dispersive X- Ray Spectroscopy (FEI Inspect S50, SEM, 

USA).  
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3.3.3 Electrode modification  

Bare screen-printed carbon electrodes (SPCE) were first characterized for their current 

characteristics before modification. The CV studies were performed in the presence of 

5mM [Fe(CN)6]3-/4 redox indicator. Working electrodes were modified by drop casting 

10µL of the synthesized BP-Au NC dispersion on the working electrode. Following that, 

the electrodes were oven dried at 40°C to promote adhesion to the surface. Multiple layers 

of BP-Au NC were drop-cast, to ensure an even coat of nanocomposite on the surface. 

These SPCEs were further functionalized by immobilizing the aptamer specific to 

Okadaic acid (Figure 3.2B). Various aptamer concentrations ranging from 0.25μM – 2 μM 

were drop cast onto the functionalized electrodes and incubated overnight in a moisture 

chamber at 6°C. At the end of the binding process, the electrodes were gently washed 

using DI water to remove unbound aptamers. The prepared electrodes were stored at 4°C 

for later use.   

3.3.4 Microfluidic device design 

A soft lithographic technique was used to fabricate a flexible PDMS microfluidic chip. 

Figure 3.2(A) is a graphical representation of the fabricated Y- channel microfluidic 

device comprising of two inlets, an incubation channel, a sensing zone and outlets. The 

microfluidic channel was first designed using AutoCAD® software, which was developed 

into the desired photomask (CAD/Art Services, Inc., OR, USA). Next, SU-8 negative 

photoresist was carefully spin coated (Brewer Science, USA) on the surface of a clean 

silicon wafer. The modified silicon wafer was baked for a stipulated time period to 

improve adhesion between the resist and the substrate.  This step was followed by 

exposing the substrate to UV light (UV- KUB2) through the photomask to develop the 

required pattern. Post- exposure baking and SU-8 development was done to obtain the 

final master mold. Meanwhile, a mixture of Sylgard 184 PDMS and its curing agent, in 

the ratio 10:1 was mixed vigorously and degassed. This mixture was carefully poured 

over the master mold and cured for a period of 3 h at 75 °C in a hot air oven. At the end of 

the curing period, the PDMS replica of the mold was peeled off and holes for inlet and 

outlet were punched.  
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Figure 3.2 Microfluidic electrochemical aptasensor for the detection of Okadaic Acid: (A) Graphical of the 

fabricated PDMS microfluidic chip (B) Schematic representation of the process of aptamer based sensing    

 

The bottom layer was prepared by pouring a thin layer of PDMS onto a mold containing 

a chamber matching the dimensions of the SPCE.  The PDMS obtained was cut in 

accordance to previously prepared channel bearing layer.  OA-Apt functionalized SPCE 

was precisely glued onto the groove of the bottom layer. Following this, both layers were 

treated with oxygen plasma (Harrick Plasma, PDC-32G, USA) for 30 s. The top and the 

bottom layers were carefully aligned and bonded, with the help of a light microscope. 

Care was taken to ensure no leakage occurred between the layers.   

 

 3.3.5 Electrochemical detection of OA 

The fundamental working principle of this sensor is based on the interaction between OA 

specific aptamer sequence and the incoming target. A change in overall resistance is 

observed when the OA- Apt sequence (attached to BP-Au NC) captures the OA in 

solution. In order to determine the interaction time required between OA and OA- Apt, 

various intervals ranging from 5-60 min were studied. Okadaic acid stock solution (1mM) 

was prepared in 1mM TE buffer (pH 7.0). Different concentrations of OA targets were 

injected manually into the sensing zone and allowed to interact at room temperature.  

The performance of the aptasensor for OA was tested with the help of PalmSens® 

(PalmSens4, Netherlands) electrochemical interface. Electrochemical parameters such as 

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) were explored. A 

solution of 5mM [Fe(CN)6]3-/4-  in 1ml TE buffer was used as a redox pair for the 
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experiment. CV measurements were recorded in the range -0.5V to 0.8V with a scan rate 

of 20 mV/s. The OA- OA Apt binding studies were performed using DPV in the scan 

range -0.2 to 0.5 V at a scan rate of 25 mV/s and amplitude of 50 mV. A step potential of 

2 mV and a current range of 1μA was set for all DPV studies. The microfluidic chip 

integrated with the modified SPCE was connected to the potentiostat for electrochemical 

measurements.  

3.3.6 Real sample preparation  

Fresh mussels were purchased from the local market and its tissue was separated from 

the shell. The mussel tissue mass was run under DI water and the excess fluid was 

strained off using absorbent towels. The extraction process was adapted from (Weng and 

Neethirajan, 2018) wherein briefly, 250 mg of mussel tissue was homogenized with the 

help of a laboratory blender to make a smooth paste.  To this, 1 ml of 50% methanol was 

added and mixed for 5 min. The methanolic extract was later subject to centrifugation at 

4000 rpm for 5 min. The supernatant was isolated into a fresh centrifuge tube and flash 

heated for 5 min at 80°C and centrifuged at 5000 rpm for 7 min. Again, 100 μL of this 

supernatant was suspended in TE buffer and stored at 4 °C for further experimentation 

(Figure 3.3).  

 

Figure 3.3 Preparation of Real sample: (A) Washed and dried fresh mussel samples (B) Mussel extract 

obtained from homogenized mussel flesh in 50% methanol  
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3.4 Results and Discussion 

3.4.1 BP-Au NC Synthesis and SPCE modification  

The BP nanosheets were synthesized using a facile liquid exfoliation technique of bulk 

phosphorene crystals. The structural and functional properties of phosphorene were 

analyzed using various characterization techniques. Elemental analysis (EDX) on 

exfoliated phosphorene and phosphorene gold nanocomposite were performed to 

understand the distribution of AuNP on the surface of BP (Figure 3.4A). The presence of 

phosphorous, carbon and oxygen in the synthesized nanosheets proves the formation of 

BP. The Raman spectra performed on phosphorene nanosheets gave an insight to its 

Raman active modes. As shown in (Figure 3.4B), A2g and B2g in-plane modes were 

observed at 467 cm-1 and 439 cm-1 respectively. Out-of- plane modes (A1g) vibrational 

mode was observed at 362 cm-1. In the case of B2g vibrational mode, the phosphorous 

atoms vibrate in the arm- chair plane, while in the A2g mode they vibrate along the zig-

zag direction(Wu et al., 2018). The BP-Au NCs however, exhibited a slight red shift which 

could be due to the influence of Au nanoparticles. The observed results were in tandem 

with previously established studies (Yang et al., 2017). 

 

 

Figure 3.4 (A) EDX Spectrum of phosphorene nanosheets (1mg/ml) and (B) Raman Spectra depicting the 

different vibrational modes of phosphorene nanosheets and the prepared nanocomposite (BP-Au NC)    
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Morphological characteristics of BP nanosheets were further explored using TEM where 

a dispersion of BP nanosheets (1mg/ml) was briefly sonicated drop-cast onto a mesh grid 

and air dried (Figure 3.5B(i)). The TEM studies revealed that the BP nanosheets had a 

typical layered structure and sheet like pattern. Interlayer interactions between BP sheets 

are governed by weak Van der Walls forces and strong in- plane bonds (Stanford et al., 

2018). These properties lead to stacking- up of a few layers to form one of the most stable 

2D materials. The synthesis of BP- Au nanocomposites was performed by an in-situ, 

single step method without the presence of a reducing agent. Citrate reduction is ideally 

used for the reduction of gold salt into Au nanoparticles. It was identified that, when Au 

salt was introduced into a boiling solution of phosphorene in DI water, the solution 

turned purple within 4 min. This observation validated the reducing nature of BP in 

aqueous medium and further confirmation was obtained using microscopic studies. TEM 

of BP-Au NCs confirmed the attachment of Au nanoparticles to the surface of 

phosphorene sheets. A higher magnification was employed to understand the surface 

morphology of the nanocomposite. Larger population of Au nanoparticles were observed 

around the edges of the BP nanosheets. This could be due to sheet like structure of BP 

and AuCl4 - attaching itself to the corners as a starting point for further nucleation (Shi et 

al., 2013). The size of the Au nanoparticles (Figure 3.5B(ii)) were calculated using Image 

J and was averaged to be ~ 6 nm. This finding can be attributed to the fact that the addition 

of water during BP-Au synthesis plays a significant role in the degradation of BP and 

hence the growth of Au on its surface(Huang et al., 2017). The UV-VIS spectroscopic 

analysis was performed on BP nanosheets, BP-Au NC and prepared Au nanoparticles. A 

wide excitation band observed in the UV- NIR region is responsible for a light yellowish 

color to the prepared BP nanosheets. A strong absorbance band was observed due to 

surface plasmon resonance by the Au nanoparticles around 550nm (Figure 3.5A). The BP-

Au NCs UV-VIS spectra also exhibited the characteristic gold peak conforming the 

formation of the composite.  
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Figure 3.5. Structural Characteristics of BP-Au NC: (A) UV-Vis Spectra of BP, BP- Au and Au Nanoparticles 

(B) TEM image of (i) BP sheets and (ii) BP-Au Nanocomposites  

 

The working electrode of the SPCE was modified with BP-AuNCs and its performance 

as a biosensor was evaluated. Pristine carbon electrodes were subject to CV where 5mM 

[Fe(CN)6]3-/4-    was used as a redox couple. The inert nature of carbon did not contribute 

to any unique response in peak current. On the other hand, electrode modification with 

BP-AuNC provided a significant change in anodic and cathodic peak current. The cyclic 

voltammograms of electrode modifications are illustrated in (Figure 3.6A). Maximum 

peak current was observed in BP-Au NC modified electrodes while the same greatly 

reduced when OA target interacted with OA Apt on the electrode surface. The BP-Au NC 

peak current characteristics were in accordance to the structural characteristics of BP-

AuNC. BP nanosheets are known to exhibit up to 1000 cm2/V.s of electron carrier mobility 

(Tuteja and Neethirajan, 2018) while its integration with Au nanoparticles would 

promote charge transfer among the lattice structure of exfoliated layers. Scan rate 

dependency studies shown in (Figure 3.6B) demonstrates the reversible nature of the 

redox probe and a linear relationship between the anodic and cathodic peaks with 

increasing scan rate. The absence of extraneous peaks at higher scan rates (10mV/s to 

200mV/s) accounts for the stability of BP-AuNC.  
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Figure 3.6 (A) Cyclic voltammety data taken at various stages of screen printed carbon electrode 

functionalization: Bare, BP-Au, Aptamer functionalized and after the addition of OA (B) Scan rate 

dependent studies of modified electrodes varying from 10mV/s to 200mV/s 

 

In addition to CV studies, electrochemical impedance spectroscopy (EIS) was performed 

to understand the behavior of the synthesized nanocomposite BP-Au using 5mM 

[Fe(CN)6]3-/4-  as redox probe. The Nyquist plots and its equivalent circuit (inset) of Figure 

3.7 represent electron transfer kinetics of different modifications of screen-printed carbon 

electrodes. The semicircle (high frequency) and line (lower frequency) indicate that the 

sensing process is governed by electron transfer and diffusion characteristics 

respectively. The diameter of the semicircle corresponds to the charge transfer resistance 

(Rct) on the electrode surface, which, as expected is highest for the bare electrode. The 

Warburg Impedance element and the resistances R2 and R3 collectively provide an idea 

of the solution resistance in the sensing system. A lower resistance was observed on BP 

modification. Least Rct was observed in the synthesized BP-Au nanocomposite which 

proves that the electrochemical performance of the synthesized BP-Au nanocomposites 

are much higher than Au nanoparticles. Hence, a 3- layer deposition of 1mg/ml BP-Au 

NC was selected for further studies.   
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Figure 3.7 EIS data taken for various modifications of screen-printed carbon electrode: Bare electrode, BP 

nanosheets, gold nanoparticles and synthesized BP-Au nanocomposites. Inset: Equivalent circuit of the 

sensing element.  

3.4.2 Optimizing sensor parameters  

Working of the sensor was assessed by functionalizing BP-AuNC coated electrode 

surface with OA-Apt. The redox activity of these electrodes were examined by 

differential pulse voltammetry (DPV) studies using 5 mM [Fe(CN)6]3-/4-. The aptamer 

specific to okadaic acid was synthesized with Thiol group (-SH) attached to the 5’ end. 

Thiol- gold bonding is an established mechanism of interaction, where the thiolated 

biomolecule readily attaches itself to AuNP. This form of chemical adsorption has does 

not affect the structural or functional properties of the aptamer, thus keeping its 

sensitivity and selectivity uncompromised (Pensa et al., 2012). The concentration of 

thiolated aptamer (OA-Apt) deposited on the surface of the electrode was optimized 

before carrying out redox studies. OA-Apt concentrations ranging from 0.25μM - 2 μM 

were immobilized on the surface of modified electrodes in triplicates. Upon aptamer 

immobilization the WE surface undergoes steric hindrance or blocking, causing 

significant reduction in electron transfer kinetics. An apparent current saturation was 

observed at1 μM shown in (Figure 3.8A). Therefore, to avoid higher resistance and lower 

affinity to aptamer- target binding 1 μM of aptamer was selected for further studies. 
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Another important factor that contributes to the performance of the sensor is assay time. 

Optimizing the interaction between OA target and OA-Apt on sensor surface helps in 

effective sensing. 250 nM of OA was added to the surface of aptamer modified BP-AuNC 

electrode and allowed to interact. The time span was varied between 5 min – 60 min and 

changes in output current was measured using DPV with 5mM[Fe(CN)6]3-/4-   as redox 

indicator (Figure 3.8B). The highest peak current was obtained at 5 min and an 

exponentially decreasing signal was observed with increasing time, finally attaining 

saturation. The high peak current prior to 30 min could be due to improper binding of 

OA with OA-Apt, while in the case of longer time periods (60 min) no significant binding 

occurred. Hence, an incubation time of 30 min was chosen for the final experiment.   

 

Figure 3.8 Optimization of Okadaic Acid aptasensor : (A) Peak currents of DPV signals obtained from various Aptamer 

concentrations (B) Peak currents of DPV signals of interaction time between OA- Apt and OA target in the presence of 

5mM [Fe(CN)6]3-/4-   

 

3.4.3 Microfluidic OA aptasensing 

The lab – on – chip based detection system has proven to be a great platform for sensitive 

biochemical applications. Point- of – care microfluidic devices facilitate low sample 

consumption, faster and reliable analysis and high sensitivity. However, utmost care has 

to be taken in fabrication to avoid deposition of dust and formation of air – pockets, 

leading to improper adhesion and leaking. In this work, a flexible PDMS based SPCE 

integrated microfluidic chip was fabricated for the detection of Okadaic acid. A simple 

Y- channel continuous – flow microfluidic set up was used. The design was specifically 

made to provide maximum time for incubation of OA Apt, as the sample travels from the 
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inlet to the sensing zone. The width of each channel was set to 200 µm and the sensing 

zone had a diameter of 4 mm. A zig- zag pattern with corrugation was used to increase 

mixing effects (Figure 3.9B). The microfluidic- SPCE set up was attached to the 

potentiostat port and the inlets were used to manually inject 50µL of the sample. This set 

up is schematically represented in (Figure 3.9A). The interaction of OA sample with OA- 

Apt resulted in a significant reduction of peak current. This change can be related to the 

repulsion experienced between the negatively charged redox probe [Fe(CN)6]3-/4- and 

negatively charged aptamer sequence thus reducing peak current. Hence, for 

microfluidic aptasensing of OA, optimized parameters of 1μM of OA- Apt and 30 min 

incubation time were employed.  

 

Figure 3.9 (A) Schematic of the overall working mechanism of the microfluidic biochip (B) (i) PDMS 

channels containing inlet, mixing channels, incubation chambers and modified SPCE on a glass substrate 

(for illustration) and (ii) Prototype of the final sensor (a) Microscopic image of inlet channel (b) Mixing 

channels having corrugations to facilitate mixing under 50X magnification  

 

Differential pulse voltammetry was used to determine the sensitivity and selectivity of 

the OA microfluidic biosensor. Aliquots of different concentrations ranging from 50pM 

– 250nM were prepared in TE buffer. Form the DPV data shown in (Figure 3.10A), it can 

be understood that the cathodic peak current (8.889 µA) was the highest in the absence 

of OA (blank). However, when the concentration of OA was increased to 250 nM the 
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cathodic peak current dropped to 2.5 µA (Epa = 0.15V). The 250 nM concentration Okadaic 

acid, produced the least amount of current (~0.25 µA) upon interaction with aptamer. It 

can be concluded form the study that with increasing concentration of target there is a 

significant decrease in peak current. This is due to the conformational change occurring 

in the DNA sequence in the presence of the target molecule. A linear fitting model was 

developed on the basis of the DPV results where the current was varied against 

concentration of OA used. An average of triplicates for each concentration was plotted 

and the respective standard deviation was represented as error bars.  (Figure 3.10B) is a 

graphical representation of the obtained current for the various concentrations of 

Okadaic acid in TE buffer. Various aliquots of OA ranging from 0-250nM were tested 

with the fabricated biochip and the peak currents were recorded. A good linear 

relationship was obtained between 10 nM and 250nM concentration of Okadaic acid, 

which can be represented by the equation y = -0.0142x+6.1139. The correlation coefficient 

of linear range was determined to be R2 = 0.9887. The limit of detection of the biochip was 

calculated using the standard deviation method, given by the formula (3*σ)/slope. The 

limit of detection (LOD) of the system was determined to be 8 pM.  

 

Figure 3.10 Okadaic acid aptasensing: (A) DPV signals obtained for various test concentrations of okadaic 

acid using a ferro- ferri cyanide indicator (B) Peak currents obtained for various concentrations of OA in 

TE buffer and (Inset) Linear fitting of peak current obtained for OA concentrations (10nM-250nM) having 

an R2 = 0.9887.   

A recent study on mouse bio assay revealed that variability in mice strain had a 

significant effect on its reaction to DSP(Suzuki, 2012). However, with the development in 

DNA based detection techniques, a more rapid and reliable monitoring system can be 
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achieved. Hence, this study proposes a disposable microfluidic platform as a point of care 

device for the detection of okadaic acid. The limit of detection of this sensor is comparable 

to other research works in the same field (Eissa et al., 2013; (Rhouati et al., 2013);(Hayat 

et al., 2011). According to food safety standards and guidelines, the minimum dietary 

limit to cause a significant reaction is 160µg/kg which is well above the LOD of this 

sensor. The obtained results demonstrate a proof- of – concept study on the applicability 

of this sensor in real time.  

3.4.4 Interference studies and real sample analysis     

Evaluating cross- reactivity is an important factor in biosensor assessment. It must be 

ensured that the percentage of false positives in practical applications is kept minimal. 

To check the selectivity of the OA aptasensor, negative control studies were performed. 

A concentration (50nM) of each toxin were prepared in TE buffer and injected into the 

microchannels. After the incubation time period of 30 min, 100μL of 5mM [Fe(CN)6]3-/4-  

was used to obtain a DPV response graph. An average of 3 trials (n=3) was performed for 

each, to acquire statistical significance. As shown in the graph (Figure 3.11), the anodic 

peak current obtained for all recognition molecules other than OA, was close to blank. 

This indicates that the interaction between OA-Apt and other biomolecules were non- 

existent. The average error range for the performed trials was between (6- 8%) showing 

good responsiveness to OA samples. The fabricated sensor did not display any cross-

reactivity with brevetoxin or lysozyme. 

 

Figure 3.11 Interference study: Average peak current (n=3) obtained for OA (50nM) concentration, 

lysozyme, brevetoxin and plain TE buffer solution (Blank) 
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In addition, fresh mussel samples (uncontaminated) were prepared by steps explained in 

Section 3.3.6. The extracts were spiked with known concentration of OA and injected into 

the microfluidic channels. DPV analysis of all the different concentrations were run to 

validate the extent of detection when it comes to shellfish samples. Results discussed in 

Table 3.1 explain the extent of recovery for each of the samples examined. The recovery 

observed was between 2-7% for an average of n=3 replicates. Low error in spiked samples 

proves the performance of the biosensor in a more complex food matrix. Table 3.2 

compares some of the recent research conducted in the detection of okadaic acid with this 

study. From these results it can be concluded that the fabricated microfluidic biosensor 

can be applied to facilitate real time monitoring of Okadaic acid levels.   

 

Table 3.1: Detection of Okadaic acid from spiked mussel extract  

Spiked Concentration 

(pM) 

Detected Concentration 

(pM) 

% Recovery 

 

50 52.18 104.06 

500 510.21 102.012 

1000 985.25 98.51 

2000 1916.79 95.832 

5000 4750.53 95 
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Table 3.2:  Previous reported works on the detection of Okadaic acid 

Detection 

Technique 

Range of 

detection / 

recovery 

Limit of 

Detection 

Assay Time 

 

Reference 

Amperometric 

Immunosensing 

0.19-25µg/L  0.15µg/l 35 mins (Dominguez et 

al., 2012) 

Voltammetric 

Immunosensing 

Up to ~ 5000ng/L 19ng/l 30 mins (Eissa and 

Zourob, 2012) 

Gr-FET 

Immunosensor 

98.2-100.7% 0.05ng/ml - (Antunes et 

al., 2018) 

LCMS  10-100µg/kg 3µg/kg 10 mins+ 

preparation 

time 

(Chen et al., 

2019) 

Competitive 

immunoassay  

10-150ng/ml 5.5ng/ml 1 hour  (Zou et al., 

2017) 

Aptasensing  5ppb - 80ppb  1ppb - (Pan et al., 

2017) 

Aptasensing 100pg- 60ng/ml  70pg/ml 
-  

(Eissa et al., 

2013c) 

Electrochemical 

Microfluidic  

aptasensing 

(This work)  

10nM – 250nM  8pM 30 mins  
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3.5 Conclusion     

This work elucidates the fabrication and working of a microfluidic based aptasensor for 

the detection of okadaic acid. An electrochemical approach was preferred for its 

sensitivity and recovery. Phosphorene, known for its stability and layered structure was 

paired with Au nanoparticles for enhanced electro conductivity. This nanocomposite 

functionalization proved to be effective in anchoring of the aptamer specific to OA 

without flaking. The aptamer’s ability to bind only with incoming OA sample was 

hypothesized and experimented in a microfluidic setup. The use of a flexible 

polydimethylsiloxane substrate highly facilitated the integration of the modified SPCE. 

Sample with various concentrations of OA were administered in a portable fashion and 

DPV studies were performed in the presence of 5mM [Fe(CN)6]3-/4- as redox indicator. An 

average assay time of 30 min was required to obtain results for samples with and without 

OA. The fabricated aptasensor was capable of detecting up to 8 pM of OA sample having 

a correlation of determination of 0.9887 (R2). The aptasensor did not show any cross- 

reactivity with other types of food toxins. It can be concluded from the DPV scans that 

the microfluidic electrochemical aptasensor is not only an easy-to-use, point-of-care 

device but also has an immense scope in being deployed for on- field assay. 
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Connecting Statement 

The results obtained from the above study indicate that the electrochemical set up is a very 

unique and reliable form of biosensing that can be modified to the user’s requirement.  

The edge effects of phosphorene-gold nanocomposite, a larger surface area and higher 

electron conductivity was achieved. Overall, the microfluidic aptasensor was able to 

experimentally detect amounts, as low as 8pM of Okadaic acid in shell-fish samples. The 

objective of the following chapter is to explore the possibility of a similar set-up for the 

detection of larger, more complex proteinaceous molecules such as Gliadin.  
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Chapter 4.  An electrochemical microfluidic biochip for the 

detection of Gliadin using MoS2/Graphene/Gold 

nanocomposite 

 

4.1 Abstract 

Allergies to food affect approximately 4% of the total world population. Reactions to 

gluten allergen are a painful occurrence and sometimes can cause life-threatening 

situations. Testing gluten content in food, before it reaches the consumer becomes a major 

challenge, where “cross-contamination” during processing and transportation is a very 

common occurrence. In this study, a microfluidic electrochemical aptasensing system for 

the detection of gliadin has been proposed. The fabrication of the sensor involves its 

modification, using a combination of 2D nanomaterial molybdenum disulfide (MoS2) / 

graphene with the addition of gold (Au) nanoparticles. Aptamers, a short string of 

nucleotide bases that are very specific to Gliadin were used in this sensor as the 

biomarker. The electrochemical standard reduction potential of the ferro-ferricyanide 

indicator was found to be ~530mV.  This set up was integrated with a unique 

polydimethylsiloxane (PDMS) based flexible microfluidic device for sample enrichment 

and portability.  The results of this sensor show that the limit of detection was 7 pM. The 

total sample assay time was 20min and a good linear range was observed from 4nM- 

250nM with an R2 value of 0.982.  Different flour samples sourced from the local market 

were tested and interfering molecules were added to ensure selectivity. The study shows 

promise in its applicability in real-time gliadin detection.  

Keywords: Gliadin; Aptasensor; 2D nanomaterials; Electrochemical biosensor; 

Microfluidics 

 

4.2 Introduction  

Gluten is the primary storage protein in wheat and depending on its solubility in alcohol 

it can be classified into two distinct groups, glutenin, and gliadin (Wieser, 2007). 

Monomeric gliadin can be further classified as α, β, γ, and ώ- gliadins of which, ώ- 

gliadins have the maximum amount of proline and glutamine amino acid content in 

them. Elevated amino acid levels in gliadin, although a rich source of protein, is also a 
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major food allergen (Singh et al., 2013). They are known to set off an immunoglobulin- E 

(Ig-E) reaction or “allergies”  which exhibit themselves as asthma, severe abdominal pain, 

rhinitis, vomiting, urticaria, and anaphylaxis (Inomata, 2009). Statistics reveal that the 

global prevalence of gluten allergies approximately ranges between 0.5-1% of the total 

world population (Leonard and Vasagar, 2014). However, with increasing numbers of 

sensitive groups across the globe, food industries have looked into reducing the gluten 

content below the limit of allergenicity and introducing "gluten-free" options into the 

market. 

According to the National Institute of Health in 2004, a "gluten-free" product must 

include a  proper label and maintain a threshold limit of gluten (Cianferoni, 2016). 

Countries like the US and Canada have established that, food being imported or 

produced must contain < 20ppm (667mM) of gluten. (“Standards | 

CODEXALIMENTARIUS FAO-WHO,”)(“Standards | CODEXALIMENTARIUS FAO-

WHO,” n.d.).  However, other countries such as Japan and Australia have set their 

standards as 10ppm (340mM) and 3ppm (100mM) respectively(Kagan, 2003). Since 

accidental gluten ingestion can cause serious immunological reactions, it is imperative to 

design and develop a foolproof allergen management system that can be widely 

implemented. ELISA (Enzyme-Linked Immunosorbent Assay) is considered the "gold- 

standard" and a widely accepted technology for the detection of food allergens. The 

detection mechanism works on the antigen-antibody interaction and is tailored 

specifically for an allergen (Diaz-Amigo and Popping, 2013). In addition to ELISA, 

several other techniques such as Liquid Chromatography-Mass Spectroscopy (LC-MS) 

(Lock et al., 2013)and Polymerase Chain Reaction (PCR) (Allmann et al., 1993) have been 

used to determine gluten levels in processed foods. However, some of the major 

drawbacks of these techniques include multiple washing steps, longer assay time, high 

operational cost, low sample throughput, and inconclusive results in terms of 

sensitivity(Weng and Neethirajan, 2016c).  

With the inception of biosensors in the last decade, a more specific and reliable system in 

the form of immunosensors were developed (Ronkainen et al., 2010). Of the different 

biosensors, electrochemical biosensors have shown promising on-site applications due to 

its selectivity. Recently, transition metal dichalcogenides (2DTMD) like MoS2 and 

graphene have revealed interesting properties at the nanoscale (Alarcon-Angeles et al., 

2016). They have been since, paired with biosensors to improve sensor response and 

sensitivity. Challenges such as cross-reactivity and false positives encountered in 

immunosensing, gave way for the development of DNA based recognition elements 

called aptamers (Acquah et al., 2018). Aptamers are a short stretch of nucleotide bases 
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derived by SELEX (Systematic Evolution of Ligands by Exponential Enrichment) process. 

This process incubates a gene pool with the target, allowing it to interact(Sharma et al., 

2015). The elution process removes unbound primers and the bound segments are 

amplified, resulting in a specific sequence. Multiple trials are performed and the 

aptamers are rated based on their dissociation constants (Kd) (Wu and Kwon, 2016). 

In this study, the working of an integrated aptasensing system has been demonstrated 

for the detection of gliadin on an MoS2/Graphene/Gold (MGG) nanocomposite platform. 

Monolayer-MoS2 was a potential candidate for this study due to: (i) increased number of 

active/edge- reactive sites which result in higher electron- transfer rate (ii) improved 

electrical conductivity due to super-lattice framework formation and electron injection 

(iii) excellent electron transfer mediation and presence of new functional groups on the 

surface which directly involve in electrochemical activity(Chang and Chen, 2011)(Zheng 

et al., 2014). Further, the sp2 configuration of the graphene structure has proven to be an 

excellent candidate for electron mobility (200,000 cm2V-1s-1), mechanical strength, and 

high stability (Stankovich et al., 2007). This combination of MoS2, graphene, and noble 

metal nanoparticle has been explored in this paper for its electrochemical suitability. The 

working electrode of this electrochemical biosensor was first modified with multiple 

layers of MGG nanocomposite and initial tests were performed. A ferro-ferricyanide 

redox probe was used to evaluate charge transfer characteristics between Gliadin (Gli) 

specific aptamer and its target (gliadin protein). This paper also outlines the design and 

development of a microfluidic biochip which is integrated with the Screen-Printed 

Carbon Electrode (SPCE) chip. Transmission electron microscopy (TEM), X-Ray 

Diffraction (XRD), Energy Dispersive X-Ray Analysis (EDX), UV- Visible Spectroscopy 

(UV-Vis), and Raman Spectroscopy were used to characterize the synthesized 

nanoparticles. Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) and 

Electrochemical Impedance Spectroscopy (EIS) were used as electrochemical analysis 

techniques.  

 

4.3 Experimental Procedure   

4.3.1 Materials  

Molybdenum trioxide (MoO3), Hydrogen tetrachloroaurate (III) hydrate (HAuCl4. 3H2O), 

graphene oxide (4mg/ml dispersion in H2O), potassium hexacyanoferrate (K4[Fe(CN)6]), 

potassium hexacyanoferrite (K3[Fe(CN)6]), N-methyl-2-pyrrolidone (NMP), Phosphate 

buffered saline (PBS) tablets, Lysozyme (hen egg white), Casein from bovine milk, 
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Gliadin from Wheat (25g) were purchased from Millipore Sigma (Oakville, ON, Canada). 

Thiourea and ethanol (70%) were sourced from Fisher Scientific (Mississauga, ON, 

Canada). Buffers such as TE and PBS were made fresh whenever necessary with Milli- Q 

water (18.2MΩ, DI water). Screen-printed carbon electrodes (SPCEs) were acquired from 

Orion High Technologies (Spain). The SPCE comprises of an (Ag/AgCl) reference 

electrode, a 4 mm diameter working electrode, and a carbon counter electrode printed on 

a flexible PET substrate. SU-8 Photoresists (SU-8 2025) and its corresponding developer 

solution was sourced from Microchem (Westborough, MA, USA) to prepare the master 

mold.  PDMS (Sylgard 184) elastomer base and its curing agent were obtained from Dow 

Corning (Canada). The aptamer sequence specific to Gliadin (Gli4) referred from 

previous studies (Amaya-González et al., 2015)was synthesized and obtained from IDT 

Technologies (USA). To compare the results obtained for the designed biochip, 

Ridascreen® Gliadin R7001 ELISA kit was purchased from (Cedarlane, ON, CA). All 

required buffers and dilutions were prepared fresh.  The aptamer (Gli4) sequence chosen 

is as follows:  

5'- Thiol -CC AGT CTC CCG TTT ACC GCG CCT ACA CAT GTC TGA ATG CC -3'  

A Thiol group (-SH) was attached to the 5' end of the aptamer to facilitate attachment to 

the Au nanoparticles on the synthesized MGG nanocomposite. The aptamer was 

obtained in a lyophilized form and suspended in TE buffer (10mM Tris/1mM EDTA) to 

prepare a stock solution of 100µM.  

 

4.3.2. Nanomaterial Synthesis and Characterization 

MoS2/Graphene nanocomposite was prepared using a two-step hydrothermal synthesis 

technique followed by the growth of Au nanoparticles by citrate reduction, as an 

adaptation form Lui et.al, 2016 (Liu et al., 2016). Briefly, MoO3 and thiourea, in the ratio 

1:5 was added to 50ml DI and allowed to stir for 10 min. While the stirring continued for 

20 more minutes, 10mg of GO suspension was added to the mixture and later transferred 

to a 100ml Teflon lined autoclave. The sealed autoclave was then placed in a hot-air oven 

for a period of 24 h (Figure 4.1). The final black product was washed repeatedly with 

MilliQ water and centrifuging at 2000 rpm for 10 min. To prepare MGG, 0 .5g of the 

obtained MoS2/Graphene suspension was added to 30ml DI and allowed to react. The 

temperature was increased to 90°C and maintained for 2 h. 0.1M of Sodium citrate was 

added to this mixture until the solution turned pinkish-black.  The MGG suspension was 
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cooled, repeatedly washed with ethanol and water thrice before refrigeration at 4°C for 

later use. 

 

Figure 4.1 Schematic representation of the steps involved in the preparation of MoS2 /Graphene/Gold 

Nanocomposites (MGG Nanocomposite)    

 

4.3.3 SPCE modification  

To understand the basal electrode potential, unmodified screen-printed carbon 

electrodes (SPCE) were subject to Cyclic Voltammetry (CV) studies using 5mM [Fe 

(CN)6]3-/4-. The carbon working electrode (WE) was modified by drop-casting 5µL of the 

synthesized MGG nanocomposite solution. Post-modification, the electrodes were dried 

in a hot-air oven at 40°C to ensure bonding between the nanocomposite and the carbon 

surface. The process of immobilizing the aptamer on the surface of the modified electrode 

is schematically represented in (Figure 4.2B). The lyophilized aptamer was re-suspended 

in 1XTE buffer (pH7.2) and 10µLof this solution was dropped on the electrode surface. 

Following this, the MGG-Apt electrodes were washed with RNAse-free water to remove 

unbound aptamers and stored at 4°C for further use.    

4.3.4 Microfluidic biochip fabrication 

A schematic representation of the prepared microfluidic design is given in (Figure 4.2A). 

The chip consists of two flexible PDMS layers bound to each other with the modified 
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SPCE sandwiched between them. The channels in the microfluidic device were first 

designed using AutoCAD® software. The design consists of a Y- channel consisting of 

two inlet channels, a mixing zone, an incubation channel, and a sensing zone. This design 

was prepared into a photomask in the required dimension by CAD/Art Services, Inc., OR, 

USA. A silicon wafer was first cleaned using acetone and baked at 100°C for 1 hour and 

allowed to cool. Next, it was carefully mounted onto the spin chuck (Brewer Science, 

USA) and SU-8 negative photoresist was spin-coated. The prepared master mold was 

subsequently exposed to UV light (UV-KUB2) though the photomask to obtain the 

required pattern. Another round of post-exposure baking was done to improve the 

adhesion of desired structures. 

 

Figure 4.2 Microfluidic electrochemical biochip for the detection of Gliadin: (A) Graphical representation 

of the PDMS based microfluidic chip (B) Schematic of the aptamer immobilization and sensing process  

 

To prepare the flexible PDMS substrate 1 ml of curing agent was added to 10ml of Sylgard 

184, mixed and degassed. The mixture was carefully poured over the master mold and 

baked for 4 h at 80°C. The flexible PDMS substrate was separated from the mold and 

holes were punched to define inlet and waste collection areas. The layer comprising the 

SPCE (bottom layer) was made by preparing a mold of its design to give it the required 

depth profile. Both adhesive layers were exposed at high intensity for the 40s in a vacuum 

environment (Harrick Plasma, PDC-32G, USA). Following surface activation, the top and 

bottom layers were aligned using a light microscope and bonded. Multiple modules were 

made to ensure repeatability and the formation of bubble-free, leak proof structures. 
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4.3.5 Aptasensing of Gliadin  

The interaction established between Gli molecule and Gli4 aptamer determines the 

working principle of the proposed electrochemical biosensor. The amount of Gli4 

aptamer to be immobilized on the surface of the MGG nanocomposite modified working 

electrode, was optimized using various concentrations and performing electrochemical 

studies. Once the aptamer concentration was finalized, concentrations ranging from 

0.025nM-250nM were introduced to the Gli4 modified sensor. This was incubated from 

periods ranging from 5-60min. A known concentration of Gliadin was prepared in a 1xTE 

buffer and introduced into the sensor through the channels. 5mM [Fe(CN)6]3-/4- was 

injected carefully at room temperature to perform DPV studies. 

An Electrochemical Potentiostat and Impedance Analyser PalmSens® was used to test the 

performance of the fabricated microfluidic biochip (PalmSens4, Netherlands). 

Techniques such as Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV) 

were used to determine the electrochemical activity of the modified sensors. The working 

window for CV was set from -0.6 to 0.8V with a constant scan rate of 0.0025V/s. To 

determine the change in peak current, the derivative of LSV was used where, each data 

point represented a current variation with voltage. DPV was conducted at an amplitude 

of 50mV and a scan rate of 25 mV/s. The step potential and current range were maintained 

at 2mV and 1μA to avoid overloads. The sensor end of the microfluidic system was 

attached to the connector on the potentiostat for analysis.   

4.3.6 Real sample preparation 

Different flour samples were purchased from a local grocery store from the "gluten-free" 

section. Ethanolic extraction was used to extract gliadin from different flour samples. The 

flour was first suspended in water in the ratio 1:10 and constantly shaken for 2 h. Further, 

this suspension was centrifuged at 6000rpm for 10 min. The pellet was isolated and the 

supernatant was discarded. The collected pellet was re-suspended in 60% ethanol, in the 

ratio 1:5, and shaken for 1 h.  This suspension was again subject to centrifugation at 5000 

rpm for 20 min to extract gliadin. The supernatant was collected and transferred into a 

fresh centrifuge tube as a stock solution. 500μL of the stock solution was re-suspended in 

1XTE buffer and stored at 6°C.  
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4.4 Results and Discussion  

4.4.1 Nanomaterial Synthesis and Electrode modification  

The properties of 2D nanosheets have always triggered the interest of researchers over 

the years and in this paper, a combination of 2 layered materials have been used. The 

synthesis of MoS2- graphene nanocomposite was performed to evaluate the characteristic 

of electron conductivity between the two layered materials. Recent studies on 2D hetero-

conjugates have shown the existence of a synergistic effect between the bilayers. Near- 

zero bandgap behavior was achieved and it was found that different stacking 

configuration affect Fermi level shifts (Xie et al., 2015). Defects and vacancies formed on 

the surface of the MoS2-graphene interface have shown higher electron transfer rates by 

computational studies. However, its application in the field of biosensing has not been 

explored as much as in Na2+ ion batteries (David et al., 2014).  In this research, a two-step 

hydrothermal synthesis technique was used to prepared MGG nanostructures. The 

formation of these structures was confirmed successfully using various nano-

characterization techniques. Morphological characteristics were first performed for gold 

nanoparticles which were separately synthesized and TEM was performed (Figure 4.3). 

The size of the Au nanoparticles was determined to be approximated to 8nm using an 

image processing software, Image J.  The gold nanoparticles exhibited a characteristic 

visible absorbance peak at 550nm confirming its formation (Figure 4.3, inset).  

 

Figure 4.3 TEM of Au Nanoparticles inset: UV-Vis Spectra 
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Next, a small drop of dilute MGG and MoS2/Graphene nanocomposite (0.5mg/ml) was 

dropped on a gold – doped copper grid (Figure 4.4A). Rolled up sheets of MoS2 were 

observed on the surface of graphene at 50nm magnification. The temperature and 

pressure parameters in addition to reducing agent thiourea, converted graphene-oxide 

into graphene sheets. Aggregation of MoS2 on the surface of graphene was absent over a 

wide range of areas.  In the bulk state, MoS2 assumes a thermodynamically favorable S-

Mo-S, 2H polymorphic state. The chemical exfoliation process allows the bulk MoS2 to 

increase its active sites through edge properties, thus improving reactivity(Wang et al., 

2013). On the other hand, GO is an electrically insulating material due to its thickly 

packed structure. By way of chemical reduction GO can be reduced to near- graphene or 

"reduced- Graphene Oxide" like state which will restore its conductivity by the inclusion 

of a π- bonding network between the layers(Zhu et al., 2010). The oxidation process itself 

breaks the bond between the graphitic structures, removing oxygen functionality in the 

lattice. In the case of Au nanoparticle growth of MoS2/Graphene, citrate reduction was 

the primary, shape, and size controlling step. Citrate had a dual effect on MoS2/Graphene 

nanocomposite mesh as it was responsible for both nucleation of Au3+ and also 

stabilizing the structures (Ji et al., 2007). TEM of MGG nanocomposites revealed a near-

even distribution of Au nanoparticles over the surface of MoS2/Graphene and the 

attachment of Au nanoparticles on its sheet-like surface. The thiol group present at the 5’ 

end of the aptamer has the highest affinity to Au nanoparticles. This property of SH -Au 

binding circumvents the use of a carbodiimide cross-linker molecule such as EDC- NHS. 

Hence, the number of modification steps is reduced and the attachment of the aptamer 

to the surface of the electrode is successful.  

Elemental analysis (EDX) on both MoS2/graphene nanocomposite and MGG 

nanocomposite were performed to understand the extent of Au nanoparticle formation 

on the MoS2/graphene. The modified working electrode of the SPCE was analyzed for its 

elemental composition at various points. Figure 4.4B shows Carbon, oxygen, 

molybdenum, and sulfur content, as expected, in the synthesized MoS2/graphene 

nanocomposite. MGG nanocomposites on the other hand showed the presence of Au 

nanoparticles. This Au nanoparticle formation can be attributed to an increased edge- 

activity of MoS2 and graphene sheets(Yu et al., 2015). Different EDX analysis points not 

only confirmed the presence of MGG nanocomposites but also even distribution on the 

electrode surface. 
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Figure 4.4 (A) TEM of MoS2/ Graphene and MoS2/ Graphene/ Gold nanocomposite. (B)SEM images with 

corresponding EDX data of (i) MoS2/ Graphene sheets and (ii) MoS2/ Graphene/ Gold Nanocomposites  

Raman spectroscopy was performed on the synthesized MoS2/ Graphene and MGG 

nanocomposites to determine their atomic structure. A 532nm laser was used with a total 

power of 20mW. 10 accumulations were run for a period of 2 s for (a) MoS2 (b) GO (c) 

MoS2- Graphene and (d) MGG nanocomposite Figure 4.5. MoS2 exhibited Raman 

fingerprint by its characteristic peaks at 384.2 cm-1 and 408.7cm-1 (Chhowalla et al., 2013). 

In-plane E12g vibrational mode was observed at 384.2 cm-1 and out- of plane A1g 

vibrational mode at 408.7cm-1. It has been established in earlier studies that the intensity 

of A1g vibrational mode increases with an increase in the number of monolayers as the 

subsequent in-plane E12g vibrational mode intensity decreases. Although this was not 

experimentally calculated, it can be observed in the Raman Spectrum of MGG 

nanocomposite that the intensity of E12g has significantly reduced. Raman Spectra of GO 

has been extensively studied over the years (Konstantin N.  Kudin et al., 2007). The D and 

G bands are the most predominant vibrational modes which represent disorder and 

stacking in graphitic structures. The ratio of the intensities of D/G determines the extent 
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of exfoliation. In the GO response curve, D/G ratios are higher as compared to 

MoS2/graphene (lower) or MGG nanocomposites (least) which point to the fact that GO 

has been reduced and the number of exfoliated layers are significantly lower. The blue 

shift of the G band can also act as a confirmatory test for the formation of reduced- 

graphene oxide or near graphite-like entities(Wang et al., 2008). Also, Au nanoparticles 

exhibited significant Surface-enhanced Raman Scattering (SERS) around 1110cm-1, 

masking the peaks corresponding to MoS2 and Graphene. X-ray diffraction patters of the 

prepared nanomaterials were analyzed using Philips PW1830 X-ray Diffractometer with 

a Cu- Kα source. 

 

Figure 4.5 Raman Spectra depicting the different vibrational modes of (bottom to top): (a) MoS 2 (b) 

Graphene oxide (c) MoS2/Graphene nanocomposite and (d) MoS2/Graphene/Gold nanocomposite. 

 

 Figure 4.6(A) depicts the XRD pattern of MoS2- Graphene nanocomposite where the (002) 

peak exhibits broadening compared to pristine MoS2 which are corroborated by PDF 

cards 771716. This indicates that (i) the layered crystallinity of MoS2 remained intact 

through the hydrothermal synthesis process and (ii) intermediate GO moieties can act as 

a potential nucleation site for the formation of MoS2 sheets. The (002) plane growth of 

MoS2 was significantly retarded by the inclusion of graphene. This, in turn, inhibited the 

restacking of graphene, during the hydrothermal process(Chang and Chen, 2011). The 

very small concentration of graphene (~2%) included during synthesis could be the 



 

 

80 

 

reason for not observing significant characteristic peaks. Characteristic gold peaks were 

observed in the XRD patters of MGG nanocomposite shown in Figure 4.6(B). The Au 

pattern matches well with the JCPDS file: 04-0784 where peaks such as (111), (002), (022), 

and (113) were prominent among MG nanocomposite peaks. 

 

Figure 4.6 X- ray diffraction studies conducted on (A) MoS2-Gr nanocomposite and (ii) MoS2/Gr/Gold 

nanocomposite 

Following morphological and structural characterization, electrochemical studies were 

performed. Bare carbon electrodes did not show any significant current on analysis using 

5mM [Fe (CN)6]3-/4- as the redox pair.  As shown in Figure 4.7(i), different modifications 

(of equal concentration) were made to clean, bare SPCEs, and their corresponding peak 

currents were measured. The number of layers per each modification was kept constant 

for all analyses. MoS2 and GO showed good electrochemical activity as compared to the 

bare electrode, but MGG nanocomposites gave the highest peak current. This can be 

attributed to the improved electron transfer kinetics between MoS2 and graphene 

nanostructures. An increase in anodic and cathodic peak current can be attributed to the 

synergistic effect between MoS2, graphene, and gold nanoparticles. The growth of Au 

nanoparticles was assisted by the porous nature of MoS2 and sheet-like structure of 

graphene, improving the charge carrier flow through the lattice. Scan rate dependency 

studies were also performed on the modified electrodes to ensure its stability in Figure 

4.7(ii). The scan rate was varied from 10mV/s to 200mV/s using 100µL 5mM [Fe(CN)6]3-/4- 

as the redox indicator. The consistent increase in peak current with scan rate and absence 

of peripheral peaks can be indicative of sensor stability. A 3-layer modification was 

necessary for successful adhesion of MGG nanocomposite to the electrode surface. 
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Figure 4.7 (i) Cyclic voltammety data taken at various stages of screen printed carbon electrode 

functionalization: Bare, GO, MoS2/Gr/Gold nanocomposite and MoS2 (ii) Scan rate dependent studies of 

modified electrodes varying from 10mV/s to 200mV/s 

Electrochemical Impedance Spectroscopy was performed to determine the behavior of 

each modified layer to the final nanocomposite arrangement. Similar to CV and DPV 

studies, 5mM [Fe(CN)6]3-/4- was used as a redox probe for analysis. Figure 4.8 represents 

the Nyquist plots obtained for (i) Bare electrode, (ii) Bulk MoS2 (iii) MG nanocomposite, 

and (iv) MGG nanocomposites on screen-printed carbon electrodes. The Bare electrode 

had the highest semicircle radius which can be conclusive of high charge transfer 

resistance (Rct). Least charge transfer resistance was observed in the MGG nanocomposite 

configuration, which indicated that the electron movement between the layers became 

very easy as the repulsion between the [Fe(CN)6]3-/4- ions decreased. The experimental 

data observed was fitted into the Randles circuit, given by [Rs(Cdl[Rct Zw])] (Figure 4.8, 

inset). Here, the solution resistance is given by Rs, while Rct represents the charge transfer 

resistance, Zw is the Warburg impedance component and Cdl is the corresponding double-

layer capacitance. The developed equivalent circuit gave the following values: Rs: 786.8Ω; 

Rct: 0.074Ω; Zw: 5.704KΩ; and Cdl: 3.913µF after 10 iterations. The observed EIS results 

were corroborated by the DPV and CV responses and hence, a concentration of 1mg/ml 

MGG was used for further experiments. 
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Figure 4.8 EIS data obtained for modifications on screen printed carbon electrode: Bare electrode, MoS2, 

MoS2-Graphene and MoS2-Graphene -Au nanocomposites. Inset: [Rs(Cdl[RctZW])] equivalent circuit of the 

sensing element done over 10 iterations.  

 

4.4.2. Sensor Optimization 

The principle of self-assembly allows DNA and alike structures to follow molecular order 

on the surface of Au nanoparticles. Thiol and dithiol SAMs are known to adhere to Au 

(111), exposing their terminal group for further linkages. The interaction of Gli4 was 

performed in a liquid suspension of 100µL, just sufficient to cover the working electrode 

surface. The following parameters were optimized for this experiment: (i) Aptamer 

Concentration: varying concentrations from 0.25μM - 2 μM while maintaining the 

incubation period for 8 h at 6°C was tested on various SPCEs. Next, 100µL of 5mM 

[Fe(CN)6]3-/4- was used to run DPV analyses and the maximum peak current was observed 

at 1μM concentration. Increasing concentrations of aptamers on the surface of the 

electrode showed retarded electron kinetics as observed in Figure 4.9(A). (ii)Aptamer 

Interaction time:  interaction time between Gliadin protein and Gli- Apt was varied from 

5min- 60 min to study the change in peak current. 0.5 µM of the target was allowed to 

interact with Gli4 aptamer on the sensor surface Figure 4.9(B). After each incubation 

period, 5mM [Fe(CN)6]3-/4-   was used to run DPV analyses. The highest peak current was 
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achieved at 10 min and a significant decreasing trend was observed with increasing time. 

Observing the current trend, a 10min window was used for further analyses. A pH of 7.5 

was maintained throughout the experiment.   

 

Figure 4.9 Optimization of Gliadin sensor: (A) Plots of peak currents from DPV signals obtained from 

various Aptamer concentrations (B) Time dependent change in peak current between Gli- Apt and Gliadin 

target in the presence of 5mM [Fe(CN)6]3-/4-   

 

4.4.3 Microfluidic Biochip fabrication and integration  

Scaling down the size and improving portability, while reducing the occurrence of false 

positives was the objective of this lab – on – chip design. The point- of –care system acts 

as a durable yet flexible platform for the assay. PDMS based soft lithographic technique 

has been one of the simplest ways to prepare a microfluidic channel.  The aspect of micro-

manipulation has given rise to µ-TAS (micro- Total Analysis Systems) which can perform 

multiple tasks on a single platform. In this study, the microfluidic chip was used to 

facilitate sample flow, improve sensitivity, and reduce sample usage. Dimensions of the 

biochip were carefully altered according to need. Briefly, the width of each channel was 

set to 75µm, the sample collection chambers had a depth of 2mm and a diameter of 2mm.  

The design of the chip comprised of two sample inlets, one for the aptamer solution and 

the other for the Gli sample. A depression similar to the dimensions of the working 

electrode was made for the sample to collect on the working electrode surface. One of the 

challenging aspects of the sensor is to ensure the development of the structures on the Si 

wafer. Furthermore, the deposition of PDMS on the developed Si wafer can introduce air 
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bubbles if not handled with care. This continuous- flow device allowed the sample to be 

mixed, incubated, and analyzed. As depicted in Figure 4.10, the microfluidic – SPCE was 

attached to the PalmSens® potentiostat. The micro-tubing extensions were used to pump 

the samples manually using a 1ml injection. Care was taken to ensure experiments were 

performed in a cleanroom to avoid dust from settling on to the chip. Next, 100µL of 5mM 

[Fe(CN)6]3-/4-  was used to perform DPV studies to determine peak current. The interaction 

of the Gli sample with Gli4 aptamer resulted in a reduction in peak current with 

increasing concentrations of Gli.  

 

Figure 4.10 (A) Photograph for the prepared PDMS microfluidic biochip at 20x magnification (a) channel 

design connecting to working electrode (b) incubation chambers (c) Mixing channel and (B) Prototype of 

the final sensor  

Different concentrations of pure wheat gliadin samples were introduced into the aptamer 

modified sensor to determine its over-all sensitivity. A range of 25pM- 250nM 

concentrations were suspended in a 1xTE buffer. As shown in Figure 4.11(A) a change in 

cathodic peak current was observed with blank ranging close to 8.126µA. When higher 

concentrations like 250nM were studied, a current of dropped to 1.5µA. The Gli4 aptamer 

undergoes a conformational change as it has the highest affinity towards the incoming 

gliadin sample, due to its low dissociation factor. This restricts the activity of potassium 

ferro-ferricyanide on the surface of the electrode and hence reducing peak current. The 

experiments were repeated in triplicates to confirm the observed results. The peak 

currents were plot as a graph of peak anodic current (Ipa) on the Y-axis and corresponding 

gliadin concentrations used on the X-axis. The linear range of the sensor was observed 

from 4nM to 250nM and a linear fitting model was developed in Figure 4.11(B).  The 
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linear equation of y = 5.5196-0.0185x was derived from the linear graph and the 

correlation coefficient of the sensor was derived to be R2 = 0.982. The limit of detection of 

the sensor was calculated to be 7 pM using the formula (3*σ)/slope. 

 

Figure 4.11 Gliadin aptasensing: (A) DPV signals obtained for various test concentrations of Gliadin (B) 

Linear range obtained from the peak currents obtained for various concentrations of Gliadin interactions 

(Inset) Linear range: 4nM-250nM with an R2 = 0.97236.   

 

4.4.4 Selectivity and Stability  

Selectivity is one of the most important aspects in determining the viability of a sensor in 

real-time applications. The idea of an apta-microfluidic biochip integrated with a screen-

printed carbon electrode was to reduce the occurrence of false positives. Since the idea of 

sensor application was intended towards the food industry, negative control studies were 

performed. Rice flour known to be naturally “gluten-free" was chosen for spiking with 

pure wheat gluten. Table 4.1 displays the results of the spike- test, indicating that a good 

recovery was observed between 98-102%.  

 

  



 

 

86 

 

Table 4.1:  Detection of Gliadin from spiked rice flour by microfluidic biochip 

Spiked Concentration 

(pM) 

Detected Concentration (pM) % Recovery 

 

5 6.19 120.80 

40 42.05 104.75 

100 101.66 101.51 

500 504.012 100.78 

1000 998.51 99.83 

An average of 3 trials gave an error range between 0.5-2%. Next, different interfering 

molecules were introduced onto the working electrode surface such as hen-egg lysozyme, 

casein, chick-pea flour, rice flour, and corn flour Figure 4.12(A). Equal concentrations of 

each (200nM) were introduced onto the modified sensor surface. The mixture was 

incubated for 20 min and analyzed by DPV using 100μL of 5mM [Fe(CN)6]3-/4-. Anodic 

peak currents were plotted in the form of a bar graph for ease in the analysis. Results 

showed chickpea flour, casein, and hen-egg lysozyme to have more than or equal to 

blank.  No significant interaction was observed.  Further, items in the "gluten-free" section 

of a local store were tested for its gliadin content. The preparation of the samples was as 

explained in Section 4.3.6.  Figure 4.12(B) depicts the concentration of gliadin present in 

samples per the linear graph developed for this sensor. Similar to previous experiments, 

DPV measurements were taken and n=3 replicates were made for each trial for statistical 

significance. Coconut flour, all-purpose baking flour, and white rice powder had gluten 

levels less than 6ppb, which is below the stipulated guidelines for "gluten-free" items. 

When normal wheat flour was tested against the sensor, very low current (Ipa = 0.35 μA) 

was observed which puts the range of gliadin above 1000nM. This shows that the sensor 

was able to detect a wide range of "gluten-free" and gluten-containing food products. 
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Figure 4.12 (A) Interaction between Gli-aptamer with equal concentration (200nM) Hen-egg Lysozyme, 
rice flour, corn flour, Wheat flour, chickpea flour and Casein (n=3) (B) Sample flours labelled “gluten- 

free” in the local grocery store (a) coconut flour (b) Pea- protein (c) All- purpose baking flour (d) White 

rice flour (n=3)    

The sensitivity of the prepared sensor was evaluated against a commercial kit. Ridascreen 

® Sandwich immunoassay was performed for samples spiked with gluten, following the 

procedure indicated in the kit.  Sample extraction for ELISA required a two-step process 

using a patented cocktail solution. Briefly, 0.25ml of the sample was added to X10 times 

the amount of cocktail patented and incubated. Following a 40 min incubation time, the 

sample was added to 7.5 ml of 80% ethanol and shaken for 1 hour. This mixture was 

further centrifuged at 2500g and the supernatant was transferred into given buffer 

dilutions. Recovery % was calculated as follows:  

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) =  (𝐶′′ − 𝐶𝑏)/ 𝐶𝑠                                          (4.1) 

Where C" is the mean gliadin concentration obtained for the spiked samples. C b is the 

mean gliadin concentration of blank and Cs is the known concentration of gliadin spiked 

into the sample. Results obtained from the biochip align well with that of a commercial 

ELISA kit shown in Table 4.2.   
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Table 4.2 Detection of Gliadin from spiked samples in food samples using ELISA  

Spiked 

Concentration 

(ng/ml) 

Detected 

Concentration 

of Biosensor 

(ng/ml) 

% Recovery 

Of Biosensor 

Detected 

Concentration 

by ELISA Kit 

(ng/ml) 

% Recovery 

of ELISA kit 

6.00 7.20 117.5 5.64±0.02 91.5 

15.00 16.45 108.67 12.89±0.05 84.933 

30.00 28.96 96.03 32.11±0.1 106.533 

60.00 62.68 104.21 58.44±0.05 97.15 

80.00 79.14 98.73 81.09±0.04 101.175 

Long term stability studies were performed by storing modified microfluidic 

electrochemical biosensors for 60 days at 4℃. Sensors were evaluated every 10 days by 

introducing 0.5nM Gliadin to the surface, while using 5mM [Fe(CN)6]3-/4- as a redox 

indicator. The first 3 weeks gave a peak current within the error range, while a deviation 

of 3.5% was recorded in weeks 4 and 5 (Figure 4.13). 
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Figure 4.13 Stability studies done on modified aptasensors over a period of 6 weeks stored at 4℃ 

 Although the sample preparation time is comparable, the number of incubation and 

washing steps in the proposed biochip has been significantly reduced. The drawback of 

this biosensor could be its inability to detect high concentrations (in the range of mM), 

due to saturation on the electrode surface. Also, the assembly of this sensor in a 

microfluidic casing would be tricky and requires technical precision and a cleanroom 

facility. The performance of this aptasensor was compared to recently published 

literature, collated in Table 4.3 
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Table 4.3:  Previous reported works on the detection of Gliadin 

Detection 

Technique 

Range of 

detection / 

recovery 

Limit of 

Detection 

Assay Time 

 

Reference 

DNA genosensor Up to 5nM 1nM 15-30 min (Martín-

Fernández et 

al., 2015) 

Electrochemical 

Immunosensor 

1.2-34 ng/mL 1.2 ng/mL - (Chekin et al., 

2016c) 

Electrochemical 

Immunosensor 

5.5ng/mL 0.05ng/ml <90 min (Nassef et al., 

2008) 

Impedimetric 

Immunosensor 

5-20mg/L 5ppm - (Bottari et al., 

2018) 

Electrochemical 

Immunosensor 

0-90 µg/kg 0.005 mg kg−1 28 min (Marín-

Barroso et al., 

2019) 

QCM 

Immunosensor 

1x101 -  2x105 

ppb 

8ppb 40 min (Chu et al., 

2012) 

Chrono- 

Amperometric 

11% 

reproducibility 

0.113µg/L 30 min (López-López 

et al., 2017) 
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Aptasensor 

Electrochemical 

Microfluidic 

aptasensing (This 

work) 

4nM to 250nM 7 pM 20 min  

 

4.5 Conclusion     

This study highlights the importance of food safety by the fabrication of a microfluidic 

point- of – care device for gliadin detection. As proof of concept, an electrochemical 

detection system was studied. The use of two very widely used 2D TMD's showed the 

synergistic effect of electron transfer through the working electrode. Gold nanoparticles, 

not only provide overall stability to the system but also formed a platform for the aptamer 

to attach itself through –SH bonding. This reduced the number of functionalization steps 

making it easy for fabrication. To further simplify the system and improve portability, a 

PDMS based microfluidic chip was designed. The size characteristics allowed the sample 

to be filtered, mixed, and incubated within the chip thus improving sensitivity. No 

significant cross-reactivity was observed in this study which tested various gluten-free 

foods for its levels. This sensor finds its application as a point- of – care device for efficient 

on- field testing of gliadin in the food safety sector.  
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Connecting Statement  

After assessing the working of an electrochemical microfluidic setup for both Okadaic acid 

and Gliadin it was concluded that, irrespective of analyte being used, the LOD was 

comparable. This means that signal transduction within the transduction system was 

effectively improved by the synergistic effect of the aptamer and nanomaterial. 

Furthermore, the redox indicator effectively donated electrons during the process and 

maintained stability.  

Despite several positives, some of the challenges faced during this study was the delicate 

handling and maintenance of the microfluidic channel. The tests require some level of 

technical skill for operation. Hence the following chapter explores a more user-friendly, 

naked –eye assessment of the extent of analyte present in sample.   
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Chapter 5. A Paper-Based Colorimetric Aptasensor for the 

Detection of Gentamicin 

 

5.1 Abstract  

Antibiotics are classes of antimicrobial substances that are administered widely in the 

field of veterinary science to promote animal health and feed efficiency. Cattle-

administered antibiotics hold a risk of passing active residues to milk, during the milking 

process. This becomes a public health concern as these residues can cause severe allergic 

reactions to sensitive groups and considerable economic losses to the farmer. Hence, to 

ensure that the produced milk is safe to consume and adheres to permissible limits, an 

on-farm quick and reliable test is essential. This study illustrates the design and 

development of a microfluidic paper biosensor as a proof-of-concept detection system for 

gentamicin in milk. Localized surface plasmon resonance (LSPR) properties of gold 

nanoparticles have been explored to provide the user a visual feedback on the test, which 

was also corroborated by RGB analysis performed using Image J. The assay involves the 

use of a short stretch of single stranded DNA, called aptamer, which is very specific to 

the gentamicin present in the milk sample. The camera-based LOD for the fabricated 

paper device for milk samples spiked with gentamicin was calculated to be 300 nM, with 

a reaction time of 2 min. 

Keywords: Gentamicin; aptamer; gold nanoparticles; colorimetric biosensor; paper 

microfluidics; aptamer 

 

5.2 Introduction 

Food-producing animals, such as dairy cows, have been administered antibiotics as part 

of disease control and regular well-being since the early 1930s. Antibiotics, also known 

as antibacterials, are synthetic/semi-synthetic chemical compounds that retard or 

eliminate the growth of bacteria. Statistics from the Centre for Disease Control and 

Prevention (CDC) as of 2020 reveal that at least 2.8 million people have developed 

significant drug resistance, of which 35,000 lives have been claimed (“About Antibiotic 

Resistance | Antibiotic/Antimicrobial Resistance | CDC,” n.d.). Some of the most 

common classes of antibiotics administered to dairy cows are aminoglycosides, 
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tetracyclines and fluoroquinolones (McKellar, 1998). Antibiotics act by penetrating the 

bacterial cells, altering its overall permeability and resulting in cell lysis. 

Although antibiotics have significantly reduced disease occurrences and increased feed 

efficiency, their widespread use has raised serious public health concerns over the years 

(Wegener, 2003). In order to cope with increasing milk demand, practices of antibiotic 

administration to cows in the form of IV injections and regular feed additives has led to 

its over-use and misuse, over the years. These pharmacologically active metabolites, 

known as “residues”, accumulate in the body of the animal over time (BRADY and 

KATZ, 1988). That is to say, when a drug is administered to the cow, it is broken down 

by the body. Most parts of the antibiotics get absorbed into the bloodstream 

(bioavailability), while the rest is excreted in the form of urine or feces, depending upon 

the animal itself and the dose provided. However, constant exposure over time results in 

the animal being antibiotic resistant, thus requiring higher doses to overcome the illness 

(Sukul and Spiteller, 2007). This can reflect in the antibiotics being present in animal 

products such as milk, eggs and meat, which becomes a consequential public health 

concern [6,7]. 

Milk is a versatile and wholesome food that has been established as a great source of 

essential nutrients for centuries. It is fortified with appropriate amounts of fat, protein 

and vitamins, and it is extensively consumed as itself or its by-products (Haug et al., 

2007). In the year 2019, 552 MMT (million metric tons) of bovine milk was produced 

worldwide, of which India was the largest consumer at 77.4 MMT (“• Global 

consumption of milk per year by country, 2019 | Statista,” n.d.) . Being so widely 

consumed, it becomes imperative to monitor the amount of antibiotics present in milk 

before it reaches the consumer. To ensure public safety, the International Food Standard 

(Codex Alimentarius), in collaboration with Food and Agricultural Organization (FAO) 

and the World Health Organization (WHO), has set strict guidelines and threshold limits 

for the presence of antibiotic residues in milk (FAO et al., 2015).  

Gentamicin is one such aminoglycosidic antibiotic used in the treatment of severe 

bacterial infections such as mastitis and metritis. It has broad spectrum activity against 

pathogens including Escherichia. Coli, Streptococcus, Staphylococcus and many others 

(Rosenkrantz et al., 1981). Derived from Micromonospora purpurea, gentamicin sulphate is 

made up of four major units- C1, C1a, C2 and C2a and one minor component C2b (Jao and 

Jackson, 1964).While most of the gentamicin is renally excreted, intramammary 

administration tends to show residues in milk samples varying from 78 to 256 h from 

treatment time (Weinstein, n.d.). Toxicological studies of gentamicin reveal possible 
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ototoxicity and nephrotoxicity among vulnerable groups on oral consumption (Saleh et 

al., 2016). Therefore, to overcome the above-mentioned challenges, the focus of this 

presented work was to design and develop a quick and reliable detection system to 

determine levels of antibiotics such as gentamicin in milk.  

Liquid chromatography-mass spectroscopy (LC-MS) has been considered the “gold 

standard” for the detection of antibiotics in milk. However, its long process time and 

analysis cost per sample has had researchers looking for a cheaper and more effective 

alternative (Weng and Neethirajan, 2017). With the advent of molecular technique such 

as antibodies and DNA, biosensors have garnered acclaim for their quick response time 

and sensitivity (de Oliveira et al., 2017). This study used DNA aptamers, which are short 

sequences < 100 base pairs long, with the ability to bind specifically to the molecule of 

interest (O’Sullivan, 2002). The respective oligonucleotides are selected using the SELEX 

process (systematic evolution of ligands by exponential enrichment) depending on their 

dissociation constant (Kd). The oligos that bind were eluted after several screening rounds 

and polymerase chain reaction (PCR) was used to make multiple copies (Klug and 

Famulok, 1994).  

Herein, a paper-based sensor for the easy detection of gentamicin in milk samples has 

been fabricated and developed. The localized surface plasmon resonance (LSPR) 

property of gold nanoparticles in combination with the specificity of aptamers has been 

used in a colorimetric assay (Sepúlveda et al., 2009). Aptamer-coated gold nanoparticles 

demonstrated a strong absorbance peak λmax = 520 nm due to the excitation of plasmons. 

When various concentrations of gentamicin were introduced, the affinity of the aptamers 

increased towards gentamicin, leaving the AuNPs bear and susceptible to salt-induced 

color change from red to blue. Similar noteworthy studies using gold nanoparticles have 

been conducted in the detection of contaminants (Hu et al., 2018) and antibiotics [21,22] 

in milk. However, this application of a paper substrate aims at the feasibility of having 

an on-farm, cost- effective, point- of-care device for screening of antibiotics. This device 

would also help veterinarians and farmers to make mindful decisions on administering 

antibiotics to cows. Furthermore, to evaluate its deployability and the extent of color 

development, spectroscopic and camera-based image processing techniques were 

performed on this sensor. 
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5.3 Materials and Methods 

5.3.1 Materials  

Tetrachloroaurate (III) hydrate (HAuCl4·3H2O), Tris, EDTA, sodium citrate and 

nitrocellulose membranes (Whatman® Protran®) were sourced from Millipore Sigma 

(Oakville, ON, Canada). The DNA aptamers sequence was synthesized and acquired 

form IDT Technologies (https://idtdna.com, Coralville, IA, USA). The sequence used for 

the analysis (GA) was 5′- GGG ACT TGG TTT AGG TAA TGA GTC CC- 3′, which was 

referenced from Rowe et al. (Rowe et al., 2010). The aptamers were acquired in a 

lyophilized form using 1xTris-EDTA (TE) buffer. To play the role of interfering 

molecules, BSA, D-fructose and β-lactose, commonly found in milk, were purchased from 

Millipore Sigma (Oakville, ON, Canada). ciprofloxacin hydrochloride monohydrate 

(C17H18FN3O3·HCl·H2O) was sourced from LKT Labs, while amoxicillin (C16H25N3O8S) 

was purchased from Fisher Scientific (Mississauga, ON, USA). TE buffer was prepared 

freshly whenever required using Milli- Q water (18.2 MΩ, DI water).  

5.3.2 Gold Nanoparticle Synthesis and Characterization 

Gold nanoparticles were prepared by a single step citrate reduction method. All 

glassware and stir-bars were cleaned thoroughly and oven dried before use. In a typical 

synthesis, 1 mM of HAuCl4 was dissolved in MilliQ water and constantly stirred while it 

was brought to a rolling boil. Next, 38.8 mM trisodium citrate dihydrate was rapidly 

added to the boiling mixture. A significant color change from pale yellow to light blue to 

wine red was observed. The heat was turned off and allowed to stir for 2 h until the 

colloidal gold sol reached room temperature. The prepared AuNPs were stored for later 

use, in the dark at 4 °C (Haiss et al., 2007). Spectral analysis of the synthesized AuNPs 

were performed using Synergy H1 Multimodal Plate reader (Biotek® Instruments Inc., 

Winooski VT, USA). The size and structure of the nanoparticles were analyzed using 

transmission electron microscope (FEI Tecnai G2 F20, San Francisco, CA, USA).  

5.3.3 Preparation of Aptamer and Modified AuNPs  

The aptamers were received in the form of a dry pellet. During the resuspension 

procedure, the aptamer vial was first centrifuged at 10,000 rpm for 30 s. To obtain a total 

stock concentration of 100 µM, 8 mL of Tris- EDTA buffer (10 mM Tri, 0.1 mM EDTA, pH 

7.5) was prepared. This solution was briefly heated in a double boiler set up to uncoil the 

DNA oligos at 70 °C. It was allowed to cool back to room temperature for 20 min and 

later stored at −20 °C for further experiments. The stock solution was diluted to 1 μM 

https://idtdna.com/
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working solution maintained at pH7.4 for all consecutive experimentation. A 96-well 

plate setup for full spectral analyses were used to as proof of concept. All optimizations 

were first conducted in a 96-well plate format and further applied on a paper substrate. 

Fresh dilutions of gentamicin were prepared in 1xTE pH 7.4, ranging from 3 µM to 1 nM 

from 10 µM stock solutions. The absorbance ratio of A640/A520 was calculated to plot the 

standard curve for the sensor and derive its sensitivity.  

5.3.4 Preparation and Detection of Gentamicin on Paper-Substrate  

The paper-based microfluidic device was cut out of a nitrocellulose membrane section. 

Nitrocellulose membrane (NC) was chosen as substrate for its uniform pore size 0.45 µm 

and unreactive property to a wide range of immobilized proteins and DNA strands 

(Weng et al., 2018). Additionally, the NC surface is smoother in comparison to other 

paper substrates, contributing to better flow characteristics and higher stability. Figure 

5.1 a, b schematically represents the paper substrate before and after the reaction. The 

paper device was prepared by a flower shaped punching instrument (McGill® 64512 

Paper Blossoms Lever Punch) made of stainless steel. The mold was first cleaned with 

70% isopropyl alcohol to remove dust/dirt deposits before punching. Post punching, the 

flowers were placed in a clean dry cabinet until further use. The dimensions were 1.25×1 

inch comprised of 6 large arm channels and 6 small arm channels connected to a central 

area (reaction zone). The larger arm channels, which were used to load the sample, were 

1.5 mm and the reaction zone had a diameter of 4 mm. In a typical experiment, 10 µL of 

synthesized AuNP was added to 1 µL (1 µM) aptamer solution, which was added to a 

clean microfuge tube. The solutions were allowed to bind for 15 min with mild shaking 

at room temperature. Next, 11 µL of the prepared mixture was added to paper substrate 

and air dried for 10 min. Several similar paper devices were prepared and stored in a 

clean, dry atmosphere (away from sunlight and corrosive fumes) up to 30 days for further 

use. Next, 5 µL of the desired concentration of gentamicin was added to the inlet arms 

and allowed to dry, after which, 5 µL of NaCl was added. The color change was 

monitored after the reaction was complete, marked by the drying of the reaction zone.  
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Figure 5.1 Schematic of the microfluidic paper biosensor depicting channels and reaction zones (a) color of 

reaction zone before the introduction of gentamicin and (b) color change from red to purple in the reaction 

zone after interaction. (c) The paper biosensor the size of a dollar coin. 

5.3.5 Real Sample Detection of Gentamicin 

To explore the practical applicability of the colorimetric and paper sensor, skimmed milk 

(2%) spiked with gentamicin was used. Milk, being a complex matrix of proteins and 

caseins was first pretreated to remove these interfering materials described in previous 

studies (Emrani et al., 2016). In a typical experiment, 1 ml of milk sample was spiked with 

various concentrations on gentamicin before the pretreatment process. To this, 1 M HCl 

(pH 4.5) was added to precipitate the caseins, followed by centrifugation at 12,000 rpm 

for 5 min. The supernatant was separated and transferred to a fresh centrifuge tube, to 

which 300 µL methanol was added and the centrifugation process was repeated. The final 

clear supernatant was allowed to interact with ssDNA modified gold nanoparticles in the 

ratio 1:10. Spectral sweep data were obtained from 200–700 nm and the peak absorbance 

ratio of A640/A520 was calculated. 

5.3.6 Imaging and Analysis of Paper Sensor 

To estimate the LOD on the modified paper device, gentamicin-spiked buffer samples 

and milk samples were used. The paper experiment was repeated at least 3 times 

following the protocol illustrated in Section 5.3.4. The camera-based LOD for the paper 

sensor used the images captured on the 12 MP rear camera of iPhone 11, using a white 

background. RGB color analysis was performed on the obtained images (without 

modification) using Image J software 1.8 (Wang et al., 2018). The images were loaded and 
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split into individual channels of red (R), green (G) and blue (B). The reaction zone was 

analyzed for its red and blue intensities for both spiked TE and milk samples. The color 

intensity of both sample sets were plotted as a function of B/R vs concentration(nM), 

where B and R were blue and red intensities per pixel area of the reaction zone. The 

camera- based LOD was estimated using formula 3(standard deviation)/slope (Soda and 

Bakker, 2019). 

 

5.4 Results 

5.4.1 Gold Nanoparticles in Optical Detection  

Metal nanoparticles, especially gold nanoparticles, have been applied in the field of 

optical biosensing in the past couple of decades. The most extensively explored property 

of gold nanoparticles is the property of localized surface plasmon resonance (LSPR) 

(Zeng et al., 2011). The optical property of metal nanostructures originates from its 

interaction with an incident light beam. This interaction causes collective 

oscillations/vibrations in the electron cloud of the nanoparticle, giving rise to the 

phenomenon of LSPR. Noble metals, such as gold and silver nanoparticles, are well 

known to exhibit unique SPR bands and hence play a pivotal role in the colorimetric 

detection of biological substances (Cao et al., 2014). LSPR is influenced greatly by both 

absorption and scattering properties and these optical phenomena have contributed to 

the simplest form of biosensing. The proposed paper-based biosensor is an example of 

an aggregation sensor, which results in an immediate color change on changes in ionic 

strength or pH (Sepúlveda et al., 2009). Here, AuNPs were prepared using a bottom-up 

technique (detailed in Section 5.3.2) and visualized under the TEM as shown in Figure 

5.2. The TEM revealed homogeneous spherical morphology with an average size of ~15 

nm (calculated using Image J). They were later subjected to Vis spectroscopy, where 

maximum absorbance of 520 nm was observed when the nanoparticles were subjected to 

wavelengths varying from 200–700 nm (inset).  
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Figure 5.2 TEM of Au nanoparticles with the inset showing UV-Vis spectra of as-prepared AuNPs. 

A schematic representation of the technique used for the detection of gentamicin on the 

paper substrate is illustrated in Figure 5.3. Aptamers added to the gold nanoparticle 

suspension remained free in the absence of gentamicin, while shielding the interfering 

NaCl. The overall resulting color remained deep-pink indicating no color change. On the 

other hand, a color change to purple was observed when the gentamicin-specific aptamer 

interacted with the gentamicin present in the sample.  
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Figure 5.3 Schematic representation of the working of the prepared paper biosensor, which uses a 

colorimetric detection approach for gentamicin. 

5.4.2 Optimization of Sensing Parameters  

The following experiments were performed to optimize the functioning of the label-free 

colorimetric detection of gentamicin: (i) NaCl concentration, (ii) aptamer concentration 

and (iii) aptamer interaction time. As introduced earlier, sodium ions are known to 

disrupt the ionic stability of the prepared AuNP, resulting in agglomeration. Hence, to 

optimize sodium ion concentration for AuNP aggregation, 20 µL aliquots of NaCl with 

concentrations varying from 200–600 mM was introduced to 200 µL of prepared AuNP 

solution in a microplate well. Spectroscopic study of the resultant AuNP particles showed 

no size changes until 100 mM, while increasing concentration of NaCl (Figure 5.4a and 

inset) revealed visible color change from dark- red to purple until 280 mM. Higher 

concentrations (300 mM and above) demonstrated noteworthy sedimentation of AuNP, 

resulting in the solution to turn grey-ish. Hence, for the successful detection of 

gentamicin, the concentration of NaCl was carefully selected to be 280 mM. 
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Figure 5.4 Optimization of: (a) NaCl concentration varied from 200 mM to 600 mM. Inset: the 96-well plate 

experiment depicting the extent of AuNP agglomeration and color gradation from deep red to purple to 

blue. (b) Aptamer concentration varied from 0.2–1 µM against 280 mM NaCl. (c) Interaction time between 
the aptamer-coated AuNP incubated for various lengths time and (inset) A640/A520 absorbance ratio vs 

incubation time. 

Next, the concentration of gentamicin aptamer (GA) was optimized by introducing 

various concentrations ranging from 0.2–1 µM. The ssDNA aptamer (GA) undergoes 

significant conformational changes to effectively bind to gentamicin (Pandana et al., 

2008). The idea of optimizing aptamer concentration was to estimate the shielding ability 

of the AuNPs modified by GA against NaCl. Spectral data of the interaction between 

different aliquots of aptamer spiked to 200 µL of AuNPs in the microplate, followed by 

the addition of 280 mM NaCl, has been shown in Figure 5.4b and inset. The absorbance 

ratio A640/A520 was calculated to be the highest for 0.2 µM aptamer and least for 1 µM 

concentration. The concentration of the aptamer required for the assay was chosen such 

that the aptamers were evenly distributed over the AuNP surface and did not cause steric 

hindrance. Hence, 1 µM aptamer concentration was chosen for further experiments. 

Lastly, GA was allowed to interact with 200 µL of AuNP and incubated for different time 

periods, before 280 mM NaCl was added to it (Ha et al., 2017). The absorbance ratio 

A640/A520 indicated that increasing interaction time increased the shielding effect of 

NaCl but had no effect after the 15-minute mark (Figure 5.4c and inset). Hence the 

average interaction time between the aptamer and gold nanoparticles were maintained 

at 15 min for all further experiments. After each addition step, intermittent shaking and 

incubating in dark was performed to avoid interaction of light with the sample. Finally, 

200 µL of AuNPs modified with 20 µL of 1 µM GA and 20 µL of 280 mM NaCl were used 

in all Vis spectroscopic studies.  
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5.5 Discussion 

5.5.1 Sensor Validation  

Morphological evidence to validate the working of the biosensor was performed in 

tandem with spectroscopic studies. Through the TEM images, the extent of aggregation 

of AuNP on the addition of NaCl and gentamicin was visualized. Presented in the results 

of Figure 5.5, four scenarios were analyzed: (A) untreated AuNPs, (B) AuNP + 280 mM 

NaCl, (C) AuNP incubated with GA + NaCl and (D) AuNP incubated with 1 µM GA 

followed by the addition of a higher chosen concentration (1500 nM) gentamicin and 280 

mM NaCl. The untreated nanoparticles were visualized as homogeneously spaced 

spherical structures without any agglomeration. Ideally, the surface of gold nanoparticles 

is coated with capping agents to avoid clumping of AuNPs, but no such capping agents 

were used in this research. The prepared AuNPs were stored in a tinted container for 60 

days at 4 °C and analyzed under the TEM. No agglomeration/flocculation was noted, as 

shown in Figure 5.5a. The addition of 280 mM NaCl caused the agglomeration of AuNPs, 

suggesting the action of varying surface charge. The change in ionic strength of the 

solution varied the morphology of AuNPs significantly, promoting the interaction of the 

energy barriers between the AuNP (Figure 5.5b). Here, conduction electrons between two 

adjacent particles were delocalized, causing them to share amongst themselves, resulting 

in a red shift occurring and the LSPR phenomenon tuning down to lower energies. The 

absorbance spectroscopic technique picked up the inherent changes in λmax as a 

consequence of particle destabilization and the appearance of new peaks at longer 

wavelengths due to red shift. Figure 5.5c shows the morphological change undergone by 

AuNPs on the addition of 1 µM GA after an incubation period of 15 min, followed by the 

addition of NaCl. The ssDNA aptamer interacted through noncovalent bonding with the 

AuNPs via the available free nitrogen groups on its surface. This interaction is sufficient 

to anchor the aptamer to AuNPs, increasing its stability by repelling NaCl. In addition to 

TEM data, Vis spectroscopic data revealed comparable results to unmodified AuNP, 

further validating the extent of aggregation. The final leg of the experiment was the 

addition of a known concentration of gentamicin to the solution containing aptamer 

modified AuNP, completed by the addition of NaCl. Figure 5.5d shows the extent of 

agglomeration of AuNP on the interaction of 1500 nM of gentamicin to the aptamer 

solution, which provided a violet color change. The absorbance spectra showed the 

formation of a secondary significant peak at λ = 640 nm, corresponding to a red shift.  
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Figure 5.5 TEM images of the following: (a) untreated AuNP, (b) AuNP + 280mM NaCl, (c) AuNP + 1µM 

GA + 280mM NaCl, (d) AuNP + 1µM GA + 1500nM gentamicin + 280mM NaCl. 

Varying concentrations of gentamicin from 0–3000 nM were examined spectroscopically 

using a microplate (Figure 5.6a) and its corresponding color change is depicted in Figure 

5.6b.  
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Figure 5.6 (a) Spectral data of different conditions on a 96-well plate setup: AuNP, AuNP + Aptamer and 

interactions with various concentration of gentamicin, and (b) an image of a trial experiment performed on 

a 96-well plate and representative concentrations labelled using 200 µL AuNP + 1 µM GA + x nM 

gentamicin + 280 mM NaCl. 

The next step to the experiment was to determine the limit of detection (LOD) of the 

prepared gentamicin biosensor. A significant color gradation from wine-red 

(unmodified/blank) AuNPs to deep purple to blue was observed with increasing 

concentrations of gentamicin. An evident reduction in peak absorbance at 520 nm was 

witnessed, while a new peak at 640 nm emerged on the addition of gentamicin. The 

observed data were first plotted as a full range concentration curve by calculating the 

ratio of absorbance between A640/A520. The ratio of the absorbance was plotted against 

the concentration of gentamicin, as shown in Figure 5.7. Linearity was observed from 10–

1000 nM following the equation y = 0.0004x + 0.356, with R2 = 0.95 Figure 5.7 (inset). The 

limit of detection (LOD) was determined using standard deviation method with LOD = 

3σ/S, where σ is the standard deviation of the y-intercept and the S represents the slope 

of the standard graph. The error bars were obtained from performing trials (n = 3) to 

confirm obtained results. The limit of detection of this sensor was calculated to be 225 

nM.  
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Figure 5.7 Calibration graph obtained from calculating the ratios of absorbance A640/A520 against 

increasing concentration of gentamicin (0–3000 nM). The inset shown the linear range of the biosensor, 10–

1000 nM, with R2 = 0.95. 

Further, skimmed milk samples, spiked with gentamicin were first conditioned before  

assay as detailed in Section 5.3.5. Visible spectral data depicted in Figure 5.8a were used 

to confirm the LSPR response of the AuNPs by repeating the same experiment on a 96-

well plate. Concentrations concurring with the linear range of the TE buffer spiked 

gentamicin samples were chosen for the milk study. The color varied from gentamicin 

samples in buffer due to the extraction technique performed and as a consequence of pH 

variation (pH 7.4 for TE buffer samples and pH 5.2 for extracted milk samples). Hence, 

to understand the gradation better, a calibration graph was plotted, (Figure 5.8b and 

inset) for the absorbance ratios of A640/A520 against concentrations ranging from 0.52–

0.61. The linear range of the absorbance ratios for concentrations ranging from (0 –500 

nM) followed the equation y = 0.0001x + 0.519 (R2 = 0.9821). Furthermore, increasing 

gentamicin concentrations revealed visible precipitation and sedimentation of AuNP, as 

shown in a 96-well plate experiment in Figure 5.8c. The LOD for gentamicin spiked 

samples using Vis-spec studies was calculated to be 210nM.  
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Figure 5.8: a) Shown is the spectral data of preconditioned gentamicin-spiked milk samples on interaction 
with gentamicin aptamer (200 µL AuNP + 1 µM GA + x nM (20 µl) gentamicin spiked milk + 280 mM NaCl). 

b) A640/A520 ratios of the spectral data and inset shows the linear range of the data c) experiments 

performed on processed milk samples using a 96-well plate. 

5.5.2 Gentamicin Paper Assay  

The paper sensor application is an extension to the colorimetric sensing, preformed on 

the 96-well plate. The paper sensor design uses a very simple fabrication technique on 

chromatographic paper. Of the four wider arms, two were used for the addition of 

reactants NaCl and gentamicin, while a solution of AuNP and gentamicin was added to 

the reaction zone. The shorter arms would act as absorbent pads for excess fluid applied 

to the larger/wider arms. Capillary action allows the sample to flow to the center of the 

paper flower. The quantity of reactants used on the paper substrate varied from that of 

the microplate experiment, but the concentration was maintained as optimized, detailed 

in Section 5.3.4. Red and blue channel intensities for both TE spiked samples and milk 

samples plotted as a function of B/R vs gentamicin concentration. The B/R values for TE 

gentamicin samples yielded a linear range from 0–1000 nM following the equation y = 

0.0002x + 0.7739 (R2 = 0.986) (Figure 5.9 a, b). The LOD was calculated to be 150 nM. 

Similarly, B/R values for gentamicin-spiked milk samples (Figure 5.9 c,d) followed the 

linear equation y = 0.0002x + 0.8407 (R2 = 0.976) resulting in an LOD of 300 nM. The time 
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taken for the reactants to combine by capillary effect and dry up to produce a color change 

was recorded to be 2 min. 

 

Figure 5.9. (a) Various concentrations of gentamicin samples in TE buffer (100–1000 nM) detected on paper 

substrate. (b) B/R values obtained using Image J plotted against various concentrations of gentamicin. (c) 

Milk samples spiked with known concentrations of gentamicin have been analyzed (100–1000 nM) on 

paper. (d) Corresponding B/R values (milk samples) vs concentration. 

 

5.5.3 Selectivity Studies  

Selectivity studies are an important point to consider while designing a sensor. In 

practical applications where several molecules might cause the occurrence of a false 

positive/negative, a selective analysis becomes key. The possibility of the aptamer not 

interacting with a molecule other than gentamicin was established in the SELEX process, 

however, in a sensor application several number of factors could contribute to an 

incorrect response. Hence, various possible interfering molecules present in milk or that 

otherwise have a comparable structure/molecular weight were tested against our 

modified paper sensor. In total, 1000 nM concentration of all interfering molecules were 

introduced to the paper sensor and the spectroscopic data were obtained. The absorbance 

ratio of A640/A520 was plot to conclude a remarkable response for the gentamicin but 
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not for any of the interfering molecules Figure 5.10. Similar antibiotics such as amoxicillin 

and ciprofloxacin were tested against the gentamicin aptasensor and an A640/A520 value 

close to control was observed, confirming no cross-reactivity. 

 

Figure 5.10 Interference studies performed with different molecules - bovine serum albumin (BSA), 

ciprofloxacin, amoxicillin, gentamicin, lactose and fructose by adding 200 µL AuNP + 1 µM GA + 1000 nM 
of interfering molecule in TE buffer (pH 7.4) + 280 mM NaCl. Inset: photograph of the well plate showing 

color change in the order of interfering molecules. 

 

5.6 Conclusions 

The detection of antibiotics in milk is a serious concern in the field of agriculture. Despite 

measures to carefully analyze antibiotic levels, there still remains a need to determine 

gentamicin levels on farm. Keeping this in mind, the paper sensor is an effort to reduce 

the assay time required to determine a “yes/no” check before the milking process. This 

will, in turn, reduce the overall economic losses associated with discarding batches of 

milk containing high levels of gentamicin at the collection area. The design of the paper 

sensor took into consideration the International Food standard CODEX Alimentarius 

Maximum Residues Limit (MRLs) (200 µg/L, 418 nM), according to which, the sensitivity 

of the aptamer paper sensor using milk and spiked TE samples fall within permissible 

range. One of the major advantages associated with sensor usage is not requiring high-

end spectroscopic techniques or reagents for qualitatively determining the presence or 

absence of gentamicin. A disadvantage of the assay could be: (i) possible cross-

contamination between samples and (ii) the addition of too much sample into the 
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channels in such a way that it floods into the detection area, thus clogging it or (iii) 

improper handling and storage of modified paper flowers between uses. However, this 

research is a step towards fabricating a point-of-care device that can be deployed towards 

ensuring food security. 
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Connecting Statement  

The above study is an example of a very simple, user-friendly device that can easily 

identify (without cross-reactivity) the presence of Gentamicin in milk samples. The 

colorimetric approach comes in handy when a quick “no” or “go”  response is expected. 

As with any form of biosensing, there are positives and negatives. The first challenge was 

the higher LOD as compared to the electrochemical technique. However, this did not 

influence the overall applicability of the sensor as it was within prescribed threshold 

limits. Further, a very common challenge faced during the analysis was “user- bias” which 

involves the user to perceive a color change. This, in some cases defeats the objective of 

the sensor and therefore, the following chapter explores an in-line, re-usable, low-

maintenance, cheap and sensitive alternative for the detection of small molecule 

contaminants. 

 

 

  



 

 

112 

 

Chapter 6. A reusable QCR aptasensor for the detection of 

Brevetoxin-2 in shellfish 

 

6.1 Abstract 

Brevetoxins (BTX) are pharmacologically active, lipid soluble cyclic polyether 

neurotoxins that are known to cause a wide range of neurological symptoms in humans.  

Harvesting and consumption of infected molluscs provide an entry point for BTXs into, 

the food chain, causing long-term health effects on accumulation for individuals, 

commonly in people with a compromised immune system and existing allergies. This 

study is an acoustic assay that has been constructed using a 9 MHz AT-cut quartz crystal 

resonator modified by attaching a specific single-stranded DNA aptamer. The DNA oligo 

modifies its conformation to attach itself to the binding site of the incoming BTX molecule 

resulting in a change in frequency on the QCR. A small Δf value was observed for lower 

concentrations of BTX indicating a small change in mass deposited on the crystal surface, 

while the opposite was true for higher concentrations. Cross-species behavior was 

evaluated using samples of similar origin, molecular weight and a combination of two 

toxins. The LOD of the fabricated QCR is 220 nM which is lower than the maximum 

recommended residue limit in food samples. Fresh mussel samples were spiked with 

known concentrations of BTX to evaluate its sensitivity in a food matrix. No interaction 

with other compounds was observed. Overall, this sensor finds potential application in 

the food sector (fishing units) where mussels are tested and graded for allergens and 

toxins before reaching the customer. 

Keywords: Brevetoxin; QCR; Acoustic sensor; Aptamer; Oscillator 

 

6.2 Introduction  

The occurrence of “red tides” across coastal regions, such as New England (2005), Gulf 

of Mexico (2016) and Florida (2018), has increased in the past few decades(Brand and 

Compton, 2007)(Hoagland et al., 2020). They are a result of naturally occurring harmful 

algal blooms (HABs) or phytoplankton, which, during favorable climatic conditions 

reproduce extensively and release toxins(Landsberg et al., 2009). The existence of HABs 

can be attributed to recent anthropogenic activity and varying global climatic 
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conditions(Zohdi and Abbaspour, 2019). Not only do they endanger human and marine 

life but also cause substantial economic losses to the fisheries and tourism industry 

(Baden, 1989). Brevetoxins (BTX) are a class of methylated polyether neurotoxins that 

originate from Karenia Brevis (K.Brevis) blooms. They are lipid-soluble, stable, odorless, 

tasteless and are made up of a linear array of fused cyclic ether rings. BTXs generally 

consist of diffused rings and are broadly classified into two categories based on their 

backbone structure: Brevetoxin A: PbTx-1 [C49H70O13] PbTx-7 and PbTx-10; and 

Brevetoxin B: PbTx-2 [C50H70O14], PbTx-3, PbTx-5, PbTx-6, PbTx-8 and PbTx-9. PbTx-1 is 

the most potent variant of Brevetoxin while PbTx-2 is more widely present in shellfish.  

The primary (parent) structure of BTX- type A and B are illustrated in Figure 6.1 (a and 

b)(“Brevetoxin A | C49H70O13 - PubChem,” n.d.)(“Brevetoxin B | C50H70O14 - 

PubChem,” n.d.). The functional groups at the “tail” end vary with its respective 

derivatives.   

 

 head  

 head  

 tail  

 tail  

(a) (b)

 

Figure 6.1.  Chemical structure of (a) PbTx- Type A and b) PbTx- Type B. 

Molluscan fish such as mussels, clams and oysters generally filter-feed on the HABs that 

eventually act as vectors for these non-proteinaceous compounds, providing a gateway 

for these toxins to infiltrate the food web. Human exposure to BTXs happen through: (i) 

aerosolized sea water droplets and (ii) the consumption of contaminated shellfish(Wang, 

2008). Aerosolization and heavy wave action on the sea, causes the BTXs to be pushed 
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on-shore, resulting in upper and lower respiratory problems such as rhinitis, sneezing 

and cough(Fleming et al., 2005). On the other hand, ingested BTXs can cause Neurotoxic 

Shellfish Poisoning (NSP)(Diaz et al., 2019), characterized by loss of motor control, 

nausea, peri-oral rash and severe muscular pain (Farabegoli et al., 2018). BTXs, being 

depolarizing substances, act by opening voltage gated sodium channels, resulting in 

uncontrolled Na+ influx into the cell(Abraham et al., 2005). Research conducted on 

neuroblastoma cell lines have lead scientist to conclude that Brevetoxins bind to receptor 

site-5 of the α- subunit of the sodium channel; slowing neuronal activity(Dechraoui et al., 

1999). The FDA and EPA (FD&C Act) [21 U.S.C. 342] outline safety regulations on 

permissible levels of BTX in fish and its by-products at ≈ 0.8mg/kg (0.8ppm). To ensure 

public safety, the earliest detection technique used was the Mouse bio-assay (MBA), 

which measures the administered unit dose of toxin extract against time to 

death(Campbell et al., 2011). However, MBA came with disadvantages, including: the 

lack of selectivity and specificity, the long process time and the use of laboratory animals, 

which is ethically debatable. Hence, analytical methods such as liquid chromatography 

and liquid chromatography coupled with mass spectrometry (LC-MS) were preferred 

over the MBA to determine the extent of BTX toxicity(Wang et al., 2004)(Plakas and 

Dickey, 2010).  

Although chromatographic techniques were able to provide distinct information based 

on the structural features of BTX, they lack the ability of on-site deployment and test runs 

are expensive. With the discovery of antibodies for BTXs(Levine and Shimizu, 

1992)(Melinek et al., 1994), selective and specific immunoassays were developed based 

on its epitope binding efficiency. Competitive ELISA systems use specific monoclonal 

antibodies for the detection of PbTx and its derivatives. Naar et al. tested PbTx toxicity 

against sea water, shell-fish extract and urine with an observed limit of detection of 

2.5µg/100g of fish samples and a working range of 0.2-2ng/ml (Naar et al., 2002). 

Similarly, an electro-chemiluminescent approach was taken by Poli et al. where a low 

limit of quantification of 50pg/ml PbTx in serum and urine were reported, obtained 

within an analysis time of 2h (Poli et al., 2007).  

The advent of nanomaterials, however, opened up new avenues for their application to 

immunosensing systems for better sensitivity and response time. Specifically, metallic 

nanomaterials such as Au, Ag and Fe2O3 were used widely for their tunable electro-

optical and mechanical properties. These metal nanoparticles were combined with 2-D 

nanomaterials such as graphene and MoS2 to enhance both electron conductivity and 
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thermal properties (Ramalingam et al., 2020). For instance, an enzyme-free competitive 

immunoassay for Brevetoxin-B was developed by Lin et al. using carbon enriched Pd 

nanostructures (MSC-PdNS), resulting in a sensitivity of 5.0pg/ml and a linear range of 

0.01-10ng/ml(Lin et al., 2015). A graphene assembled guanine nanoribbon coupled 

magneto-controlled anti-PbTx2 Ab immunosensor was designed by Tang et al.  which 

provided a dynamic working range of 1pg/ml to 10ng/ml and a limit of detection (LOD) 

of 1pg/ml(Tang et al., 2012).  

 Recent innovation in the field of DNA biosensing has led to the synthesis and 

development of highly selective biosensing tools. Aptamers are short stretches of highly 

specific single-stranded DNA that have been chemically synthesized using SELEX 

(Systematic Evolution of ligands using exponential enrichment)(Alves et al., 2016). This 

process involves a library of oligonucleotide (1013 to 1015) variants that are incubated 

against a column containing low concentrations of a target molecule. The 

oligonucleotides that bind to the target are eluted and amplified using PCR. Multiple 

cycles of the same process are run (6-20 times); and those which have a dissociation 

constant (Kd) in the nM or pM range is further purified and selected (Nguyen et al., 2017). 

Aptamer- based detection has been applied widely to various sensing platforms such as 

electrochemical, fluorescent, SPR and chemi-luminescent techniques. For instance, the 

extent of okadaic acid content in real shellfish samples was quantified using 

electrochemical techniques by (Ramalingam et al., 2019a). A low limit of detection of 7pM 

was achieved with a linear range of 10nM-250nM. Similarly, Eissa et. al designed a 

competitive aptasensing system for BTX-2 which achieved a low limit of detection of 

106pg/ml and a high sensor recovery rate (Eissa et al., 2015).  

In this research, a quartz crystal microbalance-based setup (QCM), has been explored as 

a candidate for PbTx-2 biosensing. The quartz crystal resonator (QCR) device is known 

to produce transverse waves with  particle displacement occurring parallel to the surface 

of the crystal (Hayward et al., 2016). Sauerbrey equation gives the relation between 

change in the crystal base frequency (f0) with respect to mass variations on its surface 

(Δm). Further, the shift in resonance frequency also depends on the crystal’s effective 

surface area (Ae), crystal’s loaded resonant frequency (fM), its odd harmonic overtone 

(N=1,3,…), shear modulus of the crystal material (μq) and its density (ρq).  

∆𝑓𝑀

𝑓0
= −

2𝑁𝑓0∆𝑚

𝐴𝑒√µ𝑞𝜌𝑞
                                                 (1) 
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 The resonant frequency (fr) of the crystal depends on the type (X, Y, AT etc.) and 

thickness of the cut. The QCR oscillates at a resonant frequency, which is known to shift 

as response to mass loading on its surface. Sauerbrey first established that f r will decrease 

linearly with increasing mass on the crystal surface to the tune of nanograms (Sauerbrey, 

1959). This study hypothesizes that thiolated aptamers of a specific concentration, when 

successfully immobilized on the surface of the gold electrode would provide a change in 

frequency when exposed to a positive sample.  

 

6.3 Experimental Procedure   

6.3.1. Materials  

The QCR sensors used in this research was fabricated from a 9 MHz AT-cut Quartz 

crystal sourced from Laptech Precision Inc. (Bowmanville, Ontario). 11 mm Ø 1dram 

glass vials were purchased from Fisher Scientific (Whitby, Canada). RTV-118 silicone 

cement (food grade) was sourced from MG Chemicals (Surrey, BC). 1-Hexanethiol 

(MCH), acetone, ethanol, HCl, nitric acid, Tris-hydrochloride, EDTA and gold foil were 

purchased from Sigma Aldrich (Etobicoke, ON, Canada). The materials required for 

assembling the test fixture were purchased from Digi-Key. The oscillator, a PLO-10i 

(Inficon, East Syracuse, NY) provided an output phase-locked t to the series resonant 

frequency of the crystal. A custom-built frequency-counter recorded the frequency at 10s 

intervals. A stock concentration of 100μg of Brevetoxin (PbTx-2) was procured from 

Abcam Inc. (Cambridge, Massachusetts, USA). Shellfish Brevetoxin ELISA kit was 

purchased from Attogene (Austin, TX). The DNA oligo sequence chosen for this study 

was synthesized by IDT Technologies (IA, USA) and was obtained in a lyophilized 

powder form. The ssDNA used in the assay is as follows: /5ThioMC6-D/AT ACC AGC 

TTA TTC AAT TGG CCA CCA AAC CAC ACC GTC GCA ACC GCG AGA ACC GAA 

GTA GTG ATC ATG TCC CTG CGT GAG ATA GTA AGT GCA ATC T - 3′ The aptamer 

sequence was thiolated (-SH) at the 5′ end to bind to the gold electrode. Further, the Tris 

EDTA buffer (10 mM Tris/1 mM EDTA) (TE) was freshly prepared whenever necessary 

through the period of the experiment, maintained at pH 7.4. 

6.3.2 Crystal preparation and assembly 

The 1dram glass vials used to house the quartz crystals were first cut at the bottom, 

sanded with emery paper and cleaned before use. The 11 mm Ø glass vial bottoms were 

replaced with 13.5 mm Ø crystals using RTV118 silicone rubber adhesive sealant and 
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allowed to sit for 48 h (Fig. 6.2 a,b). Once successfully bound, the cleaned vials were 

washed with reagents in the following sequence: 1) Chromic acid (a drop in the centre of 

the crystal for exactly 1 min) ; 2) copious amounts of water and 3) acetone (x3) and ethanol 

(x3). Several of these vials were prepared and stored face down in a clean dry place for 

further experimentation. A 10 mM stock solution of 1-Hexanethiol (MCH) in ethanol was 

carefully prepared under nitrogen atmosphere in a glove bag. This solution was further 

diluted to obtain a 1μM working solution, which was maintained for further experiments. 

First, the loaded crystal fixtures were cleaned with HCl, water and acetone before each 

immobilization. Next, a solution containing a specific ratio of aptamer to spacer was 

prepared in a fresh microfuge tube, under a nitrogen atmosphere, and vortexed for a 

period of 30s at 3000 rpm until fully combined. Finally, this aptamer and spacer solution 

was added to the clean crystal fixture (under N2) and the vial was capped. The loaded 

crystal was further incubated at 5° overnight, allowing time for the aptamer and spacer 

to bind to the crystal surface. 

 

Figure 6.2 (a) QCR mounted in a test fixture using O-rings (b) Test vial attached to a quartz crystal at the 

bottom 

6.3.3 Aptamer preparation and adhesion 

The pelletized aptamer was first centrifuged at 10,000 rpm for 30s to ensure nothing was 

stuck to the lid. TE buffer (pH7.4) was used to re-suspend the aptamer to yield a stock 

concentration of 500 μM. This stock solution was heated briefly in a double boiler system 

for a period of 5 min at 60° and cooled to room temperature. This step facilitated the 

uncoiling and hence the activation of the aptamers. The aptamer stock solution was 

further diluted to a 1μM working solution on addition of Tris-(2-carboxyethyl) phosphine 

(TCEP) buffer and allowed to cleave overnight. The stock and working solution were 
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stored at -20° until further use. At the time of a test run, a fresh crystal was activated by 

the addition of equal concentrations of aptamer and 1-hexanethiol spacer under nitrogen 

and incubated overnight at 5°.  

6.3.4 Optimization and analysis  

The ratio of aptamer to spacer was optimized by preparing 4 different dilutions of 

aptamer to MCH. Ratios 1:80, 1:50, 1:25 and 1:9 (BTX apt: MCH) were incubated and 

immobilized on the surface of the crystal. The resultant frequency change was measured 

on the addition of a known concentration of pure Brevetoxin solution (1 μM). The 

frequency response provided an idea of the extent of coverage of aptamer on the crystal 

surface. Meanwhile, Pb-Tx2 salt was prepared by adding TE buffer to yield a 1 μg/ml 

working solution. Further, several aliquots of the working solution were prepared, 

ranging from 1 nM–1000 nM for further tests. In a typical experiment, the modified crystal 

was be washed with TE buffer thrice to wash off unbound aptamer. Next, 200 μL of fresh 

TE was be added to the vial and hooked up to the PLO-10i to acquire baseline readings 

for 60 min. Then, the TE was removed and the BTX sample was added. Frequency 

readings were continued until the trial was completed.  

6.3.5 Real sample preparation  

Live mussels were purchased from a local sea food outlet and de-shelled without 

cooking, and tissue samples were isolated. The dorsal mantle lining was cut using a 

filleting knife and the tissues were scooped and weighed. Next, the tissue mass was run 

under cold distilled water to wash residues or debris. The methanolic extraction process 

was an adaptation from studies conducted previously (Ramalingam et al., 2019b).  First, 

clean mussel tissue (250g) was weighed and homogenized using a laboratory blender to 

obtain a smooth paste. 1 ml of 50% methanol in water was added to 1ml of the sample 

and vortexed well. Next, this mixture was centrifuged at 4000 rpm for 5 min. The clear 

supernatant was transferred to a clear microfuge tube and subsequently heated in a 

double-boiler setup to 80O for 5 minutes. When the extract cooled to room temperature, it 

was centrifuged at 5000 rpm for 7 min. Lastly, 100µL of the resultant extract was mixed 

with TE buffer and stored at 5O for further experimentation. This extract was spiked with 

known concentrations of BTX and its frequency response was monitored. 
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6.4 Results and Discussion 

6.4.1 TSM proof of principle  

Acoustic wave devices have been explored extensively, for their application as biosensing 

devices since the 1970s. In this study, an AT-cut Quartz crystal was the piezoelectric 

material of choice. It is preferred owing to its stiffness, robustness and its ability to 

provide a sharp response. The detection principle of BTX using a QCR crystal has been 

schematically represented in Fig. 6.3. The measurement technique used in this sensing 

system is an oscillator configuration where the series resonant frequency is the factor that 

is measured at constant intervals of time. The surface of the gold electrodes on the QCR 

sensor is first modified using ssDNA aptamers that are known to alter their 3D 

conformation to capture the incoming BTX molecule. 

  

Figure 6.3 Schematic of a the QCR based detection system for Brevetoxin 

The initial frequency of the crystal (f0) at t=0 is recorded to provide a baseline, then 200 

μl of the sample is introduced into the test vial. The interaction between BTX and aptamer 

causes a sharp drop in crystal frequency, recorded as (f1). According to equation (2), the 

change in crystal frequency, Δf, is proportional to the increasing concentration of BTX 

added. 

                                                             Δf = f0 - f1                                        (2) 
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6.4.2 Optimization and working   

As previously discussed, the ssDNA aptamer undergoes a series of isolation, sequencing 

and cloning steps before it is narrowed down to the sequence having the smallest 

dissociation constant (Kd). Further, the thiol functionalization at the 5′ end of the aptamer 

was done based on the well-established Au–S binding chemistry. This technique reduced 

the number of steps required for successful immobilization of aptamer on a crystal 

surface, while circumventing the use of EDC and NHS (carbodiimide cross-linking 

chemistry). The formation and interaction of self-assembled monolayers (SAMs) on gold 

surfaces were taken advantage of in this sensing system. The gold surface was cleaned 

thoroughly to obtain robust thiol-Au based SAM. Furthermore, choosing a thiol 

functionalized aptamer sequence retains the integrity of the aptamer in solution. In other 

words, high affinity and adsorption of thiol sequences onto Au surfaces have a minimum 

effect on the functioning of the biological molecule being used since its native structure 

remains intact.  

To avoid the action of repulsive forces among adjacent aptamer sequences, and to 

promote BTX-aptamer interaction on the surface of the electrode, the aptamers were 

spaced using hexanethiol. The aptamer to spacer concentration was optimized by 

preparing known ratios of BTX aptamer: hexanethiol. These mixtures were introduced 

into a test vial under nitrogen atmosphere and incubated, overnight at 5°. At the end of 

the incubation period, the excess aptamers were washed using fresh TE buffer followed 

by the addition of 200 μl of 500 nM BTX to the modified test vial. The change in crystal 

resonant frequency (Δf) was measured for each of the different spacer ratios. The plot 

shown in Fig. 6.4 depicts the frequency change observed over selected aptamer: 

hexanethiol ratios. The low Δf value obtained for higher spacer concentrations indicate 

the possibility of inadequate interaction between the aptamer and BTX sample. On the 

other hand, the 1:9 ratio revealed possible steric hindrance due to the lack of space 

between adjacent DNA sequences, reducing the value of Δf drastically. Hence, 1:25 

aptamer: spacer concentration was considered ideal for further experiments.  
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Figure 6.4 Response of Δf values with various aptamer to spacer concentrations 

Figure 6.5(a) shows the raw frequency shift of a complete detection cycle, staring from 

the cleaning of the vial after attachment, to the interaction of BTX with the aptamer. The 

resonant frequency of the crystal surface before immobilization of aptamer was about 

9.004 MHz, which subsequently dropped to 9.00275 MHz after the 8-h incubation period 

of 1:25 (Aptamer: hexanethiol) solution. The crystal surfaces were washed to ensure the 

removal of un-bound aptamers and to prevent inconsistent interaction. Once washed, the 

crystal surface was re-immersed in 200 μl of fresh TE buffer and the baseline was acquired 

for a period of 45–60 min. Following this, the BTX sample was introduced onto the crystal 

surface. Fig. 6.5(b) shows the change in frequency (Δf) value obtained for a 1000 nM BTX 

concentration. At the instant of addition, the baseline was corrected to t=0 and the Δf 

value was found to be 107.5Hz. The interaction of the BTX with the immobilized aptamer 

sequence was almost instantaneous, after which a lower baseline was established. It can 

be concluded from the response curve that addition of Brevetoxin resulted in a significant 

change in mass on the surface of the crystal. Increasing concentration of BTX also altered 

the conformation of the aptamer to perfectly adapt and capture the target, thus increasing 

the overall crystal response. Post interaction, a new baseline was achieved indicating the 

successful interaction of PbTx-2 aptamer and BTX molecule. 
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Figure 6.5 (a) Response graph of the change in frequency on the addition of 1000nM BTX (b) Raw 

frequency data from aptamer immobilization to detection   

 

6.4.3 Sensitivity 

Fig. 6.6 shows the calibration graph obtained by plotting the Δf values observed on the 

addition of various known concentrations of BTX ranging from 10 nM–1000 nM. A linear 

response with an R2 value of 0.998 was observed which followed the equation y = 0.0896x+ 

7.989. The limit of detection of the fabricated sensor was calculated using the formula 

3σ/S where σ is the standard deviation of the regression and S is the slope of the linear 

range. The LOD was determined to be 220 nM, based on the standard deviation obtained 

from at least 3 trials. 
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Figure 6.6 Calibration graph depicting the change in frequency obtained on the addition of various 

concentrations of BTX and its corresponding linear fit   

6.4.4. Reproducibility and reusability  

The ability to use the QCR as a sensing platform in conjunction with aptamers comes 

with its advantages. Apart from their sensitivity, precision and accuracy of detection, 

QCRs are also known for their reusability which reduces the overall cost of an assay. The 

reagents required for a test run are in the microlitre range and the crystal surfaces can be 

easily washed between subsequent uses. Putting the crystal’s stability over repeated 

washing to the test, a single test vial was re-used over a period of 45 days. The crystal 

surface was re-used for multiple trials by washing its surface with 1 M HCl, followed by 

flushing with deionized water (x3) and ethanol (x3). The cleanliness of the surface was 

verified by performing a “wash test” which was done by hooking up the crystal setup to 

the PLO-10i after the addition of 200 μl of water. Once the blank resonant frequency of 

the crystal was stabilized, the surface was coated with the optimized BTX 

aptamer/hexanethiol mixture and incubated overnight. At the end of the incubation 

period, the unbound aptamers were washed off and 200 μl of TE was used to cover the 

immobilized ones. The baseline frequency of each crystal was noted at the start and 

before addition of BTX. The average frequency for all 3 crystals were maintained at 

9009393.7±3.5 Hz. Once sufficient baseline was achieved, different concentrations of BTX 

(100 nM, 300 nM and 500 nM) were introduced to the surface of the sensor on days 1, 15, 

30 and 45. The resultant change in resonant frequency is graphically represented in 
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(Fig.6.7). It can be concluded from this plot of the Δf values that repeated usage of the 

crystals retained its functionality at over 90% during the test period, providing highly 

repeatable results 

 

Figure 6.7 Stability study of the fabricated QCR aptasensor over a period of 45 days  

Another important factor to consider while fabricating a sensor is its ability to produce 

consistent results among different crystals. In order the prove the property of 

reproducibility, three AT-cut crystals (c1, c2 and c3) were run simultaneously to 

understand the effect of the produced resonant frequency on the addition of known 

concentration of BTX. Four known concentrations 100 nM, 300 nM, 500 nM and 700 nM 

were randomly chosen and introduced into the test vials and their corresponding Δf 

values were observed, as shown in Table 6.1. The observed Δf values were within range 

and there was no significant difference in the detection of BTX among the 3 crystals. It 

can be concluded from the small standard deviation that this type of sensor is reliable 

and hence, a good candidate for robust, in-line applications. 
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Table 6.1 Parallel experiments conducted on 3 test vials on immobilization of 1 µM BTX aptamer and 

the addition of various concentration of BTX 

 Concentration 

(nM) 

Δf c1 Δf c2 Δf c3 Average Standard 

Deviation  

1. 100 18.2 19 18.7 18.64 0.329 

2. 300 38 36 35.5 36.5 1.08 

3. 500 48 43 44 45 2.16 

4. 700 66 67 65 66 0.81 

 

6.4.5 Selectivity and real sample analysis     

The ability of a sensor to discriminate between the sample of interest and interfering 

molecules is an important characteristic to be explored. The application of an aptamer 

allows the sample to bind specifically, reducing the possibility of cross-reactivity. The 

developed QCR aptasensor was tested against complex molecules such as globular 

proteins and molecules that have a similar molecular structure to the target molecule 

(Fig.6.8) The highest concentration (1000nM) of all molecules i.e, Okadaic acid (OA) – a 

diarrheic shellfish poison, gliadin (single chain poly-peptide), gentamicin (Ramalingam 

et al., 2021) (aminoglycosidic antibiotic) were tested as part of real sample analysis. 

Antibiotics have been found to be administered to shellfish as part of rearing in 

aquaculture practices and hence gentamicin was taken as an example(Chiesa et al., 2018). 

Furthermore, gliadin is a common wheat protein found in sauces including oyster sauce 

(a shellfish derivative). Due to the above reasons the interferents were chosen and tests 

were conducted according to previously optimized protocol. Each of the interferants 

were analysed in succession. The crystal surface was cleaned and immobilized with BTX 

aptamer and the same procedure used for spiked buffer samples was performed with 

interference samples. The corresponding Δf values of each species is represented 

graphically in Figure 8 against a control (blank = 0nM BTX) and a 1000nM BTX sample. 

The BTX sample gave an average Δf value of 105Hz, consistent with the calibration graph. 

Gliadin and gentamicin did not show any noteworthy interaction with the immobilised 
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aptamer, thus providing a Δf value comparable to that of blank. As with the other 

experiments, the error bars were constructed after performing at least 3 trials.   

 

Figure 6.8 Selectivity study performed on the QCR aptasensor using various interfering molecules 

Next, the fabricated QCR biosensor was tested to gauge its ability to detect neurotoxic 

shellfish poison in a food matrix. Hence, as mentioned in section 2.5 live shellfish samples 

were processed to yield a methanolic extract (ME), shown in Fig. 6.9 (inset). 

Uncontaminated shellfish extract was maintained as a control, while aliquots containing 

4 concentrations of BTX (100 nM, 300 nM, 500 nM and 700 nM) were prepared. The spiked 

samples were slowly introduced to the test vial while connected to the phase-locked 

oscillator and the change in frequency was monitored. The immobilized aptamer was 

able to bind to the BTX in the sample, in a similar fashion as the spiked buffer samples 

did Fig. 6.9 displays a comparative study between the results obtained for spiked samples 

in buffer against those spiked in methanolic extract. Results from this experiment indicate 

the capacity of QCR to detect shellfish toxins in the nanomolar range.  
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Figure. 6.9 Comparison of the standard graph obtained for spiked buffer samples vs spiked shellfish 

samples on modified QCR  

 

The results from the QCR test were further compared to the gold standard ELISA test. 

Percentage (%) recovery of the samples from the ELISA test were calculated using the 

following formula:  

                                          %𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐶𝑒−𝐶𝑜

100
∗ 𝐶𝑠                               (3) 

Where Ce is the concentration of the analyte spiked into the sample as obtained from the 

developed calibration curve, Co is the concentration of blank (analyte in un-spiked 

sample) and Cs is the actual concentration of analyte spiked into the sample. The 

standard curve was first developed using the standard solutions provided. The assay was 

conducted by following the steps outlined in the ELISA kit and all samples were run in 

triplicates. Table 6.2 displays the comparative study between the results obtained from 

the ELISA assay and the QCR. The calculated Recovery% values observed for spiked 

samples was between 96 and 105% suggesting reliability and future on-farm 

applicability. 

  



 

 

128 

 

Table 6.2 Comparative study of Recovery% between ELISA assay and fabricated QCR   

 Spiked 

Concentration 

(nM) 

% Recovery by 

ELISA 

(mean ±standard 

deviation)  

% Recovery by QCR 

aptasensor 

(mean ±standard 

deviation) 

1. 0 0 0 

2. 50 100±3.02 96.153±0.36 

3. 100 105.263±2.1 98.039±1.22 

4. 200 95.238±0.8 86.956±3.4 

5. 500 100±1.06 102.041±4.0 

6. 1000 103.14±4.12 101.01±1.7 

 

 6.5 Conclusion     

This work elucidates the capability of a thickness shear mode resonator immobilized with 

PbTx-2 aptamer to detect BTX in solution. The ability of aptamers to alter their primary 

structure to accommodate the BTX molecule almost instantaneously, has resulted in a 

significant change in the crystal resonant frequency directly proportional to increasing 

concentrations. The time taken for immobilization of aptamer and washing steps were 

completed over night, but the baseline acquisition was accomplished over a period of 45 

min. The sensitivity of the BTX biosensor has been established by performing repeated 

experiments on various known concentrations, in triplicates. In addition, the possibility 

of false positives or negatives were eliminated by additional tests conducted with various 

interfering molecules that are bound to hinder the data acquisition process.  The limit of 

detection of the sensor was calculated as 220nM. The CODEX Alimentarius (Code for 

international food standards) in association with the World Health Organization (WHO) 

and the Food and Agriculture Organization (FAO) have set threshold limits for the 
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presence of NSP in food. According to the standards, the permissible limit for BTX is 

0.8ppm (0.8mg/kg = 922.6nM). The fabricated QCR aptasensor is able to detect much 

lower concentrations in real samples, which in fact broadens its applicability in real-time. 

Other key factors that have been addressed in this research is the sensor’s reusability and 

stability over multiple runs. Although the study doesn’t focus on the binding parameters 

of the aptamer and BTX, the sensitivity is sufficient for food safety applications. 

Therefore, the aforementioned observations make the QCR a potential point-of – care 

device for the detection of shellfish toxins in an industrial setting. This sensor being a 

prototype uses samples that have been spiked. However, further research is required in 

the application of the fabricated QCR in a real factory setting post automation.  
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Chapter 7. Summary, Conclusions, Contribution to Knowledge 

and Future work 

 

7.1 Summary 

This thesis pertains to the development of novel biosensing platforms for the accurate 

detection of small-molecule contaminants in food. Food production and its availability 

go hand in hand in sustaining human life on this planet. With ever expanding 

population, climatic changes, depleting resources and inflating demand, the food 

industry is faced with multiple challenges in providing quality food to its customers. To 

ensure safety of the public, there exists a requirement to follow internationally 

recognized standards and guidelines for effective food manufacturing and distribution. 

Keeping this as the core perspective of the study, food biosensors that deploy smart 

techniques for identifying chemical entities that can potentially cause acute and chronic 

illnesses in risk groups have been analyzed. Furthermore, the occurrence of food recalls 

tarnishes the reputation and credibility of food brands, in addition to distrust in their 

products and consequential economic losses. 

The first step towards biosensor design is to obtain a comprehensive understanding of 

the working principles of biosensors, currently being researched and applied.  

Conventionally applied techniques including mass spectroscopy and chromatography 

were accompanied by numerous challenges. Food samples awaiting testing would 

require their samples to be sent to labs, awaiting testing. In addition, long analysis time 

and per assay costs contribute significantly to delays, hindering production. Evolving 

food production methods also have to adapt to changing global dynamics which in turn 

affect the economic framework. Hence to bridge the gap between the production line 

and the lab, a point-of- need (PON) or point-of- care (POC) biosensor, which can reliably 

provide food safety solutions, becomes a requirement. The review of literature gives us 

an overall idea of the various contaminants in food and how its exposure could affect 

the body’s functionality. Although the thesis does not go into depths of analyzing the 

harmful effects of these small molecules, it takes into account the internationally 

recognized regulations on their control and presence in food products. It also highlights 

components that make a biosensor and the role they play in the final output. Comprising 

of an appropriate biomarker, a transduction element and a signal analysis tool, a 

biosensor can be designed for an appropriate application. Over the years, biosensors 

have been designed and modified to improve their performance.  
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For instance, some of the earliest biosensors, for instance, glucose sensor was designed 

using an enzyme (glucose-oxidase (GOx)) as the bio- recognition element. GOx behaved 

as the catalyst that drives the reduction reaction of glucose resulting in the formation of 

H2O2. The ion-selective probe picks up the produced hydrogen peroxide which is 

directly proportional to the glucose in solution. However, the challenges related to using 

an enzyme as a biomarker is its low stability, high percentage of cross- reactivity and 

high cost per assay. Hence with the discovery of antibodies (monoclonal and 

polyclonal), the Enzyme linked Immunosorbent Assay (ELISA) was developed. This 

technique used an optical detection mechanism which is initiated by the interaction 

established on complementary pairing between the antibody and target of interest. 

Several assays, specific to contaminants in food were developed and perfected over the 

years and were finally recognized as the “gold standard” of assays. However, the 

downsides of ELISA included repeated washing steps, long assay times and the 

requirement of a skilled technician to perform the assay. The takeaways from the 

literature review suggested the use of recently developed single-stranded DNA 

aptamers that are highly specific to the target molecule of interest. 

Point of care devices (POCs) are a class of emerging biosensors that are able to perform 

an assay within a short period of time while providing high throughput on a single 

platform. Also termed as “lab-on-chip” devices, they are equipped to handle small 

amounts of sample while ensuring uncompromised results in an off- lab setting. In the 

fabrication of such devices which have autonomous sensing ability, the application of 

nanomaterials plays a vital role. These materials in the 10-9m size range are known to 

have unmatched physical and chemical properties in comparison to their bulk 

counterparts and hence, establishing their application in the field of biosensing. POCs 

these days are complemented by a working platform such as a microfluidic device that 

are able to perform specific activities such as sample extraction, filtration, segregation, 

and detection on a single chip.  

Therefore, this thesis explores the application of ssDNA in conjunction with 

nanocomposites, on a single in-lab fabricated platform to enhance the biosensor’s 

overall analytical ability and performance.  Specifically, the chosen bio-recognition 

element was varied against well- established transduction platforms namely- 

Electrochemical, Colorimetric and Piezoelectric systems to fabricate POC devices.   
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7.2 Conclusion 

The chapters in this thesis illustrate the fabrication and operational techniques of an array 

of biosensing devices, to tackle rising challenges in the food sector. Our association with 

food processing and storage companies in Ontario, during the course of this study, 

revealed the importance of a reliable device that can monitor the presence of 

contaminants at the farm, industry and consume level. Although the overall goal is to 

determine the extent of contamination in food, each of the above-mentioned sectors have 

tailored needs.  A review of literature was first conducted with the premise of 

understanding the existing knowledge gap, in the applicability of such devices for 

ensuring food safety.  

One of the key observations made, was the widespread acceptance of Enzyme-linked 

Immunosorbent Assay (ELISA) for food analysis. Known for its reliable results, it comes 

challenges including long assay time, expensive reagents and possible cross-reactivity. 

Considering the aforementioned drawbacks, a rapid and accurate technique to analyze a 

sample for contaminants, as a “pre-test” to further confirmatory tests (ELISA, PCR and 

LC-MS) was made the focus of this thesis.  

To test the hypothesis, a series of biosensors were designed and tested employing the 

advancements made in nanomaterial synthesis and its compatibility with recently 

developed ssDNA biomarkers.    

The construction and working of an electrochemical biosensor, was first examined owing 

to its long-established sensitivity. The electrochemical platform used a three- electrode 

system on a screen-printed carbon electrode plastic base. The carbon working electrode 

was further modified using a novel nanocomposite and housed in a continuous-flow Y-

channel microfluidic chip. The advantage of using a microfluidic channel was its small 

sample and analyte requirement, making the test more effective and targeted.  

Chapter 1 entails the fabrication of an electrochemical biosensor for the detection of 

marine biotoxin, Okadaic acid (OA). A novel phosphorene-gold nanocomposite was 

synthesized, characterized and analyzed for its signal conductivity properties. A low 

limit of detection of 8pM was observed with no cross- reactivity, resulting in effective 

detection. Once the performance of a marine toxin was established, the next objective was 

to evaluate its working using a protein compound as target. Gliadin, one of the major 

food allergens with a complex- 3D protein structure was chosen as the target compound 

for analysis in Chapter 2. The nanomaterial composite used in this study was a 2D sheet- 

structure and a ssDNA specific to gliadin was immobilized on the sensor surface. The 
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conclusion drawn from this study indicated the ability of the aptamer to effectively bind 

to the reaction site of the large protein molecule. The biochip was found to be highly 

sensitive, selective and specific. The overall assay time was close to 10 minutes (excluding 

sample preparation) and the total raw-material cost per- assay were estimated to be lower 

than an ELISA kit.  

A few challenges this sensor faces in terms of its applicability, on-farm or in a processing 

plant, includes a fair extent of technical knowhow and handling efficiency by the user.  

Hence an alternative platform was explored which was aimed to be cost-effective, 

environmentally friendly and user-friendly. Chapter 3 highlights the working of an 

optical biosensor which uses the property of gold nanoparticles in the 15nm size range. 

Gentamicin was chosen as the target molecule in this case, owing to its on-farm assay 

requirement. The interaction of ssDNA aptamer and target was evaluated against the 

extent of agglomeration of AuNPs. The higher the concentration, a deeper color change 

from red to purple to blue was observed.  The performance of the sensor was assessed 

using the spectrophotometer plate-reader and a smartphone on a paper substrate. The 

LOD of this sensor was 300nM for milk samples, which is within permissible limits and 

no evident cross- reactivity was observed. Although the colorimetric sensing route is a 

good alternative to the more tedious electrochemical method, the perception of color 

change with the naked eye is subject to observational bias.  Since the results are based on 

user perception there is room for interpretational errors and therefore the occurrence of 

false positives/negatives are fairly common. 

Considering the inherent drawbacks of the colorimetric technique, a better biosensing 

platform which provides a digital/waveform output could be more suitable. Hence, a 

sensitivity selective and reusable biosensing tool was examined. Chapter 4 of this thesis 

looks into the fabrication and design of a piezoelectric sensing device. Its ability to 

respond to changes in mass, within the range of a few nanograms was a remarkable 

feature. To make the sensor specific, an ssDNA aptamer specific to BTX was immobilized 

onto the crystal surface. The change in resonant frequency of the crystal varied linearly 

with mass on the crystal surface. A LOD of 220nM was observed, which is consistent with 

real sample matrices. The performance of each of the biosensing platforms explored in 

this thesis have been summarized in the following table:  
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Table 7.1 Comparative chart concluding the performance of the biosensing platforms used in this thesis  

Biosensor Aspect Electrochemical Colorimetric Piezoelectric 

Species Studied Okadaic Acid and 

Gliadin 

Gentamicin Brevetoxin 

Limit of Detection 

(LoD) 

~ pM ~nM ~nM 

Design complexity/ 

Storage  

Technical Simple Simple with careful 

handling 

Sensitivity and 

selectivity  

✅ 

 

✅ 

 

✅ 

 

Reusability       

 

     

 

✅ 

 

Applicability Lab PoC Patient- side In- line 

Assay Time  ~25 min (avg) ~ 10 min ~ 45 min 
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7.3 Contribution to Knowledge 

The major contributions to knowledge from this thesis are as follows: 

1) Synthesis and application of novel phosphorene-gold nanocomposite in 

biosensing of a shell-fish toxin Okadaic acid. Its contribution to electron 

conductivity and redox- action was evident from the LoD. 

2) Fabrication of a continuous flow microfluidic Y-channel PDMS housing and 

attachment to a fully functional electrochemical sensor for the detection gliadin 

3) The detection of antibiotic, gentamicin on a paper microfluidic substrate using 

only 5µL of sample to obtain and LOD of ~210nM with spiked samples. 

4)  For the first time, to our knowledge, a QCR based aptasensor for the detection of 

Brevetoxin- 2 was fabricated and reported.  

Overall, it has been concluded from this research, that there is potential in fabricating 

biosensors for the detection of allergens and contaminants in food. Deploying biosensors 

would provide viable solutions to food safety concerns, by reducing assay time and 

bridging the gap between the consumer and lab.  

 

7.4 Future Work 

To be deployed as a fully functional biosensor, at any level of the food sector – farm, 

processing industry or consumer, several parameters need to be optimized. This work is 

a proof-of-concept, which can further be developed according to the needs of the end 

user. From the gained insight, future prospects of this work are enlisted below: 

1) The electrochemical biosensor has the ability to be multiplexed. In other words, 

the microfluidic biosensor can have multiple channels leading to the SPCE that 

can perform the assay for 8 major allergens in a single sweep.  

2) Since the test for Gliadin is of high importance in North America, food industries 

would benefit from a fully automated hand-held device can be integrated with the 

electrochemical sensor.   
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3) The colorimetric sensor discussed in the thesis uses a smartphone to capture 

pictures of the assay and an RGB analysis was further performed.  As a future 

work, an app can be developed to generate a specific value for the analyte being 

studied. This way, a quick and easy quantitative assay can be performed at the 

finger tips. 

4) The QCR has the capability of being integrated into an in-line biosensing/bio-

monitoring system. Hence, a future work would include full automation and 

calibration on an in-line continuous low QCR system.  

5) For the majority of the enlisted biosensors, samples were obtained off-shelf or 

spiked in- lab. As a future prospect, food samples suspected of contamination can 

be acquired from industry partners and tested to gain a comprehensive 

understanding of the sensor performance. 

 

7.5 Reflections  

This section looks at some of the lessons learnt during the course of the Ph.D. thesis:  

The type of nanomaterial and the amount of its application on the chosen transduction 

platform must be carefully evaluated. For instance, multiple layers of deposition of a 

nanomaterial can retard the electron conductivity instead of boosting it. It was only later 

understood that multiple layers could restricted quantum tunneling effects. In addition, 

while using a metal nanoparticle in conjunction with a sheet- like material, optimization 

must be performed to deliver maximum electron kinetics.  Retardation in electron 

conductivity, in this case, can also occur.  

While fabricating the top and bottom layer of a Y- channel device, care must be exercised 

to ensure no dust settles on the layers. This will hinder the binding efficiency which 

eventually would lead to leaks and prove detrimental to overall sensor functionality.  

Clogs and blockages are bound to happen when a syringe is used to manually inject the 

sample and indicators. The use of a syringe pump is more effective in such cases. Ensure 

to seal the inlet mouth of the microfluidic channel and the inlet tube to ensure no leaks 

occur. If clogs do occur, sonicate in water for a period of 5 minutes and prolong if needed.  

For the QCR sensor, handle the crystal with utmost care and ensure that the sealant does 

not leach into the solution. A “touch- and – apply” approach is best when coating he vial 
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base with glue and placing it on the crystal rim before it dries. In addition, screwing down 

the O- rings tightly or screwing the top cap of the vial shut can shatter the crystal.  Many 

crystals were lost in the process and a feather touch approach is recommended.  
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