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 ABSTRACT 

Dietary habits of people throughout the world are different depending upon the availability, 

ethnicity, cultural influences, preparation and preferences for food. Apart from beneficial 

constituents, food products also contain contaminants that are toxic in nature and can cause 

infection and severe illness. The excessive contamination in food, dairy and agriculture lead 

to pollution of the food products, which ultimately enters the food chain and reaches into the 

human and animal bodies. Thus, access to the high quality and safe food is a basic need in 

our community. Defining human exposure to various contaminants like mycotoxins and 

antimicrobial (antibiotics) is an enormous task. The quality and nutritional value of food 

products are on high risk due to increased consumption and accumulation of toxic chemicals 

and fungal toxins. The main classes of food contaminants that pose the serious problems are 

mycotoxins (ochratoxins and aflatoxins) and antimicrobial (aminoglycosides and 

tetracyclines). While these contaminants are associated with many adverse health effects, 

there is a lack of their continuous and on-line monitoring. Conventional techniques are 

effective for analysis of food contaminants but not capable of providing high-throughput and 

sensitive detection especially in unprocessed (untreated) food products (milk) and beverages 

(alcoholic beverages). Hence, for continuous screening, quantitation and facilitating the early 

alarming systems for contaminated food and beverages samples, biosensor has emerged out 

as choice of analytical methods providing rapid, highly specific, selective, reliable and cost 

effective analysis (Chapter 1). 

Since the outbreaks of mycotoxin contamination (ochratoxins and aflatoxins) in milk and 

alcoholic beverages (beer and wine), the analysis of these fungal toxins in food and beverages 

has become primary interest of researchers. Meanwhile, the residual presence of antibiotics in 

food and food products has also been reported. Contamination of milk and beverages is 

hazardous and causing the serious toxic effects on human and veterinary animal health. 

Various international and national regulatory authorities have mandated several maximum 

residual levels (MRLs) and maximum permissible limits (MPLs) for these contaminants in 

food and beverages. Among the various reported biosensor techniques, the aptasensor has 

gained tremendous attention as an alternative method owing to their high specificity, 

selectivity, sensitivity and long-term stability. The availability of SELEX process and 

implication of in-vivo modifications combines with the ease of modification and facile 

labelling, greater selectivity make it possible to develop aptasensing platform utilizing 

various transducer such as optical, electrochemical and piezoelectric. Due to need of rapid 
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screening process, the development of biosensing platform for milk and alcoholic beverages 

analysis without much matrix treatment is paramount interest. Recently, the principle of 

structure switching aptasensors, which pave a new era to aptasensor development attained 

significant attention. However, the structure signalling aptaswitches platforms have not been 

explored much till date. In present thesis work, designing the signalling aptaswitches were 

prime focus for further integration and development. Herein, the special attention was paid to 

analysis of sample (milk, beer and wine) taking aspects of pre-treatment, matrix matching 

and validation of biosensor development into consideration (Chapter 1). 

Chapter 2 of the present thesis represents the development of fluorescence quenching 

based aptamer assay platform for OTA analysis in beer and wine. Herein, the two different 

approaches, firstly a fluorescence quenching based aptasensing platform utilizing 

fluorescently labelled aptamer (labelled technique) and second a non-labelled technique 

utilizing a non-labelled anti-OTA aptamer were designed. In first approach, a fluorescence 

quenching based aptasensing platform has been developed using fluorescently labelled 

aptamer (labelled technique) and TiO2-NPs as fluorescence quencher. In the second part, a 

non-labelled technique was developed using non-labelled ant-OTA aptamer, which 

capitalizes on the concept of aptamer assisted stability of TiO2-NPs and carboxylate modified 

microsphere nanoparticles as fluorescent probe. Post characterization and optimization of 

parameters, the OTA analysis was based on the fluorescence recovery response resulting 

from the binding interaction of the anti-OTA aptamer with OTA present in the sample. The 

analytical parameters of both aptasensing platforms compared. The developed platform can 

analysed OTA down to 1.5 nM with linearity of 1.5 nM- 1.0 µM (labelled technique) and 

1.35 nM with linearity of 17 nM- 5.0 µM (non-labelled technique) in beer and wine samples 

meeting the regulatory standards i.e. 2.0 µg kg
-1

 (0.22 µM). Recoveries were obtained in the 

range 94.30-102.68 % for triplicate measurements in beer and wine samples. The developed 

platforms showed very good precision with reproducibility of % R.S.D. 2.89 (n=3) and % 

R.S.D. 5.04 (n=3) for intraday analysis against methodology 1 and 2, respectively. Validation 

of present platform was carried against HPLC method. This proves its capability to 

implement in the beverages industries for OTA monitoring. 

Chapter 3 of the present thesis represents the development of the structure switching 

aptamer assay for aflatoxin M1 (AFM1) in milk. Milk is considered as a balance diet and 

complete food for adults and infants due to high nutritional values. The presence and increase 

contamination of AFM1 in milk causes the serious toxicity and illness to human such as 
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heapatotoxicity; nephrotoxicity etc. The recommended MRLs of AFM1 in milk has been 

mandated to 50 ng kg
-1

 (for adults) and 25 ng kg
-1 

(for infants). In earlier reported methods, 

the matrix matching or sample pre-treatment protocols are a major issue. In order to eliminate 

and improve feasibility of assay platform for field analysis, the practical utility of developed 

assay platform was verified in untreated milk samples. AFM1 measurements in milk depends 

upon the fluorescence recovery response obtained from the structure switching of fluorescein 

labelled anti-AFM1 aptamer upon binding with AFM1 in presence of quencher labelled 

(TAMRA labelled) complementary aptamer sequences. The developed aptamer assay showed 

the excellent precision with dynamic range 1-2000 ng kg
-1

 AFM1 and good linearity with a 

LOD of 1 ng kg
-1

 AFM1 in milk. Excellent recoveries were obtained in the range from 94.40-

95.28 % in the AFM1 spiked milk samples. The observed recoveries were in good agreement 

with the recoveries from commercial ELISA kit available for AFM1 analysis. 

The increasing incidences and occurrence of antibiotic residual contamination in milk 

samples has also attracted significant attention due to the increased risk of microbial 

resistance and transferring the resistance to genes to human pathogens. The antibiotic abuse 

resulted in the sustainable side effects to human health and increased mortality rates. Thus, 

the continuous monitoring of antibiotic contamination in milk considering milk as a balance 

diet has become scientific and social interest. Several regulatory agencies such as Food 

Safety and Standard Authority of India (FSSAI), United States Food and Drug 

Administration (USFDA), Codex Alimentous Commission (CODEX) have mandated the 

limits of antibiotics in milk and milk based products i.e. 100-200 µg kg
-1

 for kanamycin 

(KANA) and 100-300 µg kg
-1

 for tetracycline (TET). Chapter 4 of the present thesis 

represents the development of EIS based label-free and disposable aptasensor for kanamycin 

determination in milk sample. In this design, the focus was on the development of a portable 

and disposable aptasensor, thus the screen printing technology was integrated. The utilization 

of SPCEs technology and diazonium coupling mechanism used for immobilization of 

aptamer provided the improved stability and sensitivity to aptasensor. The aptasensor was 

characterized using surface morphology and electrochemical techniques. Sensitivity and 

selectivity of developed aptasensor were evaluated by monitoring the change in impedimetric 

response (Rct value) on aptasensor surface after incubation with kanamycin on transducer 

surface. The devised aptasensor exhibited a dynamic detection range of 1.20-600 ng mL
-1

 

with detection limit of 0.11 ng mL
-1 

KANA in milk with an analysis time of less than 3 min 

and recovery percentage 96.88-100.5% in KANA spiked milk samples. 
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Chapter 5 of the present thesis represents the development of µFIA-EQCN aptasensor for 

analysis of tetracycline (TET) residue in milk. Here, the principle of microfluidic flow 

injection analysis (µFIA) integrated with electrochemical quartz crystal nanobalance (EQCN) 

was developed for determination of residual TET contamination in milk. The ssDNA TET-

aptamer was immobilized on the gold quartz crystal surface using coupling chemistry. The 

surface morphology of devised aptasensor was characterized utilizing Fourier transform 

infra-red spectroscopy (FT-IR), scanning electron microscopy (SEM) and atomic force 

microscopy (AFM). The developed µFIA-EQCN aptasensor was successfully employed for 

TET analysis in various milk samples. The aptasensor showed the dynamic detection range 

1.562-2000 ng mL
-1

 TET meeting the requirement of regulatory standards (i.e. 100-300 µg 

kg
-1

). The devised µFIA-EQCN TET aptasensor can detect down to the 0.531 ng mL
-1

 TET in 

milk sample. The developed aptasensor platform exhibiting promising results thus could be 

employed for on-line determination of TET in milk sample. In validation of presented 

aptasensor against commercial ELISA kit, the developed µFIA-EQCN aptasensor showed 

comparative and sensitive detection of TET in real time mode. The recoveries were 

calculated in the range of 97.43-102.60 % with high precision and accuracy over ELISA kit 

(97.95-100.18 %).  

In brief, aptasensing platforms for analysis of mycotoxins (OTA, AFM1) and antibiotics 

(kanamycin and tetracycline) in food (milk) and alcoholic beverages (beer and wine) have 

been developed. The major highlights of the present thesis work include the development of 

1. Fluorescence quenching based aptasensing platforms (labelled and label-free) has been 

developed for mycotoxin analysis in alcoholic beverages (beer and wine) utilizing 

titanium dioxide nanoparticles (TiO2-NPs) as fluorescence quencher. 

2. Validation of developed platforms with conventional HPLC method in beer and wine 

samples and its application to beverages industries. 

3. Structure switching aptamer assay for analysis of AFM1 in milk sample provided no 

complex matrix treatment and high throughput. 

4. Label-free and disposable impedimetric aptasensor integrated on SPCEs for rapid 

measurements of kanamycin in milk sample and high specificity of aptasensor. 

5. µFIA-EQCN aptasensor technology for on-line and real time analysis of tetracycline in 

milk sample, validation of developed aptasensor and its application to dairy industries. 
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   CHAPTER 1: INTRODUCTION 

 

Thesis overview: Monitoring of the bio-molecular interaction has become an important 

element of various sensing applications. The present thesis deals with the latest advancements 

in the field of aptamer-based sensing platform for detection of food and environmental 

contaminants (mycotoxins and antibiotics). In this work, the microwell plate-based assays 

have been developed utilizing aptamer (as recognition element) and titanium dioxide 

nanoparticles (as a fluorescence quencher). We have used the functionally modified single 

stranded (ss) DNA-aptamer sequences, which are more stable during modifications and 

having higher sensitivity, stability and shelf life. By using the highly specific ssDNA aptamer 

sequences, we have developed aptasensor based on electrochemical impedance and 

piezoelectric transducer and focus on practical application in unprocessed real samples. 

  

 

Graphical abstract of the thesis contents 

 

 

 



Chapter 1: Introduction  

 

2 

 

1.1  Background of research 

With increased globalization of the food supply, the increasing prevalence and incidence of 

food contamination around the world has stipulated the both opportunity and challenges in 

food safety. The foodborne illnesses are usually infectious or toxic in nature and caused by 

toxins (mycotoxins), pharmaceuticals (antibiotics, anti-infective agents), chemical substances 

(heavy metals, dyes), microbes (bacteria, virus), which is a potential threat to human health 

and the environment (Rasooly and Herold, 2006; Kantiani et al., 2010). The widespread use 

and proliferation of food pathogens have been affecting human and eco-system. The presence 

of mycotoxins contamination at both pre- and post harvesting level is always remain a 

challenge to food and beverage industries (Marin et al., 2013). The emergence of 

microorganisms resistant and incidences of “suprainfection and cocktail effect’’ caused due 

to the secondary effects of antibiotics results in consistently high mortality and morbidity 

rates (Megoules and Koupparis, 2005). The outbreaks of food contamination can be traced as 

far as the ‘Stone Age’. The only difference between now and then is that, now, the causes of 

illness are identifiable and the knowledge of how to protect and prevent against illness has 

been acquired. However, the science and methodologies for continually improving the 

sanitation, identifying and controlling outbreaks, ensuring food safety and quality are of 

immense societal and economic value. 

1.2 Motivation in research  

Identification and detection of food contaminants from single molecule to whole cells, 

continues the challenge to scientists and researchers worldwide. In the last decades, the 

increased incidences of small molecule contamination such as mycotoxins with low 

molecular weight toxins have gained significant attention. These biological toxins are mainly 

responsible for food poisoning and have the potential to be used as biological warfare agents 

at the toxic dose. Due to the poisonous nature of mycotoxins, effective analysis techniques 

for quantifying their toxicity are indispensable. In the mean time, the emergence and 

prevalence of increasing irrational use of antibiotics and bacterial resistance against majority 

of antibiotics has resulted in sustainable side effects on human health and high mortality rates 

(Thakur et al., 2013). “Suprainfection and increased bacterial resistance” has alarmed the 

situation for early detection of these molecules for human and environmental safety (Sarmah 

et al., 2006; Naik et al., 2015). 
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The discovery of a novel, innovative, fast and cost effective method to detect analyte of 

interest at low levels will have the high impact in food safety, healthcare and environmental 

science. For early detection of these contaminants, biosensors have been emerged as a 

powerful tool to monitors toxins at extremely low level. 

In this context, the bio-analytical methods i.e. Biosensors, with focus on the involvements of 

newly synthesized recognition elements (aptamers, molecularly imprinted polymers, 

recombinant antibodies) are of current interest. Biosensors being able to detect the food 

contaminants or adulterants in real food sample, food stuffs and beverages would enable the 

physician to accurately diagnose patients and industrialist without having a much wait for 

samples to be analysed in a central accredited laboratory. Whereas, the detection of 

contaminants in food and beverages would enable the regulatory agencies to quickly analyze 

the sample and take decision. However, it is not an easy task to develop the biosensing 

platforms, since the sensitivity, specificity, selectivity, accuracy and precision is the crucial 

factor for the reliability of a biosensor. Owing to the advancements in the analytical methods, 

the biosensor application in the analysis of food and environmental contaminants is a 

growing field with increasing demand for reliable biosensors (Bhand et al., 2010). In the 

present thesis work, we will discussed the development of reliable, sensitive and cost 

effective aptamer assay and aptasensors for detection of commonly found mycotoxin i.e. 

ochratoxin A, aflatoxin M1 (in milk and alcoholic beverages) and antibiotic residues i.e. 

kanamycin and tetracycline (in milk). 

1.3 Biosensors 

As advancements in sensor technology, biosensors are becoming more and more 

indispensable tools in food safety, environmental monitoring, clinical diagnostic and many 

more. With rapid proliferation of biosensors and their diversity led to a lack of rigour in 

defining their performance criteria. Whereas, each biosensor can be evaluated for specific 

application, however, it is still important to examine how standard protocols for biosensor 

performance criteria may be defined in accordance with the International Union of Pure and 

Applied Chemistry (IUPAC) guidelines. In accordance with the IUPAC definition “biosensor 

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 (Compendium of Chemical Terminology, 2nd edition 

(the "Gold Book")”. In a typical design of biosensor, transducer converts the signal of 
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specific biochemical reaction into a quantifiable and measurable signal, which is proportional 

to the concentration of cognate molecule or group of analyte present. Biosensors are 

characterized by a high level of specificity and selectivity of bio-recognition elements, which 

specifically reacts with a given target molecule. The different components of biosensor have 

been shown in Fig. 1.1. The combination of this specificity and sensitive transducer ensure 

the unique and unrivalled characteristics of biosensors to detect the variety of analytes, even 

when they are present in complex matrices. Even though the biosensor, primarily 

immunosensors have been successfully implemented in a number of analytical/ diagnostic 

laboratories. Moreover, the overall commercialization of biosensor technology has lagged 

behind research output assessed by the sheer number of publications and patent filings 

(Luong et al., 2008). This commercialization lag is could be attributed to the high 

development costs and technical barriers involved. In the last decades, the field of analytical 

chemistry has grown enough and focus shifted towards miniaturization, high throughput and 

automation of process control. These requirements impose a greater challenge in biosensors, 

which is usually design to detect a specific target molecule. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic representation of biosensor components. 

 



Chapter 1: Introduction  

 

5 

 

1.3.1 Recognition elements 

Molecular recognition element is a central key in the design of a biosensor. The bio-

recognition elements/receptors essentially required to be highly selective and specific towards 

the cognate target avoiding the interference with analogues and non-analogues molecules. 

Biosensors can be further classified based on the recognition component: 

1.3.1.1 Catalytic biosensor 

 Enzyme based biosensors (Biocatalysis-Biosensors): These biosensors depend 

universally on the use of enzymes as bio-recognition element. The working principle of 

this biosensor is based on the catalytic or inhibition properties of enzyme. 

 Whole cell/ Microbes Biosensor: These biosensors utilize microorganisms as their 

biosensing element to respond the environmental cues and chemicals. 

1.3.1.2 Affinity biosensor 

 Antibody based biosensor (Immunosensors): These biosensors depend on the use of 

biomolecule i.e. antibody (monoclonal and polyclonal). The principle of this biosensor is 

mainly depending upon the affinity of antigen-antibody interaction. 

 Aptamer based biosensor (Aptasensors): They used aptamers/oligonucleotides 

(DNA/RNA)/ peptides as bio-recognition element. The sensing mechanism is based on 

specific binding of biomolecule to the non-nucleotide target molecules such as pathogen, 

proteins etc. 

 Molecularly imprinted polymer (MIP) based sensor: MIP is a designed polymer with 

a memory of the shape and functional groups with an affinity against a selected template 

molecule. 
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Table 1.1: Characteristics comparison of biosensor receptor (Shruthi et al., 2014; Bhalla et 

al., 2016) 

 

Receptor Merits Demerits 

Enzyme 1. Highly selective and fast 

acting 

2. Have catalytic activity, thus 

improving sensitivity 

1. Expensive (cost of source, isolation 

and purification) 

2. Loss on activity on immobilization 

3. Loss of activity over the time unless 

stored under appropriate condition. 

Whole cell/ 

Microbes 

1. Cheaper source of enzymes 

than  isolated enzymes 

2. Less sensitive to inhibition 

by solutes. Tolerance to pH 

& temperature changes that 

leads to longer lifetimes 

1. Longer response and regeneration 

time due to diffusion of substrate 

through/be transported into 

cytoplasm; 

2. Less selective (contain many 

enzymes like tissues 

Antibody 1. Very selective 

2. Ultra-sensitive 

3. High binding (Ka = 10
6
) 

1. No catalytic effect 

2. Due to high binding, very strong & 

harsh conditions needed to reverse 

the reaction. 

Aptamer 1. High stability and specificity 

2. High selectivity and 

sensitivity 

3. No immunogenicity 

1. Need time to optimized in-vitro 

process. But once optimized, ease 

for modification with improved 

stability and shelf life 
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(d)

 

 

 

 

 

 

 

 

Figure 1.2: Recognition elements in biosensor (a) antibody; (b) nucleotides; (c) (i) 

fluorophore labelled (F) ss-aptamer; (ii) dual labelled, fluorophore (F) and quencher (Q) 

aptamer helical structure; (iii) functionally (amine, -NH2) modified ss-aptamer; (d) 

molecularly imprinted polymer (MIP). 
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1.3.2 Transducers 

1.3.2.1 Optical biosensors: The optical biosensor is a device, which works on the principle 

of optical measurements like fluorescence, absorbance, electroluminescence etc. They are 

used in fibre optics and optoelectronic transducers. Mainly two modes of measurements are 

used as colorimetric (change in light absorption) and photometric for light intensity (photon 

count for fluorescent or luminescence process). 

1.3.2.2 Electrochemical biosensor: The electrochemical biosensor is a simple device, which 

measure the biochemical reaction between target and receptor that produces or consume ions/ 

electrons. It measures the change in electronic current, ionic or conductance changes carried 

by bio-electrodes. 

1.3.2.3 Thermal or thermometric biosensor: This biosensor work on the measurement of 

change in absorption or production of heat during a biochemical reaction. The total heat 

produced or consume is equal to molar enthalpy changed and total no of molecules produced 

in reaction. 

Q = -np (∆H)                         (1.1) 

Where, Q- total heat; np- number of moles of product; and ΔH- molar enthalpy change. 

1.3.2.4 Resonant biosensor/Piezoelectric biosensor: The principle of piezoelectric/resonant 

biosensor is based on the change in frequency occurred or change in the mass of absorbed 

products. The basics of the piezoelectric crystals and its characteristic frequencies are 

trembling with the charge on crystal. Change in vibrational frequency of crystal becomes the 

basis of measurements. 

∆f = (Cf /A) ∆m                        (1.2) 

Where, ∆f- change in frequency; Cf - resonant of frequency of crystal; A- active surface area 

of electrode; ∆m- change in mass per unit area. 

1.4 Generation of biosensors 

Biosensors can be further classified into three generations according to the degree of 

integration of the recognition element (bioreceptor) with the base indicator (transducer) 

element (Fig. 1.3) (Murugaiyan et al., 2014). In the first generation, the bioreceptor molecule 

is retained in the vicinity of the base sensor behind a dialysis membrane, thus the reaction 
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product diffuses to the transducer and generate signals. In the next generations, the 

immobilization is achieved via cross-linking reagents or bi-functional reagents at a suitably 

modified transducer interface/ incorporation into a polymer matrix at the transduction 

surface. In the third generation, the individual components remain essentially distinct and 

generation of the signal depends upon the use of mediators between reaction surface and 

transducer. In this generation, the recognition element is in the close vicinity or an integral 

part of the base sensing element. Where, the reaction itself is enough to generate a response. 

As the literature suggest, there have been immense research efforts made for advancement in 

the instrumentation as well as the designing of biosensing platforms keeping the common 

goal of progressing towards the application in real-world sensing (Kim et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Generation of biosensors. 

1.5 (Bio) receptors used in the present thesis for biosensor development 

1.5.1 Aptamer and SELEX 

Since the discovery of aptamers in early 1990s, aptamer has gathered tremendous interest in 

therapeutics and bio-analytical application (Gold et al., 2012). Aptamers are the synthetic 
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short sequences (30-100 nucleotides) of single-stranded (ss) oligonucleotides (DNA/RNA/ 

XNA) or peptides obtained from an in-vitro process as a Systemic Evolution of Ligands by 

Exponential Enrichment (SELEX). From SELEX, an aptamer sequence is select from a very 

large and the random pool of nucleic acid libraries and amplifies (Song et al., 2008; Cox and 

Ellington, 2001). As recognition mechanism, upon target binding, the target specific aptamer 

folds into a specific G-quadruplex aptamer-target complex structure. The RNA aptamers are 

unstable and have a shorter life span in biological fluids or real sample analysis due to the 

presence of nucleases. On the other side, the ssDNA aptamer exhibits the inherent stability 

and resistance to degradation, which makes them an ideal candidate for biosensing 

application (Swenson et al., 2009). Aptamers profound the high affinity and specificity 

towards their cognate targets, providing greater selectivity, ease of modification, facile 

labelling and long term stability over the natural receptor i.e. antibodies or enzymes 

(Jayasena, 1999). The high target specificity that aptamer exhibit, make aptasensors suited for 

bio-analytical applications. The comparative characteristic features of aptamer over 

antibodies have been summarized in Table 1.2 (Jayasena, 1999; Toh et al., 2015). 

Table 1.2: Comparison of properties and advantages of aptamer over antibodies 

Aptamer Antibody 

Identified through in-vitro process (SELEX) Requiers the use of animal (Immunization) 

Toxins as well as small molecules that do 

not elicit good immune response can be 

utilized to generate high affinity aptamers 

Limitations against target representing 

constituent of the body and toxic substances 

Long term inherent stability Limited shelf life (prone to thermal 

dégradation) 

Ambient temperature handling Sensitive to temperature 

Denatured aptamers can be regenerated 

within minutes 

May undergo denaturation 

Little or no batch to batch variation due to 

use of an in-vitro chemical process 

High batch to batch variation due to different 

immunity of immunized animal   

Ease of labelling or modification without 

affecting binding motif. 

Labelling of antibodies can cause loss in 

affinity or reduced activity  

Multiple labeling possible Multiple labelling not possible 

No negative immune system activation Activation of immune system because 

antibody recognize by body immune system 
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Development of the in-vitro SELEX process provides a platform to isolate the 

oligonucleotides sequences with the capacity to recognize various target molecules with high 

affinity and specificity. The five basic steps i.e. binding, partitioning, elution, amplification 

and conditioning that comprise a SELEX process are outlined (Fig. 1.4). Initially, the 

synthetic oligonucleotides (ssDNA/ ssRNA) sequence library from some hundreds to 

thousands is randomized under a specific set of experimental conditions (James, 2006; 

Stoltenburg et al., 2007). Before binding, a pre-treatment step is usually performed where the 

oligonucleotides (ssDNA or ssRNA) library is incubated with target-free selection matrix 

(negative SELEX) to remove any non-specific binding sequences. The first step of the 

SELEX cycle is the binding, where the randomized oligonucleotides sequences are incubated 

with the specific target analyte of interest. Secondly, the most important step is to separate 

the target bound sequences from unbound or weakly bound oligonucleotides utilizing 

different separation techniques (chromatographic, flow cytometry, electrophoresis etc.) 

(Musheev and Krylov, 2006). Then, the bound sequences are eluted and further amplified by 

PCR (DNA SELEX) or RT-PCR (RNA SELEX). The enriched oligonucleotides pool is the 

re-introduced into the next SELEX cycle. Iterative selection and amplification rounds in each 

cycle reduce the nucleotides pool to lower number consisting of sequences with the highest 

affinity and specificity to cognate molecules. The total number of SELEX cycles performed 

is highly variable from experiment to experiment and a number of parameters such as target 

molecule structure, selection conditions (such pH, buffer strength, temperature etc.), partition 

step efficiency. However, it requires time to optimize SELEX parameters, but once optimized 

it reflects the high efficiency conditions of aptamer towards target. 

The event of aptasensor recognition and binding to their cognate molecules is 

characterized by molecular shape conformational, electrostatic/ van der Waals and hydrogen 

bonding interactions and stacking of aromatic rings. Aptasensors offers the merits of high 

selectivity, specificity, rapidity, stability, applicability of diverse measurements methods for 

wide range of analyte. The aptasensor application in the analysis of contaminants present in 

food and beverages is of paramount interest of researchers to develop reliable and affordable 

techniques with less or minimal sample preparation. 

1.5.2 MIP 

Molecularly imprinted polymers (MIPs) are chemically synthesized possible mimics of 

natural receptors with predetermined selectivity and recognition towards its template 
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molecule (Fig. 1.5). They imitate the natural recognition possessing high selectivity, thermal 

and chemical stabilities, ease of preparation, applicability for a wide range of operating 

conditions and applications (Mosbach and Ramstrom, 1996; Vasapollo et al., 2011). The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Schematic representation of the SELEX Process (demonstrating all main 5 

steps): Steps in solid arrow line are specific for ssDNA aptamer selection and steps in dotted 

arrow line are specific for RNA aptamer selection. 



Chapter 1: Introduction  

 

13 

 

commonly used approach to prepare an imprinted polymer involves interactive pre-

organization (pre-polymerization) between the ‘functional monomers’ and ‘template’ 

molecules, followed by complete polymerization in the presence of a large excess of cross-

linking agents using initiator or not. Based on high mechanical strength and thermal stability, 

they can be repeatedly used over conventional immunosorbent. MIP based sensors can be 

categorised based on their polymerization and application (Benito-Pena, et al., 2009; 

Wackerlig and Schirhagl, 2016). Meanwhile, the application of label-free optical sensing 

platforms simplifies the assays and enables time-resolved process to study the molecular 

interactions. 

Figure 1.5: Schematic representation for the preparation of molecularly imprinted polymer. 

1.6 Transducers used in the present thesis for biosensors development 

Biosensors can also be classified according to their signal transduction principles (section 

1.3.2). The transducer is an important component in a biosensor, through which the 

measurement of the target analyte is achieved by selective interaction of a biomolecule and 

analyte into a quantifiable signal. In the present thesis, we have been focused on the three 

transducers; those have been discussed in details: 
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1.6.1 Optical transducer 

Optical transducer measures the change in an optical signal (light rays) in the form of electric 

signal. It does this by generating an electrical current proportional to the intensity of incident 

radiation. The transduction process induces a change in the fluorescence, absorption, 

luminescence, polarization, surface plasmon resonance (SPR) and amplitude of the input 

light. These changes are due to the physical and chemical change produced by the bio-

recognition process. Optical transducer represents the largest and fastest growing area in 

biosensor technology. Photomultiplier tubes (PMTs) and charge-coupled devices (CCDs) are 

among the most extensively reported transducers for optical biosensors (Narsaiah et al., 

2012). PMTs are extremely sensitive detector for measurements of light in the ultraviolet, 

visible and near-infrared region of the electromagnetic spectrum. Numerous literatures have 

been reported for the aptamer based biosensor using optical transducer for food and 

environmental applications (Wang et al., 2011; Van Dorst et al., 2010; Amaya-González et 

al., 2013; Goud et al., 2016). Among the various reported optical techniques, fluorescence is 

commonly employed technique with improved and high sensitivity. Fluorescence 

phenomenon occurs when molecule absorb light at one wavelength and emit corresponding at 

a longer wavelength. Since, the excitation and emission occurs at distinct energy levels, each 

fluorescent molecule possess a unique spectral fingerprint, which is an important parameter 

for the optical biosensing applications (Lechuga, 2005). Fluorescence based biosensors offers 

the advantages of high selectivity, sensitivity, high throughput, ease of miniaturization, 

immunity to electromagnetic interference and applicability of diverse measurement methods 

with a single control instrument (Damborsky et al., 2016). 

In this thesis, we have adopted fluorescence quenching based techniques using labelled 

and non-labelled aptamer sequences to design the structure switching aptaswitches for 

mycotoxin analysis. In a typical design of fluorescence quenching based aptaswitches, the 

universal capability of aptamer to switch structure between designed to G-quadruplex 

aptamer-target complex results in generation of signal. For example, in the absence of target 

molecule the fluorophore is in the close proximity to the quencher result decrease in 

fluorescence signal, either signal off or decrease signal intensity. Upon target recognition, the 

structural conformation of aptamer-target complex obstructs the quenching phenomenon, 

which causes signal on/ increase. Many researchers have reviewed the principle of 

fluorescence quenching or FRET phenomenon and their applications in aptamer based 
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biosensors (Wang et al., 2011; Shi et al., 2015; Sabet et al., 2017). Principle of fluorescence 

quenching based aptaswitches strategies has been shown (Fig. 1.6). 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic representation of fluorescence quenching based aptaswitches for 

biosensor development. 

1.6.2 Electrochemical (impedimetric) transducer 

The basic principle of electrochemical transduction is based on the bio-chemical reaction 

between immobilized biomolecule and target analyte produce or consumes ions/electrons, 

which affects the measurable electrical properties of the solution like electric current, 

resistance, potential etc (Thevenot et al., 1999; Joshi et al., 2005). Recently, the 

electrochemical impedance spectroscopy (EIS) has been emerged out as sensitive technique 

in the field of biosensor development (Grieshaber et al., 2008). EIS based biosensor shows 

the multiple advantages as fast response, low cost, portable and capability of miniaturization. 

EIS sensors are attractive to researchers since they allow label-free detection with high 

sensitivity even at trace level. Traditionally, the EIS sensors used the macro sized metal rods 

or wires electrodes immersed in the solution to measure the impedance and it is suitable to 

analyze the electrical properties of the modified electrodes. Moreover, it is cumbersome to 

use conventional (rod type) electrodes in electrochemical biosensors due to need of several 
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Reference electrode

Working electrode
Counter electrode

optimization and many point calibration steps during fabrication. In the mean time, the 

integration of SPCEs technology (screen printed carbon electrodes) with electrochemical 

biosensor offers the advantages of disposability, portability and feasibility for the on-site 

application over the conventional electrochemical biosensor has garnered the significant 

potential (Lee et al., 2017). Due to the simple, cost effective and versatility of SPCEs mass 

production, it is easy to increase production and miniaturized SPCEs based electrochemical 

biosensor for on-site analysis in real sample (Hayat and Marty, 2014). In the present thesis, 

we have used the SPCEs technology to develop impedimetric aptasensor for kanamycin 

detection (Fig. 1.7). 

 

 

 

 

 

Figure 1.7: Design of a customized SPCE (used in the present work). 

1.6.3 Piezoelectric (mass-sensitive) transducer 

The piezoelectric transducer working is based on the principle of piezoelectric effect. These 

biosensors are based on the coupling of the bio-recognition element on piezoelectric 

component, usually a quartz-crystal coated with gold electrodes. Piezoelectric effect states 

that when a biochemical interaction occurs on the quartz crystal surface, the crystal vibrate at 

a specific frequency with the application of an electrical signal at a specified frequency.  

Based on this, the vibrational frequency of crystal is dependent on the electrical frequency 

applied or the change in the mass on quartz crystal surface. With the change in crystal mass 

upon target binding, the crystal vibrational frequency changed that corresponding change is 

used to determine the additional mass (both decrease or increase in mass) on the crystal 

surface (mass-sensitive techniques) (O’Sullivan and Guilbault, 1999). The relation obeying 

the change in frequency and mass is shown in the Equation 2. There is a high interest in the 

application of piezoelectric sensors, since it was realized that several possibilities for 

molecular sensing might be opened up by coupling the suitable recognition layer on crystal 

surface. Presently, the piezoelectric (mass sensitive) biosensor is thought to be one of the 

most sensitive analytical techniques till date being capable of detecting analyte of interest in 
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the picogram range. Piezoelectric biosensors possess the inherent ability of label-free 

detection of molecule, durability, chemical inertness, real time analysis, applicability to 

measure dynamic process and integration with flow injection analysis (Janshoff et al., 2000; 

Gautschi, 2002). Initially, these sensors were believed to have the potential to detect antigens 

in the gas or liquid phase. However, the piezoelectric biosensor showed potential applications 

in food, environmental and clinical analysis (Skladal et al., 2004; Tombelli et al. 2005). The 

piezoelectric biosensor opens the new platform for the direct and real time detection of 

different analytes such as food and environmental contaminants. In the present work, the 

piezoelectric aptasensor is developed for tetracycline detection (as discussed in chapter 5). 

Figure 1.8: Different transduction principles used for biosensor development. 

1.7 Performance criteria of biosensor and analytical figures of merits 

1.7.1 Performance criteria of biosensor 

The biosensor performance can be evaluated on the basis of various parameters. Parameters 

significant in evaluating biosensor performance are listed below: 

1. Specificity: Ability of a biosensor to detect one analyte in the presence of another. 
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LOQ: Limit of Quantification

LOD: Limit of detection

2. Selectivity: Ability of biosensor to distinguish the response of two nearly close signal in 

presence of interference molecule. 

3. Sensitivity: It is obtained from the slope of the calibration curve. If the curve is in fact a 

'curve', rather than a straight line, then sensitivity will be a function of analyte concentration. 

4. Stability: Operational stability of a biosensor may vary according to the sensor design, 

method of preparation, as well as on the method of application. The produce signal must be 

stable over a period of time under optimum conditions. This gives an idea of the durability of 

biosensor. 

5. Precision: It is the measurement of the instrument reproducibility, which defines the 

ability to obtain the same value with repeated measurements of a process variable. 

6. Low background noise: It must produce less background signal or efficient to distinguish 

between background and analyte response. 

7. Response time: It is the time required for the detector output to go from the initial value to 

a percentage (e.g. 99%) of the final value. 

8. Sample throughput: The number of results that is produced by an instrument divided by 

time of operation in a given reaction time. 

 

 

 

 

 

 

 

 

 

Figure 1.9: A calibration curve showing performance criteria for biosensor. 
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1.7.2 Analytical figures of merits 

The performance of any biosensing technique is generally determined based on the analytical 

figures of the merits of a biosensor, which are listed below in Table 1.3 

Table 1.3: Analytical merit of figure for a biosensor and aptasensor 

* LOD and LOQ calculation may be different depending upon the transduction principle 

and strategy employed in the construction of biosensor. 

 

Parameters Biosensor Performance Aptasensors performance 

Dynamic 

range 

The concentration range over which 

signal varies in a monotonic manner with 

analyte concentration 

It must cover the limit of 

quantitation (LOQ) to the limit of 

linearity (LOL) 

Linearity The relationship of signal to amount of 

analyte over a range of concentration of 

analyte with a constant proportionality 

factor 

Must fall within range of 

0 to 80 % 

Limit of 

detection 

(LOD)* 

The lowest concentration of the analyte 

which can be measured at a specific 

confidence level 

Preferably, the response must be 

blank plus three time the standard 

deviation of blank (S/N = 3) 

Limit of 

quantification 

(LOQ)* 

The lowest concentration level at which a 

measurement is quantitatively 

meaningful. Normally LOQ is more than 

LOD 

Preferably, the response must be 

blank plus ten times the standard 

deviation of blank (S/N = 10) 

Limit of 

linearity 

This is an upper limit of quantification, 

where calibration curve tends to become 

non-linear 

Usually upto 80 % but could 

100% also. It depends upon the 

technique or transducer 

employed and signal correlation 

Reaction 

time 

The period of time that elapses between 

the start of the reaction and the 

attainment of a given extent of a reaction 

Total time for aptamer-target 

complex recognition and 

generation of response or signal 
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1.8 State of art for mycotoxin and antibiotic residue analysis 

1.8.1 Aptasensors or aptamer assays for mycotoxin analysis 

Mycotoxin analysis in food and beverages is an important practice to ensure their quality and 

to eliminate the risk of consuming contaminated foods. Mycotoxins are the toxic secondary 

metabolites produced by the fungi (micromycetes and macromycetes) under specific 

conditions of temperature and pressure (Boonen et al., 2012). Structure of commonly found 

mycotoxin in food commodities has been shown in Fig. 1.10. Toxicities and prevalence of 

mycotoxins i.e. aflatoxin M1, B1, fumonisin B1 (FB1), deoxynivalenol (DON) and 

zearalenone (ZEN) and ochratoxin A (OTA) in food commodities (especially milk) and 

beverages (alcoholic beverages) has necessitated the development of rapid and highly 

sensitive methods in order to ensure the quality of human food and animal feed supplies 

(Maragos, 2009). Hence, being able to analyse and detect mycotoxins in foods and beverages 

gathered priority to comply with the legislative limits (maximum residue limit i.e. MRL) set 

by regulatory authorities worldwide. 

Mostly, the analysis of these toxins is performed by classical conventional techniques such as 

high performance liquid chromatography (HPLC), gas chromatography/mass spectroscopy 

(GC/MS), liquid chromatography coupled with mass chromatography (LC-MS), enzyme 

linked immuno-sorbent assay (ELISA) etc. (Rodriguez Velasco et al., 2003; Sieber et al., 

2009; Iha et al., 2011; Prelle et al., 2013; Al-Taher et al., 2013). Till date, various emerging 

and innovative technologies being developed for mycotoxins analysis and these can range 

from minimally invasive, invasive to non-invasive technologies. However, the inherent 

properties involved, such as long and complicated sample preparation process, time and 

expensive instrumentation are the main impediment for their applications on a regular basis 

and on-site analysis. This necessitates the need of fast, simple and reliable analytical methods 

for determination of mycotoxin from the complex matrices such as milk and alcoholic 

beverages. Biosensors have proofed to be able to provide the rapid, sensitive and robust 

quantitative methods for on-site analysis (Rasooly and Herold, 2006). Whereas, the advents 

of aptasensor technology as bio-recognition element have been emerged out as an alternative 

potential for analysis of food contaminants and environmental pollutants. On the other side, 

with the advancements in nanotechnology and its integration with biosensors, mycotoxins 

analysis has been benefitted by applying nanomaterials for development of ultrasensitive 

detection methods (Tothill, 2011). 
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In the last decades, numerous aptasensing platforms have been reported for the analysis 

of mycotoxins (other than OTA) and OTA in food and beverages, which are listed in Table 

1.4 and 1.5, respectively. Based on our literature survey, there is still potential and need to 

explore novel sensing platform for detection of mycotoxin contamination. In the present 

thesis work, we will use labelled and non-labelled aptamer as recognition element and will 

discuss the development of aptasensing platforms for mycotoxin detection in details (Chapter 

2 and 3). 

 

Figure 1.10: Structure of commonly found mycotoxin in milk and beverages 
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Table 1.4: Reported aptasensing platforms for mycotoxins (other than OTA) analysis in food 

and beverages 

Analyte Transducer Principle/ mechanism Matrix Ref 

AFM1 Electrochemical 

Amperometric (signal 

generation due to DNA 

hybridization) 

Milk 
Siontorou et al., 

1998 

AFM1 Electrochemical Impedimetric Milk 
Dinckaya et al., 

2011 

AFM1 Electrochemical 

Cyclic (CV) and square 

wave voltammetry 

(SWV) 

Milk 
Nguyen et al., 

2013 

AFM1 Optical 

Real time polymerase 

chain reaction (RT-

qPCR) 

Rice cereal and 

infant milk 

powder 

Guo et al., 2016 

AFM1 Electrochemical Impedimetric Milk 
Istamboulie et 

al., 2016 

AFM1 
Resonator-Based 

aptasensor 
Resonance Buffer 

Chalyan et al., 

2017 

AFB1 Optical FRET Beer and Wine 
Goud et al., 

2016 

AFB1 Colorimetric Sandwich ELISA Food sample 
Aswani Kumar 

et al., 2018 

AFB1 Optical Fluorescent bioassay Peanut Ma et al., 2014 

AFB1 Optical 
Chemiluminescence 

(aptamer assay) 
Corn Shim et al., 2014 

AFB1 Electrochemical 

CV and Electrochemical 

impedance spectroscopy 

(EIS) 

Peanut 
Castillo et al., 

2015 

AFB1 
Optical 

(Colorimetric) 

Structure switching 

aptamer assay 

Ground corn 

samples 
Seok et al., 2015 

AFB1 Electrochemical SWV Corn 
Zheng et al., 

2016 

FB1 Optical Fluorescence Corn 
Thompson and 

Maragos, 1996 

DON 

and 

ZEN 

Optical Fluorescence Corn Ji et al., 2016 
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 Table 1.5: Reported aptasensing platforms for OTA analysis in food and beverages 

Matrix Transducer Principle/ mechanism Ref 

Wine 

Electrochemical 

aptasensor 

Signal on-off aptamer assay 

(displacement assay) 

Kuang et al., 2010 

Optical 

(Colorimetric) 

Enzyme linked aptamer assay 

(ELAAs) 

Barthelmebs et 

al., 2011a 

Electrochemical 

and optical 

Indirect and direct competition 

assays 

Barthelmebs et 

al., 2011b 

Electrochemical 

aptasensor 

Folding based aptasensor Wu et al., 2012 

Optical Colorimetric 

(hybridization chain reaction) 

Wang et al., 2015 

Electrochemical Impedimetric Mejri-Omrani et 

al., 2016 

Beer 

Electrochemical 

aptasensor 

Indirect assay using flow injection 

analysis 

Rhouati et al., 

2013 

Electrochemical 

aptasensor 

Impedimetric Hayat et al., 2013 

Optical Luminescence resonance energy 

transfer (LRET) 

Dai, et al., 2016 

Maize 

Optical Luminescence Wu et al., 2011 

Optical Fluorescence resonance energy 

transfer (FRET) 

Duan et al., 2012 

Optical  Multiplex FRET aptamer assay Wu et al., 2012 

Wheat 
Optical Fluorescent based structure 

switching signal on aptasensor 

Chen et al., 2014 

Corn 

powder 

Optical Localised surface plasmon 

resonance (LSPR) 

Park et al., 2014 

Oat Optical Evanescence Wang et al., 2015 

Cocoa 

beans 

Electrochemical Differential pulse voltammetry 

(DPV) 

Mishra et al., 

2016 
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1.8.2 Aptasensors for antimicrobial (antibiotics) determination 

Antimicrobial agents (antibiotics) are medicines leading asset for treatment and prevention of 

bacterial infection, which is one of the leading causes of increased mortality worldwide. 

However, the misuse or indiscriminate use of antibiotic results in the serious clinical 

infections, rapid growth in the antibiotic resistance among bacteria and the development of 

multiple resistant pathogens (Virolainen and Karp, 2014). The structure of commonly 

notified antibiotics in food commodities has been shown (Fig. 1.11). Despite of these, the 

“suprainfection and cocktail effect” of antibiotics therapy is also a major concern. Due to 

increased use of antibiotics in food, dairy and agriculture industry, it is critically important to 

limit or ensure the use of antibiotics to avoid transfer of bacterial resistance from animal to 

human (Megoulas and Koupparis, 2005). The use of antibiotics in food production and dairy 

industry is strictly controlled by the legislative authorities such as European Union (EU), 

Food Safety and Standard Authority of India (FSSAI), United States Food and Drug 

Administration (USFDA) and Codex Alimentous Commission (CAC). Very stringent 

maximum residue limits (MRLs) of around 5 to 300 µg kg
-1

 in milk and milk products has 

been mandated depending upon the group of antibiotics (CAC, 2003; Suarez et al., 2009; 

Food Safety and Standard Authority of India, 2012). 

Various classical analytical methods have been reported for determination of antibiotics in 

various food matrices. These includes high performance liquid chromatography coupled with 

ultraviolet (HPLC-UV) and fluorescence detection (HPLC-FD), LC-MS, surface-enhanced 

raman spectroscopy (SERS), ELISA, immunosensor etc (Mesgari Abbasi et al., 2011; 

Cordewener et al., 2009; Craig et al., 2013; Adrian et al., 2008; Ricci et al., 2007). Among 

them, the microbiological growth inhibition assay and ELISA found with the lowest limit of 

detection with 0.1 ng mL
-1 

with fluorescence based detection. These methods are sensitive, 

high throughput and specific but the experimental procedures such as preparation of antigen 

or antibody conjugate, complicated enzymatic reaction and susceptibility to interferents are 

tedious and time consuming. These necessitate the choice of alternative methods, where 

biosensors have gathered notable success in analysis of contaminants in food and food 

commodities. In the last decades, various aptasensor has been reported for detection of 

antibiotics in food especially milk, serum and other clinical sample. However, they have not 

yet reached their full potential and new products are being under development stage. The 

aptasensors reported for the analysis of antibiotics in real samples have been listed in Table 

1.5. In the present thesis, we will discuss the development of label-free (impedimetric) and 
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real time aptasensor (flow injection analysis) for detection of antibiotic residue (discussed in 

detail in the chapter 4 and 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Structure of commonly found antibiotics in milk and food commodities. 
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Table 1.6: Reported aptasensors for antibiotics determination food and animal samples 

Analyte Transducer Principle/ mechanism Matrix Ref 

Tobramycin Electrochemical Impedimetric Milk Gonzalez-

Fernandez et 

al., 2011 

TET Electrochemical DPV Milk Zhou et al., 

2012 

Ampicillin Optical Dual fluorescence and 

colorimetric method 

Milk and 

animal 

tissues 

Song et al., 

2012a 

Sulfadimethoxine 

 

Optical Nanoparticles based 

Fluorescence quenching 

aptamer assay 

Milk Song et al., 

2012b 

Ampicillin and 

KANA A 

Electrochemical Impedimetric Milk Dapra et al., 

2013 

KANA Optical Luminescence based 

structure switching assay 

Aqueous 

solution 

and Fish 

Leung et al., 

2013 

OTC Optical Enzyme linked aptamer 

assay (ELAAa) 

Milk Kim et al., 

2014 

TET Electrochemical Impedimetric Milk Chen et al., 

2014 

KANA UV 

spectrophotometer 

UV absorption Milk Zhou et al., 

2014 

KANA Electrochemical DPV Milk Qin et al., 

2015 

TET Optical Colorimetric aptasensor Milk Luo et al., 

2015 

Streptomycin Optical Colorimetric and 

Fluorescence Quenching 

Milk and 

blood 

Serum 

Emrani et 

al., 2016 

OTC and 

Chloramphenicol 

Electrochemical SWV Milk Yan et al., 

2016 

TET Electrochemical CV Milk and 

serum 

samples 

Taghdisi et 

al., 2016 
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1.9 Integration of nanomaterials in biosensors (aptasensors) 

With the advancement in nanotechnology, the new and emerging nanomaterials having a high 

impact in developing biosensors/aptasensors with new capabilities that can be further 

explored for analysis of food contaminants. Moreover, the technology is still in developing 

stage, which needs to be further explored before real commercial products are widespread on 

the market. Focus in nanotechnology relies on the new properties that materials exhibit when 

reduced to the nanometre scale compares to the bulk materials. Nanomaterial has the 

significant potential to improve quality and safety of food commodities through the use of 

advanced micro and nano-sensors tracking systems. Nanotechnology is the inter-discipline 

research focused at the interface between chemistry, biology and material science, where the 

ultra precision can be combined with the surface activity or manipulation to develop sensitive 

assays. To date many review articles have been published in this area (Pérez-López and 

Merkoçi, 2011; Durán and Marcato, 2013; Sharma et al., 2015). Currently, the development 

of nanomaterials based aptasensing platforms based on fluorescence and FRET mechanism is 

growing field (Vinayaka and Thakur, 2011; Thakur and Ragavan, 2013; Malhotra et al., 

2014). These platforms utilize the new and novel biorecognition materials being developed 

those are capable for sensor development (Su et al., 2012). These methods imply on principle 

of fluorescence quenching, which involves the conjugation of biomolecule with fluorophore 

(Bamrungsap et al., 2012). Nanomaterials have been widely employed in sensor development 

due to the excellent advantages of signal enhancement, high surface area-volume impact 

ratio, miniaturization, immobilization support etc. Still, the nanomaterial has enough potential 

to be explored further for biosensor applications. 

1.10 Gaps in existing research 

Plethora of literature is available in the field of biosensors for mycotoxin and residual 

antibiotic contamination. However, there are some areas that still need to explore further. The 

areas, which need special and immediate attentions, are as follows: 

1.10.1 Need for sensitive and high throughput techniques for mycotoxin analysis: From 

the existing survey of literature, it is evident that the mycotoxins (OTA and AFM1) even 

present at ultra low (ng mL
-1

 or pg mL
-1

) level are highly toxic in nature. Their presence in 

milk and alcoholic beverages is of primary concern. Due to the involvement of complex 

matrix matching procedures, the reported biosensor techniques do not meet the standards for 

their monitoring in milk and other food matrices. According to European Union (EU), the 
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maximum residual limits (MRLs) for AFM1 in milk 50 ng kg
−1

 for adult and 25 ng kg
−1 

for 

baby foods) and OTA in alcoholic beverages (2 μg kg
−1

) have been already mandated by 

regulatory authorities. The AFM1 and OTA levels tend to increase with our daily food habits 

and common constituent of dietary habits. Development of highly sensitive yet with stable 

and continues monitoring biosensors with minimal sample treatment requirement are needed 

for AFM1 and OTA in analysis in milk and alcoholic beverages (beer and wine). 

1.10.2 Development of biosensors for residual antibiotics analysis: It is evident from the 

existing literature that even the presence of nano or sub-pico concentration of residual 

antibiotic (kanamycin and tetracyclines) can also trigger the potential health hazards, 

suprainfection (or secondary residual cocktail effect) and increase in microbial resistance. 

The existing methods involve the complex matrix treatment steps thus incur with long 

analysis time. Development of biosensor with an ability to detect residual antibiotic 

contamination can save time, sample quantity and the minimal/ no sample processing steps 

will reduce analysis time and cost of analysis and increase the affordability of system. 

1.10.3 Development of label-free and online platform for residual antibiotics 

determination in milk: The antibiotic-resistant superbugs are an alarming situation to world 

because of their increased consumption in agriculture and dairy industry. Online monitoring 

system such as label-free and fast screening methods in food and dairy industry are required 

for routine control and right measures. Influence of matrix and cross-contamination has 

significant effect on detection system thus the selectivity and sensitivity of developed 

biosensor without complex matrix preparation steps and significance interference is of 

paramount interest. 

1.11 Objective in the present research: The present research work aims at: 

1. Development of novel aptasensing techniques for analysis of mycotoxins in milk and 

alcoholic beverages (Gap 1.10.1). 

2. Development of label-free aptasensing platforms for detection of antibiotic residue in 

milk (Gap 1.10.2). 

3. Development of flow injection analysis (µFIA) mode aptasensors for on-line monitoring 

of the antibiotic residue in milk (Gap 1.10.3). 
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1.12 Thesis structure: 

 

 

 

 

 

 

 

Figure 1.12: Flowchart detailing the different stages of the thesis works. 
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This thesis comprises six chapters and brief summary of each chapter has been described 

below: 

1.12.1 Chapter 1: Introduction 

The present chapter gives a description of biosensors, classification, recognition elements 

used in the biosensor (introduction to SELEX and MIPs preparation), transducers, various 

aspects of biosensors, analytical characteristics of biosensors, state of art of mycotoxins and 

antibiotics analysis and a brief introduction of nanotechnology in biosensor applications. The 

present chapter also discussed about the gaps in the existing research and objective of 

proposed doctoral thesis work and finally the thesis structure. 

1.12.2 Chapter 2: Fluorescence quenching based aptasensing platforms for detection of 

ochratoxin A (OTA)  

This chapter gives detailed account for the development of fluorescence quenching based 

aptamer assay platform for mycotoxin analysis in alcoholic beverages (wine and beer) using 

titanium dioxide nanoparticles (TiO2-NPs) and fluorescent probe. This chapter is divided into 

two parts; in first methodology a fluorescence quenching based aptasensing platform has 

been developed using fluorescently labelled aptamer (labelled technique). In the second part, 

a non-labelled technique was developed using non-labelled ant-OTA aptamer, which based 

on the capitalization of the concept of aptamer assisted stability of TiO2-NPs. The chapter 

include detailed account on characterization of aptamer and TiO2-NPs interaction, 

optimization of experimental parameters such as aptamer preparation, concentration of 

aptamer and TiO2-NPs, binding buffer, pH, ionic strength of buffer, assay volume, sample 

preparation and other parameters have been described in detail. Measurements of OTA 

spiked beer and wine samples and recoveries studies have also been discussed. The 

developed technique has potential for OTA detection in spiked samples (beer and wine). The 

results have been validated against HPLC method. 

1.12.3 Chapter 3: Structure switching aptamer assay for aflatoxin M1 (AFM1) analysis 

in milk sample 

This chapter gives a detailed account of selection of various aptamer sequences for 

biosensing application based on rational design of structure switching aptamer assay. A novel 

structure switching signalling aptamer assay was developed for using fluorescence quenching 

mechanism for AFM1 analysis in milk sample (no complex matrix matching). The specific 
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aptamer sequence to AFM1 provides the improved stability and sensitivity to the system. The 

developed user friendly methods provide broad detection range within a short analysis time 

compare to commercial ELISA kit technique for AFM1 analysis in milk samples. 

1.12.4 Chapter 4: Development of label-free and disposable impedimetric aptasensor for 

detection of kanamycin in milk sample 

This chapter start with the transition from optical to electrochemical transduction in present 

work. It describes the development of label-free and disposable impedimetric aptasensor for 

kanamycin detection in milk sample. For fabrication of aptasensor, the SPCEs were used as 

transducer surface. Aptasensor fabrication was characterized using surface morphology and 

electrochemical techniques. The aptasensor fabrication was carried out using immobilization 

of aptamer via diazonium coupling. The diazotized surface immobilization provides stability 

and no leakage of aptamer on storage. The developed aptasensor is rapid, stable and capable 

of detecting kanamycin directly in milk sample. 

1.12.5 Chapter 5: Development of µFIA-EQCN aptasensor for analysis of tetracycline 

residue in milk sample 

The present chapter describe about the development of µFIA-EQCN aptasensor for 

tetracycline analysis in milk samples. This chapter describes about the immobilization of 

aptamer on the crystal surface in a semi-automated mode and optimization of µFIA system 

including matrix matching for milk sample analysis. The selection of aptamer sequence, 

surface modification, immobilization of aptamer on crystal surface, calculation of Kd value 

and characterization of aptasensor surface has been discussed in detail. For aptasensors 

development all the necessary experimental parameters such as aptamer concentration, 

selection of binding buffer, pH, ionic strength and flow rates were optimized and discussed. 

The practical utility of developed aptasensor was verified in milk. The obtained results 

indicate the applicability of developed platform in dairy industries. Additionally, the 

developed aptasensor is free from complex sample preparation steps. Aptasensor 

performance has been cross validated with commercial ELISA kit describing the precision 

and reproducibility of the µFIA-EQCN aptasensor. 

1.12.6 Brief summary of Chapter 6: Conclusion and future scope of work 

This chapter has drawn the conclusion on the basis of review of all the six chapters and 

proposed the future scope of work followed by references and appendix. 



 

 

 

CHAPTER 2 

 

Fluorescence quenching based aptasensing platforms for detection of 

ochratoxin A (OTA) 

 

Novelty Statement: 

 Structure switching aptaswitches utilizing titanium dioxide nanoparticles (TiO2-NPs) as 

fluorescence quencher were successfully demonstrated for OTA analysis. 

 Design and evaluation of TiO2-NPs quenching based aptasensing platform against labelled 

and non-labelled anti-OTA aptamer sequence. 

 Designed strategies exhibited the detection limit of 1.5 and 1.35 nM OTA in real sample. 

 Applicability of developed platforms for detection of various analyte of interest. 

Graphical abstract for chapter content 
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2.1 Background 

The presence of toxins producing molds or fungal species in cereals used for the production 

of alcoholic beverages such as beer, wine and spirits (or distilled beverage) has attracted 

significant attention, as alcoholic beverages gathered a key role in the social life of many 

contemporary societies (Bellver Soto et al., 2014). Besides the known toxicological effects of 

alcohol (drowsiness, liver toxicity etc.), these beverages could be the potential source of 

several toxins transmitted from grains and cereals used in the brewing process. The cereals 

such as wheat, barley, maize, fruits, which are mainly used for the production of alcoholic 

beverages have found to be contaminated by various fungal toxins as ochratoxins (OAs), 

aflatoxins (AFs), fumonisins (Hwang et al., 2006; Mateo et al., 2007; Piacentini et al., 2015). 

Among all, ochratoxin A (OTA) is the most important and commonly found mycotoxin in 

several food commodities (Monaci and Palmisano, 2014) (Fig. 2.1). Presence of OTA has 

already been reported in the varieties of beverages such as beer, wine, grape juice and other 

foodstuffs such as wheat, barley, maize, coffee beans (Kumar et al., 2008). In recent years, 

the OTA contamination in alcoholic beverages has also been witnessed the increased risk to 

human health such as nephrotoxicity, heapatotoxicity, carcinogenicity, teratogenicity and 

immunotoxicity. The International Agency for Research on Cancer (IARC) has classified 

OTA as a possible human carcinogen in Group 2B (IARC Monograph, 1993). Owing to high 

toxicity and persistence of OTA, the regular monitoring of OTA contamination in these 

beverages is highly recommended.  

Figure 2.1: Sources and toxic effect of OTA on human health. 
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2.1.1 Regulatory legislation for OTA in alcoholic beverages (beer and wine) 

Considering their toxicity and high consumption of contaminated beverages, the European 

Union (EU) Commission has established the legislation for the maximum residual levels 

(MRLs) of OTA in wine as 2 µg kg
-1

,
 
whereas EU has not mandated any MRLs for OTA in 

beer (Duarte et al., 2010; EU Commission regulation, 2005). However, the MRLs of OTA in 

beer have been mandated by some countries based on the high consumption of beer, for 

example, the Netherlands (0.3 µg kg
-1

), Finland (0.5 µg kg
-1

) and Italy (0.2 µg kg
-1

). In 

research studies, several authors have assumed a maximum tolerable limit of 0.2 ng mL
-1

 

OTA in beer based on the various regulation of OTA levels in the source material used for 

the preparation of beer, specifically in malt (EU Commission regulation, 2002; Bellver Soto 

et al., 2014). 

Table 2.1: Reported regulatory maximum residue limits for OTA in beer and wine (Anli and 

Alkis, 2010) 

Sample 
MRLs 

EU CODEX Netherland Finland Italy 

Beer 
3 µg kg

-1 

(malt) 

3 µg kg
-1 

(malt) 
0.3 µg kg

-1
 0.5 µg kg

-1
 0.2 µg kg

-1
 

Wine 2 µg kg
-1

 2 µg kg
-1

 - - - 

 

2.1.2 State of art for OTA detection in alcoholic beverages 

Alcoholic beverages are considered as powerful and versatile symbolic tools to stipulate and 

manipulate the social world (Barefoot et al., 2002). Due to the severity of incidences around 

the world (especially in European continent), the OTA contamination in alcoholic beverages 

causes an alarming situation to the beverages industries (Murphy et al., 2006). Since the first 

report of OTA incident on endemic nephropathy and presence in wine (Zimmerli and Dick, 

1995), various methods has been reported for OTA determination in alcoholic beverages. To 

ensure the safety and avoiding the risk of OTA contamination, it is of great interest to 

develop rapid and sensitive analytical methods for OTA monitoring in beer and wine. 

Traditionally, the OTA was mainly determined by an immunochemical method as ELISA 



 

Chapter 2: Quenching based aptaswitches for OTA detection 

    

35 

 

(Yu et. al., 2005), however, the false positive performance and cross-reactivity limit their 

wider utility. In the last decade, several techniques has been identified and reported for OTA 

detection such as thin layer chromatography (TLC) (Songsermsakul et al., 2008), gas 

chromatography coupled with mass spectroscopy (GC-MS) (Sieber et al., 2009), high-

performance liquid chromatography (HPLC) (Prelle et al., 2013), inductive coupled plasma 

and liquid chromatography coupled with MS (LC-MS) (Giesen et al., 2010; Al-Taher et al., 

2013). Although, the most commonly used technique is the LC coupled with fluorimetric and 

mass detectors for high sensitive detection signal (µg kg
-1

). In chromatographic techniques, 

the sample preparation requires pre-treatment of a matrix, which implies the process of 

extraction, purification and concentration to reach the concentrations that have been 

established by legislation. Matrix matching is necessary to remove the components that are 

usually present in the real sample and can interfere, which decreases the sensitivity of the 

detection method. Isolation of OTA from the real matrix is usually performed by solid phase 

extraction using immobilized antibodies (immunoaffinity columns, IAC), C18 cartridges, 

molecularly imprinted polymer solid phase extraction columns (MIPSE) (Rhouati, et al., 

2013a and 2013b). Above mentioned procedures encounter with several problems such as 

high cost, cross-reactivity, limited shelf life, sophisticated equipment, use large organic 

solvents, decrease in the column performance and carry-over effect (Prelle et al., 2013). Thus, 

the application of these methods for OTA analysis has remained as an analytical challenge. 

2.1.3 Nanomaterial based aptasensing platform for OTA detection 

In recent years, the development of nanomaterial integrated aptasensing platform has 

gathered promising attention. Since the discoveries of DNA-functionalized gold 

nanoparticles, many nanomaterials have been deployed in designing the DNA/ aptamer-based 

switchable nanosensors and aptaswitches (Alivisatos et al., 1996; Liu and Lu, 2005; 

Bamrungsap, et al., 2012). In the interim, the evolution of bifunctionally modified or 

conjugated nanomaterial has provided notable transaction of biochemistry or biology 

knowledge into bioanalytical applications (Cui et al., 2001; Liu et al., 2012). The intelligent 

use of nanomaterial led to the enhancement in performances with improved sensitivities and 

higher detection limits. Various nanomaterial-based aptasensing strategies have been reported 

for OTA detection (Table 2.2). Among them, the fluorescence signalling based aptaswitches 

received promising attention due to their simplicity, high-throughput and availability of 
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different methods replacing the conventional structure signalling aptaswitches (Lakowicz, 

1999; Lv et al., 2014). In principle, the uniform colloidal dispersion of the nanoparticles 

exhibits well-defined surface activities, whereas the aggregation phenomenon results in 

negligible surface activities. The concept of ssDNA/ aptamer stabilization nanostructures 

with enhanced surface reactivity was reported (Zheng et al., 2003). Encouragingly, in the 

present thesis, the novel aptaswitches capitalized on the surface chemistry of TiO2-NPs have 

been developed for determination of OTA in beer and wine. Recently reported aptaswitches 

for OTA determination in beer and wine has been tabulated in Table 2.3. 

Table 2.2: Summary of reported aptasensors for OTA determination using optical 

transducers 

S. No. Materials Methods Linearity LOD Ref. 

1. 
Gold 

nanoparticles 
Colorimetric 20-625 nM 20.0 nM 

Yang et al., 

2011 

2. Terbium (Tb
3+

) Fluorescence 0.1–1 ng/mL 
20.0 

pg/mL 

Zhang et al., 

2013 

3. 
Gold 

nanoparticles 
Colorimetric 12 nM – 0.12 µM 22.0 nM 

Luan et al., 

2015 

4. Quantum-dots Fluorescence 0-24.7 nM 4.7 nM 
Wang et al., 

2011 

 

Table 2.3: Summary of reported aptaswitches for analysis of OTA in alcoholic beverages 

S. No. Materials Methods Linearity LOD Ref. 

1. Graphene oxide 

(a) Bare graphene 

(b) PVP coated 

graphene oxide 

 

Fluorescence 

 

2-35 µM 

50-500 nM 

 

1.9 µM 

21.8 nM 

 

Sheng et 

al., 2011 

2. Single walled carbon 

nanotubes (SWNTs) 

Fluorescence 25-200 nM 24.1 nM Guo et al., 

2011 

3. Nanographite 

(a) Bare nanographite 

 

Fluorescence 

 

2-50 µM 

 

2.0 µM 

 

Wei et al., 
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(b) DNase catalyzed 

amplification 

20-400 nM 20.0 nM 2015 

4. Single-walled carbon 

nanohorn (SWCNHs) 

Fluorescence 20-500 nM 17.2 nM Lv et al., 

2016 

5. 
Ferrite upconversion 

nanoparticles 

Luminescence 

resonance 

energy transfer 

(LRET) 

2.48 to 619 

nM 
2.48 nM 

Dai et al., 

2017 

 

2.1.4 Objective 

The objective of present work was to develop the fluorescence quenching based aptasensing 

platforms for detection of ochratoxin A (OTA) in alcoholic beverages (beer and wine). 

2.1.5 Methodology 

In this part of the work, two different strategies were designed for the development of 

fluorescence quenching based aptaswitches utilizing TiO2-NPs for OTA detection. 

2.1.5.1 Labelled technique (OTA detection using fluorescently labelled aptamer) 

In this strategy, a fluorescence quenching based aptaswitches utilizing the fluorescein 

labelled anti-OTA aptamer (FAM-OTA aptamer) and TiO2-NPs was developed for OTA 

detection (Scheme-1). The configuration chosen for this experiment was based on the 

universal capability of aptamer sequence to form an antiparallel-G-quadruplex aptamer-target 

structural conformation on target recognition. In the absence of OTA, the interaction of 

FAM-OTA aptamer and TiO2-NPs results in the fluorescence quenching of FAM-OTA 

aptamer fluorescence. The quenching mechanism was attributed to the large band gap 

semiconductor behaviour of TiO2-NPs and the electrostatic interaction involving Ti-O bond 

between TiO2-NPs and FAM-OTA aptamer molecules. This results in the fluorescence 

quenching through the acceptance of electrons from excited FAM molecules (Moser and 

Graetzel, 1984; Wang et al., 1998; Wu et al., 2007). In the presence of OTA, the OTA 

induced conformational change in the aptamer structure led to the formation of anti-OTA-G-

quadruplex aptamer complex. These conformational changes causes decrease in interaction 

between TiO2-NPs and FAM-OTA aptamer, which weakens the quenching ability and 
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quench fluorescence recovered. The recovered fluorescence corresponds to the concentration 

of OTA present. Quenching efficiency (Q %) was calculated using the following equation: 

Q (%) = [1 − Fo/F]    (2.1) 

where, Q (%) is the quenching percentage, Fo and F were the fluorescence intensity in the 

absence and presence of OTA, respectively (Balcioglu et al., 2014). 

Scheme 1: Principle of TiO2-NPs fluorescence quenching based aptaswitch platform for OTA 

detection (a) in the absence of OTA, adsorption of FAM-OTA aptamer on TiO2-NPs surface 

led to fluorescence quenching; (b) in the presence of OTA, the anti-parallel G-quadruplex 

structure form and fluorescence recovered. 

2.1.5.2 Non-labelled technique (OTA detection using non-fluorescent labelled aptamer) 

The strategy designed for the development of an aptaswitch that capitalizes on the surface 

chemistry of TiO2-NPs, which quench the fluorescence of fluorescent particles and eliminate 

the need of fluorophore conjugated aptamer (Scheme-2). In this strategy, fluorescence 

quenching potential of bare TiO2-NPs and aptamer stabilized TiO2-NPs was evaluated against 

the fluorescence emission intensity of fluorophore carboxylate modified nanoparticles 

(FCM). The high fluorescence intensity of FCM nanoparticles is quenched by TiO2-NPs as 

depicted (Scheme 2a), which is due to the electrostatic interaction of Ti-O bond between 
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TiO2-NPs and fluorescent probe (FCM). This results in fluorescence quenching due to 

acceptance of electrons from FCM probe (Wang et al., 1998; Wu et al., 2007). Adsorption of 

anti-OTA aptamer on TiO2-NPs surface stabilizes and uniformly dispersed the TiO2-NPs. The 

stabilized TiO2-NPs showed an increase in the quenching efficiency due to the enhancement 

in surface activity (Scheme 2b). On addition of OTA, the OTA induced conformational 

change in aptamer assembly resulting desorption of OTA-aptamer complex from TiO2-NPs 

surface. This causes the subsequent recovery of quenched fluorescence corresponds to the 

concentration of OTA present. 

 

Scheme 2: Structure switching signalling aptaswitch based on fluorescence quenching 

principle for detection of OTA (a) bare TiO2-NPs quench the fluorescence of FCM 

particles, (b) in the absence of OTA, the aptamer stabilized TiO2-NPs showed increased 

quenching and in the presence of OTA, increased fluorescence due to formation of anti-

OTA-G-quadruplex aptamer complex. 
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2.2. Experimental 

2.2.1 Biochemicals and chemicals 

The aptamer sequence highly specific to OTA, which form the anti-OTA-G-quadruplex 

structure upon OTA binding was selected as reported in literature (Cruz-Aguado and Pennar, 

2008). The fluorescein labelled anti-OTA aptamer at 3′ end (3′FAM-OTA aptamer) with 36 

base sequences was synthesized and purified by Microsynth (Switzerland). The non-labelled 

anti-OTA aptamer was synthesized and purified by Eurogentec (France). Two different forms 

of anti-OTA aptamer used were as follows: 

3′FAM-OTA aptamer (36 base sequences): Fluorescein (FAM) labelled aptamer sequence 

5′-GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-FAM-3′ 

anti-OTA aptamer (36 base sequences): Non-labelled aptamer sequence 

5’-GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-3’ 

TiO2-NPs with a size of approx. 25 nm were synthesized and received as prepared material 

from PROMES Laboratory, UPVD-Perpignan, France. Fluorophore carboxylate modified 

particles (FCM) 0.1 µm (excitation 350 nm and emission 440 nm) were procured from Life 

Technologies (USA). HEPES sodium salt was purchased from Fisher Scientific (New Jersey, 

USA). All other chemical sodium phosphate dibasic (Na2HPO4), potassium phosphate 

monobasic (KH2PO4), calcium chloride (CaCl2), potassium chloride (KCl), magnesium 

chloride (MgCl2) and sodium chloride (NaCl) of analytical grade were procured from Sigma-

Aldrich (St. Quentin Fallavier Cedex, France). OTA, derived from (Aspergillus ochraceus) 

was purchased from Sigma Aldrich (France). Ochratoxin B (OTB), derived from (Aspergillus 

ochraceus) was procured from Santa Cruz Biotechnology (Heidelberg, Germany). For cross-

reactivity studies, N-acetyl-L-phenylalanine (NAP) and warfarin was obtained from Sigma–

Aldrich (USA). Deionized Milli-Q water (Millipore, Bedford, MA, USA) was used for 

preparation of reagents throughout the experiments. Beer (brand name Heineken from 

Netherlands) and wine (brand name Blanc from Bordeaux, France) samples were purchased 

from local market of Perpignan, France. 
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2.2.2 Instrumentation 

A customized fluorescence imaging system (built in-house) consisting of ultraviolet light 

source coupled with a light excluding compartment, a lens, digital camera and computer was 

used for elucidation of principle reaction (Bueno et al., 2016). Each individual image was 

decomposed into its red, green and blue component (RGB components) and analyzed using a 

designed MET-Lab interface on computer (Fig. 2.2). The fluorimetric measurements 

(excitation 355 nm; emission 460 nm) were carried out using Fluoroskan Ascent FL 2.6 

(Thermo Scientific-Finland) equipped with Ascent software version 2.6. The UV-visible 

spectral measurements were carried out on UV- spectrophotometer (UV-1800, USA) 

equipped with TCC controller (TCC 240 A) to measure the surface adsorption characteristics 

of aptamer-TiO2 complex. All fluorimetric measurements were performed in standard 96 

black microwell plates obtained from Thermo Fisher Scientific (Roskilde, Denmark). The 

aptamer sequences were pre-treated in PCR thermocycler (Eppendorf, Le Pecq, France) 

before use (to open their conformation for efficient binding). The surface morphology of 

TiO2-NPs at different stages was characterized using scanning electron microscope (SEM XL 

30 FEI/Philips, Philips Electronics Co., Netherlands). 

 

 

 

 

 

 

Figure 2.2: A portable and customized fluorescence imaging system (a) camera; (b) stage; 

(c) cuvette; (d) wire interface connection; (e) computer; (f) RGB component analysis. 

For cross validation, the HPLC system Elite Lachrom L-2485 system consisted on a Merck 

(Merck GmbH, Germany), Hitachi pump L-7110 with a manual injector and a VWR Hitachi 

scanning fluorescence detector integrated with Borwin V 1.21 software version was used to 



 

Chapter 2: Quenching based aptaswitches for OTA detection 

    

42 

 

control the chromatograph and signal processing. The chromatographic separation was 

performed on a stainless steel Phenomenex 100, C18 reversed-phase column (250 mm × 4.6 

mm, 5 µm particle sizes) connected to a guard column, which protects all non-core shell and 

≥ 3 µm particle size columns with 2-8 mm ID. The mixture of acetonitrile/water/acetic acid 

(48:51:1 v/v/v), at a flow-rate of 1.0 ml min
–1

 was used as mobile phase and always degassed 

before use. The HPLC detector has λex 330 nm and λem 460 nm. Sample injection was 

performed using 200 µL for standard/eluted samples. Each tested samples was measured in 

triplicate and peak deviation was calculated. 

2.2.3 Solution preparation  

2.2.3.1 Preparation of buffer  

The binding buffers were prepared as follows: an appropriated amount of HEPES buffer 

containing 30 mM CaCl2, 90 mM NaCl, 1.35 mM KCl and 5 mM MgCl2 was dissolved in 

deionized Milli-Q water to prepare HEPES binding buffer (HBB) (25 mM, pH 7.4). The 

phosphate binding buffer (PBB) was prepared by dissolving an appropriate amount of 

Na2HPO4, KH2PO4, containing 5 mM MgCl2, 1.35 mM KCl and 60 mM NaCl in deionized 

Milli-Q to prepare PBB (10 mM, pH 7.4). The pH of binding buffers was adjusted to 6.8-8.2 

(until not optimized). All buffer solutions were stored at 4 °C when not in use. 

2.2.3.2 Preparation of TiO2-NPs and probe dilutions 

To investigate the quenching efficiency of TiO2-NPs, a known amount of TiO2-NPs was 

dissolved in binding buffers (HBB and PBB) and further diluted in the range 2.5-1000 µg 

mL
-1

. Similarly, the stock solution of FCM probe (0.2 mg mL
-1

) was diluted in binding 

buffers to obtain the desired working range. 

2.2.3.3 Preparation of OTA aptamer solutions 

The stock solution of FAM-labelled anti-OTA aptamer (100 µM) and non-labelled anti-OTA 

(100 µM) aptamer were prepared in sterilized deionized Milli-Q water. The stock solution 

was further diluted in the range 5 nM to 5 µM (FAM-OTA aptamer) and 10 to 750 nM (non-

labelled OTA-aptamer) in HBB. Before each experimentation, the aptamer sequences were 

pre-treated in thermocycler (Eppendorf, Le Pecq, France) with the following temperature 
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cycle: heated at 85 °C for 5 min to initial denaturation followed by a structure maintain step 

at 4 °C for 5 min. 

2.2.3.4 Preparation of OTA and interferents standard solutions 

For preparation of standards, OTA stock solution was prepared be dissolving 1 mg mL
-1

 OTA 

powder in methanol and stored at -20 °C, when not in use. Subsequently, the stock solution 

was diluted in the range 17 nM to 20 µM in HBB (covering both strategies) before use. 

Similarly, for specificity studies of aptamer, OTB, warfarin and NAP standard solutions were 

prepared and diluted in binding buffer. All the working solutions were prepared freshly 

before use and stored at 4 °C when not in use. 

2.2.3.5 Preparation of spiked sample for OTA analysis 

To verify the performance of developed aptamer assays, the experiments were performed in 

spiked beer and wine samples. Matrix treatment was done because the presence of fluorescent 

compounds in beer and wine samples may be lead to the false signal response. 

2.2.3.5.1 OTA analysis using spiked beer samples 

Beer samples were prepared as describes elsewhere (Visconti et al., 2000) with our optimized 

protocol. In brief, the known concentration of OTA was spiked in the beer sample and 

mixture was degassed for 30 min and pH was adjusted to 7.4. The samples were cooled at 4 

°C for 30 min to prevent frothing. The OTA spiked samples were filtered through 0.45 µm 

Minisart non-pyrogenic filters (Sartorius Stedim Biotech, USA). Subsequent dilutions were 

made with unspiked beer sample to obtain the different concentration of OTA i.e. 0.0031, 

0.25 and 1.0 µM (Scheme-1) and 0.017, 0.125 and 1.0 µM (Scheme-2). 

2.2.3.5.2 OTA analysis using spiked wine samples 

For matrix matching, the wine sample was mixed with the binding buffer and methanol in 

1:4:1 v/v ratio (wine:HBB:MeOH). The mixture was further degassed for 45 min, centrifuged 

at 10000 rpm (10 min) and filtered by using microfilters (0.45 µm). Then known quantities of 

10 µM OTA was added to the prepared mixture (wine:HBB:MeOH) to prepare the different 

concentration of OTA in the range as described under beer samples preparation.  
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2.2.4 Quenching measurement using TiO2-NPs 

2.2.4.1 Quenching measurements against FAM-OTA aptamer 

Prior to experiment, aptamer sequence was pre-treated as described under section (2.2.3.3). 

FAM-OTA aptamer and TiO2-NPs were added in the binding buffer at a fixed concentration 

(total assay volume 150 µL, once optimized) and incubated at RT for 1 min. To study 

fluorescence quenching, the fluorescence measurements (λex 485 nm; λem 538 nm) were 

performed continuously for 1 h at an interval of 5 min. Similarly, the control measurements 

were performed without addition of TiO2-NPs keeping the assay volume constant (150 µL). 

2.2.4.2 Quenching measurements against fluorescent probe (FCM) 

The fluorescence quenching potential of TiO2-NPs was evaluated before and after 

stabilization with target specific aptamer. TiO2-NPs (2.5-1000 µg mL
-1

) and FCM probe (10 

µL of 100 µg mL
-1

) were properly mixed with binding buffer (HBB) to make up volume 200 

µL. The quenching measurements were performed at excitation (λex 355 nm) and emission 

(λem 460 nm). Secondly, 10 µL of aptamer (250 nM) and 10 µL of TiO2-NPs (at optimized 

conc. 300 µg mL
-1

) were mixed with HBB and incubated for 1 h. Then, the FCM probe (10 

µL of 100 µg mL
-1

) was added to aptamer stabilized TiO2-NPs and measurements were 

carried out immediately. For control, the measurements were performed with FCM keeping 

the concentration (100 µg mL
-1

) other conditions same. 

2.2.5 OTA detection based on fluorescence quenching 

2.2.5.1 Labelled technique (OTA detection using fluorescently labelled aptamer) 

For the quantification of OTA, FAM-OTA aptamer (optimized concentration i.e. 2.0 µM) 

was allowed to mix with the different concentrations of OTA (1.5 nM to 20 µM) and 

incubated. Then, 10 µL TiO2-NPs (150 µg mL
-1

) was added in microwell plate, mixed 

properly and incubated for 1 min at RT. The fluorescent measurements were carried out using 

Fluoroskan Ascent FL 2.6. Similarly, the control measurements were achieved without the 

addition of OTA in binding buffer under same experimental conditions. 
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2.2.5.2 Non-labelled technique (OTA detection using non-fluorescent labelled aptamer) 

Different concentration of OTA (17 nM to 5.0 µM) were added and mixed with anti-OTA 

aptamer stabilized TiO2-NPs and incubated for 1 h. Finally, 10 µL of FCM (100 µg mL
-1

) 

was added in each microwell and mixed properly. Measurements were carried out 

immediately after addition of FCM probe on Fluoroskan Ascent FL 2.6 plate reader at 

excitation (λex 355 nm) and emission (λem 460 nm). Similarly, control measurements were 

performed without the addition of OTA and keeping other experimental conditions same. 

2.3 Result and discussions 

2.3.1 Labelled technique (OTA detection using fluorescently labelled aptamer) 

2.3.1.1 UV-Vis spectroscopic analysis  

The evidences of structure switching and interaction between aptamer and TiO2-NPs were 

characterized using UV-Vis measurements (Fig. 2.3). OTA showed the characteristics UV 

absorption at 355 nm (spectrum b). The characteristics absorption maximum (λmax) of FAM-

OTA aptamer was observed at 255 nm (spectrum c). The obtained results showed that the 

TiO2-NPs do not exhibit UV absorption at 255 nm (spectrum a). On addition of TiO2-NPs, 

the peak intensity of FAM-OTA aptamer UV absorption maxima significantly enhance 

without change in peak position (curve f) at 255 nm. These results emphasize the typical 

characteristic features of FAM-OTA aptamer-TiO2-NPs adsorption complex and electrostatic 

interaction (Kathiravan and Renganathan, 2009). On addition of OTA, hybridization of FAM-

OTA aptamer-OTA complex formation results in the appearance of new absorption peak at 

252 nm with decrease in peak intensity (spectrum e), indicating the target induced 

conformational changes in aptamer structure, which results in desorption of aptamer from 

TiO2-NPs surface. The UV spectrum of aptamer-OTA complex in the presence and absence 

of TiO2-NPs showed absorption maximum at 252 nm as shown in Fig. 2.3 (spectrum d and 

e). These results strongly suggested that the fluorescence recovery response in aptamer assay 

was due to the formation of target-aptamer quadruplex, resulting increase in distance between 

FAM group and TiO2-NPs. UV results have been summarized in Table 2.4. 
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Figure 2.3: UV-Vis absorption analysis of aptamer-TiO2-NPs complex for structure 

switching elucidation in HBB (pH 7.4). 

Table 2.4: UV-Vis absorption results of structure switching aptamer assay in HBB (pH 7.4) 

 

 

 

 

 

 

 

 

2.3.1.2 Fluorescence imaging study 

The fluorescently labelled (FAM-OTA) aptamer exhibits strong fluorescence due to the 

presence of FAM molecules as depicted in Fig. 2.4a. Upon addition of TiO2-NPs, the TiO2-

Spectrum 
λmax 

(nm) 
Description 

Absorbance 

(a.u) 

a. 255 TiO2-NPs - 

b. 355 OTA 0.104 

c. 255 FAM-OTA aptamer 0.139 

d. 252 
FAM-OTA aptamer + OTA 

(in absence of TiO2-NPs) 
0.186 

e. 252 
FAM-OTA aptamer + OTA+ 

(in presence of TiO2-NPs) 
0.193 

f. 255 FAM-OTA aptamer + TiO2-NPs 0.312 
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NPs quenched the fluorescence of FAM-labelled OTA-aptamer, which was characterized by 

change in fluorescence intensity (green to blue) (Fig. 2.4b). On addition of OTA, the 

formation of FAM-OTA aptamer and OTA duplex results in the decrease in fluorescence 

intensity (blue intensity decrease), which is a strong evidence of target triggered formation of 

aptamer-target complex (Fig. 2.4c). The target induced conformational change resists the 

adsorption of aptamer on TiO2-NPs surface and fluorescence recovered. The recorded 

fluorescence images were further decomposed into individual RGB components and analyzed 

using in house developed fluorescence imaging system integrated with MATLAB interface. 

The results have been summarized in Table 2.5. 

 

 

 

 

 

 

Figure 2.4: Fluorescence imaging of (a) FAM-OTA aptamer; (b) FAM-OTA aptamer+ 

TiO2-NPs; (c) FAM-OTA+ OTA+ TiO2-NPs in HBB (pH 7.4). 

Table 2.5: Fluorescence magnitude value of blue components 

 

 

 

 

 

 

 

Sample Description Blue component value 

a. FAM-OTA aptamer 22 

b. FAM-OTA aptamer + TiO2-NPs 96 

c. FAM-OTA aptamer + OTA+ TiO2-NPs 65 
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2.3.1.3 Optimization of experimental variables 

Experimental variables such as aptamer concentration and TiO2-NPs, buffer, pH, ionic 

strength, which could artifacts the performance of aptasensing platform were carefully 

investigated and optimized. 

2.3.1.3.1 FAM-OTA aptamer concentration 

It is important to identify the concentration of fluorophore labelled anti-OTA aptamer (FAM-

OTA aptamer) for construction of quenching based aptasensing platform. The fluorescence 

intensity of FAM-OTA aptamer at various concentrations was studied (Fig. 2.5). It was found 

that the FAM-OTA aptamer at 2.0 μM exhibits enough fluorescence (λex 485 n; λem 538 nm) 

to further investigate the quenching potential of TiO2-NPs. 

 

 

 

 

 

 

 

 

 

Figure 2.5: Fluorescence response of FAM-OTA aptamer with increasing concentration from 

0.062-5.0 µM (optimized concentration for further experimentation encircled with blue). 

2.3.1.3.2 TiO2-NPs concentration 

Different concentration of TiO2-NPs (2.5-300 μg mL
-1

) was evaluated against fixed 

concentration of FAM-OTA aptamer (2.0 μM). The fluorescence intensity of FAM-OTA 

aptamer gradually decreased with the increasing concentration of TiO2-NPs ranging from 2.5-
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150 μg mL
-1

 in HBB (pH 7.4) (Fig. 2.6). No decrease in fluorescence intensity was observed 

with further increase in TiO2-NPs concentration, which confirms that the maximum 

quenching and 150 μg mL
-1

 TiO2-NPs and used in further experimentations. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Quenching performance of TiO2-NPs (2.5-300 μg mL
-1

) on fluorescence 

intensity of FAM-OTA aptamer (2.0 μM) in HBB (pH 7.4) (n=3). 

2.3.1.3.3 Selection of buffer, pH and ionic strength 

Non-specific adsorption of ionic species (buffer ions) on the surface of TiO2-NPs might 

hinder the adsorption of aptamer molecules, which could be responsible for decreasing 

quenching performance (Nelson et al., 2000; Zhang et al., 2014). Therefore, the quenching 

performance of TiO2-NPs was evaluated in two different buffers i.e. HBB and PBB. At 

optimized concentration of FAM-OTA aptamer (2.0 μM) and TiO2-NPs (150 μg mL
-1

); 

maximum quenching by TiO2-NPs was obtained in the HBB (Fig. 2.7a). The pH of buffer has 

significant on generation of surface charge. The change in pH of buffer might leads to the 

variation in surface charge of TiO2-NPs, which could cause the aggregation or may render the 

electrostatic interaction of TiO2-NPs with FAM-OTA aptamer, resulting decrease in 

fluorescence quenching (Amano et al., 2010; Zhang et al., 2014). Maximum quenching was 

obtained in HBB at pH 7.4 (Fig. 2.7b). 
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Figure 2.7: (a) Effect of HBB and PBB on quenching efficiency of TiO2-NPs (150 μg mL
-1

). 

(b)
 
Effect of pH

 
(6.8-8.2) of

 
HBB on quenching performance of TiO2-NPs. 

The optimal concentration of monovalent or divalent ions is highly important to obtain the 

maximum binding affinity of aptamer and quenching of TiO2-NPs. The maximum binding 

efficacy of aptamer was evaluated against different salt concentrations present in the buffer. It 

is evident from the obtained (Fig. 2.8a) that the maximum response was obtained at 90 mM 

Na
+
 salt. The fluorescence intensity increased with further increase in Na

+ 
concentration, 

which is a strong indication that the non-specific adsorption of Na
+ 

on TiO2-NPs surface 

decreasing the fluorescence quenching. The effect of divalent metal ions, which are important 

to maximize the binding affinity of aptamer and acted as ionic bridge enhances the 

electrostatic interaction in between aptamer and TiO2-NPs were also evaluated (Sheng et al., 

2011). The Mg
2+

 and Ca
2+

 salts showed the maximum response at 5 mM Mg
2+

 and 30 mM 

Ca
2+

 salt concentration (Fig. 2.8b and 2.8c). To avoid the involvement of excess salt 

concentration, the higher salt concentration has not been tested because these concentrations 

are optimal for binding interaction (Cruz-Aguado and Penner, 2008). 

 

 

 

 

 



 

Chapter 2: Quenching based aptaswitches for OTA detection 

    

51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: (a) Effect of various concentration of NaCl (30, 60, 90, 120 mM) on quenching 

efficiency of TiO2-NPs in HBB (pH 7.4) (n=5); (b) Effect of various concentration of MgCl2 

(1, 2.5, 5 and 7.5 mM) on quenching efficiency of TiO2-NPs in HBB (pH 7.4) (n=5); (c) 

Effect of various concentration of CaCl2 (1, 5, 10, 20, 30 and 40 mM) on quenching 

efficiency of TiO2-NPs in HBB (pH 7.4) (n=5). 

2.3.1.4 Aptamer assay for OTA detection 

Under optimized experimental conditions, the ability TiO2-NPs to quench the fluorescence 

intensity of fluorescein labelled aptamer (FAM-OTA aptamer) was exploited for quantitative 

analysis of OTA. A calibration curve was performed against the different concentration of 

OTA ranging 1.5 nM to 20 µM in HBB (pH 7.4) prior to real sample analysis. The recovered 

fluorescence intensity percentage response with an increasing OTA concentration from 1.5 

nM to 20 µM OTA has been plotted in Fig. 2.9. The obtained fluorescence recovery intensity 
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(%) response were in increase pattern corresponds to the concentration increased. This is due 

to the high binding affinity between FAM-OTA aptamer and OTA to form the stable anti-

OTA aptamer-G-quadruplex complex, which resist the further quenching. The obtained 

linearity was from 1.5 nM to 1.0 µM with a line of equation y = 17.01x [µM] + 49.83 with R
2
 

= 0.997 and % R.S.D. = 3.65 (n = 3). A limit of detection (LOD) was calculated based on the 

standard deviation of baseline signal (S/N = 3) and found to be 1.5 nM. Similarly, the limit of 

quantification (LOQ) was calculated and found to be 3.1 nM. The obtained results that the 

presented assay could detect the OTA down to 1.5 nM compared to other fluorescence 

quenching based assay using nanoparticles (Table 2.2). 

 

 

 

 

 

 

 

 

 

 

Figure 2.09: Calibration curve obtained for OTA (0.0015, 0.0031, 0.015, 0.062, 0.125, 0.25, 

1.0, 5.0, 10.0, 20.0 µM) in HBB at pH 7.4 (Inset shows the logarithmic linear fit graph from 

1.5 nM to 1.0 µM OTA). 

2.3.1.5 Selectivity and specificity of aptamer assay 

The selectivity and specificity of developed aptamer assay platform was investigated against 

the structural analogue of OTA for various concentrations of OTB (0.0031, 0.25 and 10.0 
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µM) spiked in the binding buffer. The obtained response of recovered fluorescence intensity 

percentage of OTB (red bar) was found to be more accurate with less than 10% (n=3) 

response of OTA (cyan bar) (Fig. 2.10). Results have been summarized in Table 2.6. These 

results confirmed that the recovered fluorescence response obtained with OTA was virtually 

due to high selectivity and specificity of FAM-OTA aptamer towards OTA.  

 

 

 

 

 

 

 

 

 

Figure 2.10: Bar graph representation of specificity studies of aptamer assay with structural 

(OTB) (n=3) at various concentrations (0.0031, 0.25 and 10.0 µM). 

Table 2.6: Selectivity and specificity performance of assay platform for OTA detection 

Conc
n
. 

[μM] 

OTA 

Recovered fluorescence 

intensity (%) 

OTB 

Recovered fluorescence 

intensity (%) 

% response of 

OTB 

(FOTB/FOTA 

x100) 
Mean ± S.D. 

(n=3) 

% 

R.S.D. 

Mean ± S.D. 

(n=3) 

% 

R.S.D. 

0.0031 7.11 ± 0.269 3.78 0.014 ± 0.0005 3.57 0.197 

0.25 41.07 ± 2.199 5.35 0.961 ± 0.0515 5.36 2.339 

10.0 92.22 ± 2.137 2.32 8.871 ± 0.2055 2.32 9.619 
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2.3.1.6 Analytical performance of developed aptamer assay for OTA analysis 

The analytical performance (repeatability and reproducibility) of aptamer assay was 

investigated by intra and inter day precision studies. The intra and inter day precision 

experiment was performed at 0.25 µM OTA under optimized experimental conditions. 

Similarly, control measurements were performed with each assay to calculate the recovered 

fluorescence intensity (%). Intraday precision with relative standard deviation of 2.89% (n=3) 

was calculated, indicating a very good reproducibility of aptamer assay. A % RSD from 1.74 to 

6.50 (n=3) was calculated from interday analysis, which confirms that the results are 

reproducible. The results have been summarized in Table 2.7. 

Table 2.7: Precision performance of developed assay for OTA analysis 

Interday precision analysis 

Days OTA [μM] 
Recovered fluorescence 

intensity (%) 
Mean ± S.D. 

% 

R.S.D. 

Day-1 0.25 17.78 17.78 ± 0.31 1.74 

Day-2 0.25 16.76 16.76 ± 1.09 6.50 

Day-3 0.25 17.67 17.67 ± 0.62 3.51 

Intraday precision analysis 

OTA 

[μM] 

Recovered FL Intensity (a.u.) Mean ± S.D. % 

R.S.D. 
Response-1           Response-2               Response-3 

0.25 17.78 17.02 18.00 17.6 ± 0.51 2.89 

 

2.3.1.7 Feasibility of developed aptamer assay for OTA analysis in spiked beer and wine 

samples 

The practical feasibility of developed aptamer assay platform was investigated in OTA spiked 

beer and wine sample. The recovery studies were performed at three different concentrations 

i.e. 0.0031, 0.25 and 1.0 µM OTA spiked in beer and wine samples. The OTA concentrations 

levels for real sample studies were selected from the calibration curve including lower and 
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higher values. Similarly, the controls were prepared by spiking the same amount of OTA in 

binding buffer. Obtained recoveries were found in good agreements, ranging from 94.30-

102.68 % (n=3) with a maximum % R.S.D. 6.67 (n=3). The recoveries results have been 

summarized in Table 2.8, as percentage recovery (% recovery). These results prove the 

reliability and suitability of developed assay for OTA analysis in real matrices. 

Table 2.8: Recovery performance of labelled assay platform for OTA determination in 

spiked beer and wine samples 

Sample OTA added 

[µM] 

OTA found 

[µM] 

Mean ± S.D. % RSD % 

Recovery 

Beer 

 

0.0031 0.0029 0.0029 ± 0.0001 3.44 94.30 

0.2500 0.2480 0.2480 ± 0.0030 1.21 99.20 

1.0000 0.9910 0.9910 ± 0.0100 1.00 99.10 

Wine 

0.0031 0.0032 0.0032 ± 0.0002 6.67 103.22 

0.2500 0.2567 0.2567 ± 0.0147 5.72 102.68 

1.0000 1.0169 1.0169 ± 0.0321 3.16 101.69 

 

2.3.2 Non-labelled technique (OTA detection using non-fluorescent labelled aptamer) 

2.3.2.1 UV characterization of aptamer stabilized TiO2-NPs 

In UV-Vis analysis (methodology-2), the non-labelled anti-OTA aptamer showed a UV 

absorption maximum (λmax) at 256 nm, whereas TiO2-NPs do not absorb at the same 

wavelength (Fig. 2.12). The dispersion of anti-OTA aptamer stabilized TiO2-NPs showed an 

increase in the absorption peak at 256 nm without change in the peak position (curve c and 

d). The reason was attributed to the electrostatic interaction between aptamer and TiO2-NPs 

surface indicating presence of more anti-OTA aptamer molecule after stabilization of 

nanoparticles.  The results have been tabulated in Table 2.9. 
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Figure 2.11: UV-Vis spectrum analysis of TiO2-NPs before and after stabilization with 

aptamer in HBB (pH 7.4) 

Table 2.9: UV-Vis absorption characterization of aptamer assay in HBB (pH 7.4) 

 

 

 

 

Spectrum λmax (nm) Description 
Absorbance 

(a.u.) 

a. 256 TiO2-NPs - 

b. 256 anti-OTA aptamer 0.285 

c. 256 
anti-OTA aptamer + OTA 

(in absence of TiO2-NPs) 
0.364 

d. 256 
anti-OTA aptamer+ OTA 

(in presence of TiO2-NPs) 
1.299 
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2.3.2.2 Fluorescence imaging study 

To establish the quenching assay mechanism, the fluorescence imaging studies were 

performed at each step. The high fluorescence of fluorescent probe (FCM) was quenched by 

TiO2-NPs and aptamer stabilized TiO2-NPs (Fig. 2.12). On addition of OTA, the OTA 

triggered conformational changes in reversible assembly of aptamer weaken the interaction 

between fluorescent probe and TiO2-NPs, results in the recovery of quenched fluorescence 

(Fig. 2.12e). The processed data from MATLAB interface based on RGB value is 

summarized in Table 2.10. On addition of OTA, the fluorescence magnitude of blue 

component of FCM increases in presence of TiO2-NPs, which is a strong indicative of target 

induced hybridization between anti-OTA aptamer and OTA molecule.  

Figure 2.12: Fluorescence imaging of (a) OTA, (b) FCM, (c) FCM + TiO2-NPs, (d) FCM + 

anti-OTA aptamer-TiO2-NPs, (e) FCM + anti-OTA aptamer-TiO2-NPs + OTA in HBB (pH 

7.4). 

Table 2.10: Fluorescence magnitude value of blue components  

Image Description Blue component 

value 

a. OTA  20 

b. FCM 160 

c. FCM + TiO2-NPs 115 

d. FCM + anti-OTA aptamer-TiO2-NPs 89 

e. FCM + anti-OTA aptamer-TiO2-NPs + OTA 120 
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2.3.2.3 SEM characterization of bare and aptamer stabilised TiO2-NPs 

The SEM micrographs of bare TiO2-NPs (Fig. 2.14a) and anti-OTA aptamer stabilized TiO2-

NPs (Fig. 2.14b) were recorded on scanning electron microscope (SEM XL 30 FEI/Philips, 

Philips Electronics Co., Netherlands). The bare TiO2-NPs showed the aggregation, whereas 

the morphology has been changes after stabilization and individual particle was visualized. It 

was observed that the TiO2-NPs stabilized and started uniform distribution, which can be 

seen in Fig. 2.14b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Scanning electron micrograph (a) bare TiO2-NPs; (b) anti-OTA aptamer 

stabilized TiO2-NPs. 

(a) 

(b) 
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2.3.2.4 Optimization of experimental parameters using non-labelled technique 

2.3.2.4.1 TiO2-NPs concentration 

Quenching ability of TiO2-NPs was evaluated against the fixed concentration of FCM probe 

(10 µL of 100 µg mL
-1

 FCM in microwell). Various concentrations of TiO2-NPs ranging 

from 2.5-1000 µg mL
-1

 were investigated. Fluorescence quenching increased with increasing 

TiO2-NPs concentration from 2.5-300 µg mL
-1

 as shown in Fig. 2.15. Later, 300 µg mL
-1

 

TiO2-NPs was used as optimal concentration in further experimentation.  

 

 

 

 

 

 

 

 

 

Figure 2.14: Optimization of TiO2-NPs concentration (2.5-1000 µg mL
-1

) against FCM 

probe (10 µL of 100 µg mL
-1

 FCM in microwell) for structure switching aptaswitch. 

2.3.2.4.2 Aptamer concentration 

In the present protocol, the optimization of aptamer concentration was the critical factor for 

the stabilization of TiO2-NPs and OTA detection. Fluorescence intensity of FCM probe 

decreased with increased in anti-OTA aptamer concentration i.e. 10-750 nM (Fig. 2.15). The 

increased in quenching (decreased in fluorescence intensity) of FCM probe was attributed to 

the increased stability of TiO2-NPs. This resulted in uniform dispersion of stabilized particle 

and quenching efficiency improved. Higher concentration of biomolecule might increases the 
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signal intensity meanwhile decreases the sensitivity due to increased background signal 

(Hayat et al., 2011), thus the 250 nM aptamer concentration was used as optimum.  

 

 

 

 

 

 

 

 

 

Figure 2.15: Effect of aptamer concentration on structure switching aptasensing platform. 

2.3.2.4.3 Optimization of buffer, pH and salt concentrations 

Undesirable adsorption of phosphate and other anionic buffer salt may cause the artifacts in 

the aptamer based stabilization or uniform dispersion TiO2-NPs surface, thus all the 

experiments were carried out in the HBB. The presence of surface charge at TiO2-NPs 

surface might be responsible for aggregation of NPs at high pH and alter the performance 

(Liao et al., 2009). TiO2-NPs showed a maximum quenching performance at pH 7.4 in HBB 

(Fig. 2.16a). The effect of pH was also investigated at aptamer stabilized TiO2-NPs. The 

maximum quenching efficiency was observed at pH 7.4 with 250 nM anti-OTA aptamer (Fig. 

2.16b). Obtained results proves that the anti-OTA aptamer and TiO2-NPs complex is stable at 

pH 7.4 in HBB because binding buffer pH can significantly affect the adsorption kinetics and 

complex stability. On pH 7.4 condition the HBB activity was found to be maximum. 
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Figure 2.16: (a) Optimization of buffer pH (6.8-8.2) for development of structure signalling 

aptaswitch platform in HBB (n=3); (b) Effect of pH on quenching efficiency of anti-OTA 

aptamer stabilized TiO2-NPs (aptamer- TiO2-NPs complex) (n=3). 

TiO2-NPs carry a negative surface charge in HBB at pH 7.4. The variation in surface charge 

may cause the aggregation or render the electrostatic interaction resulting decreased 

fluorescence quenching efficiency (Amano et al., 2010). Owing to this, the effect of buffer 

salts was studied and optimized to overcome the electrostatic repulsion and obtained 

maximum response. The maximum response was obtained at 60 nM Na
+
 salt and 5 mM Mg

2+
 

salt concentration (Fig. 2.17a and 2.17b). Similarly, the optimized time of incubation was 1 

hr, because afterward the undesired agglomeration or multilayer adsorption of biomolecule 

might decrease the efficacy. Later on, the effect of dilution factor was shown to confirm the 

exponential decrease in the response and it was observed that the 200 µL assay volume was 

optimum (Fig. 2.17c). 

 

 

 

 

 



 

Chapter 2: Quenching based aptaswitches for OTA detection 

    

62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: Effect of (a) NaCl concentration on quenching efficiency of anti-OTA aptamer 

stabilized TiO2-NPs at optimized concentration; (b) MgCl2 concentration on quenching 

efficiency of anti-OTA aptamer stabilized TiO2-NPs at optimized concentration; (c) dilution 

factor (dilution with buffer) on assay performance. All measurements were performed in 

three replicate experiments (n=3). 

 

2.3.2.5 OTA detection using label-free platform (FCM probe) 

A calibration curve was performed for different concentrations of OTA spiked in the HBB. 

The recovered fluorescence intensity corresponds to the OTA was plotted as a function of 

increasing OTA concentrations i.e. 0.017-5.0 μM in HBB, pH 7.4 (Fig. 2.18). The recovered 

fluorescence intensity was found to be increased with increasing OTA concentration, which 

is the result of high binding affinity of anti-OTA aptamer towards OTA to form the anti-OTA 

aptamer-G-quadruplex complex and resist further quenching. Calibration curve was fitted 
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using the linear equation and a line of equation as y = 41.67 x (µM) + 6.604 with R
2 

= 0.9913 

(n=4) and linearity from 0.017 to 5.0 μM OTA was calculated. The LOD was found to be 

1.35 nM of OTA (S/N = 3). The developed aptaswitch platform showed the better LOD as 

compared to earlier reported methods based on fluorescence and colorimetric signal based 

aptaswitches for OTA detection as summarized in Table 2.3. 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Calibration curve obtained for OTA (0.017-5.0 µM) in HBB (pH 7.0, n=3). 

The present strategy exhibiting higher sensitivity than methodology -1, where the FAM-OTA 

aptamer (as recognition element and fluorophore) and TiO2-NPs (as quencher) were 

employed for OTA detection. The higher sensitivity of present aptaswitch was attributed to 

the stabilization of aptamer modulated nano surfaces, which offer an advantage of uniform 

dispersion and stability. 

2.3.2.6 Selectivity and specificity of aptamer assay 

The selectivity performance of developed assay platform was evaluated at varying 

concentration from 0.25, 1.0, 5.0 μM against structural (OTB) and non-structural analogues 

(N-acetyl-L-phenylalanine (NAP) and warfarin) spiked in the buffer. On addition of OTA the 
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recovered fluorescence intensity increased correspondingly (blue bar), whereas other 

analogues did not induced apparent fluorescence response at same concentrations (Fig. 2.19). 

It is evident from the results that recovered fluorescence response with OTA was due to the 

specific binding interaction of OTA and anti-OTA aptamer and negligible with other 

analogues. The selectivity response were found to be more accurate with less than 10 % (n=3) 

at three different concentrations as tabulated in Table 2.11.  

 

 

 

 

 

 

 

 

 

Figure 2.19: Bar graph representation of specificity studies of developed aptaswitch for OTA 

detection with structural and non-structural analogues (n=3) at various concentrations (0.25, 

1.0 and 5.0 µM). 

 

 

 

 



 

 

 

Table 2.11: Selectivity and specificity performance of assay platform for OTA detection 

Specificity performance of fluorescence aptamer assay against other analogues 

Conc
n
. 

[μM] 

OTA 

Recovered 

fluorescence 

intensity (a.u.) 

OTB 

Recovered 

fluorescence intensity 

(a.u.) 

% 

response of 

OTB 

(FOTB/ FOTA 

x 100) 

Warfarin 

Recovered 

fluorescence intensity 

(a.u.) 

% 

response of 

OTB 

(Fwarfarin / 

FOTA x 100) 

NAP 

Recovered 

fluorescence intensity 

(a.u.) 

% 

response of 

OTB 

(FNAP/ FOTA 

x 100) 
Mean ± S.D. 

(n=3) 

% 

R.S.D

. 

Mean ± S.D. 

(n=3) 

% 

R.S.D. 

Mean ± S.D. 

(n=3) 

% 

R.S.D. 

Mean ± S.D. 

(n=3) 

% 

R.S.D. 

0.25 13.93 ± 1.19 8.54 1.27 ± 0.10 9.00 9.12 0.08 ± 0.01 12.5 0.57 0.06 ± 0.01 16.67 0.43 

1.0 49.96 ± 1.94 5.88 4.36 ± 0.31 7.11 8.72 0.74 ± 0.06 8.11 1.48 0.53 ± 0.03 5.66 1.06 

5.0 206.9 ± 9.60 4.64 11.44 ± 1.06 9.26 5.53 1.05 ± 0.09 8.57 0.51 0.89 ± 0.06 6.74 0.43 
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2.3.2.7 Analytical performance of developed platforms for OTA detection 

The precision performance of developed aptaswitch was evaluated by intra and inters day 

precision studies. The precision studies were carried out at 0.25 µM OTA. Control 

measurements were performed for each assay without OTA. Intra assay precision with % 

R.S.D (n=3) of 5.04 was calculated for triplicate measurements of OTA. The inter assay 

precision with % R.S.D. (n=3) from 1.53 to 6.79 was calculated. The results from precision 

assay have been summarized in Table 2.12, which prove the applicability of sensing platform 

for real sample analysis. 

Table 2.12: Analytical precision performance of developed aptaswitch 

 

2.3.2.8 Analysis of OTA spiked beer and wine samples 

The practical performance of present OTA aptaswitch was verified in the OTA spiked beer 

and wine samples. The recovery studies were performed at various concentrations spiked in 

the real samples i.e. 0.017, 0.125 and 1.0 µM OTA spiked in the buffer, beer and wine 

samples. Concentrations were selected from the calibration curve including lower and higher 

values. The recoveries were calculated based on the fluorescence response obtained in the 

buffer and OTA spiked samples. Obtained recoveries were in the range 96.79-101.5 % (n=3) 

with a maximum % R.S.D. 6.02. The results have been tabulated in Table 2.13 as % recovery 

Interday precision performance of developed aptaswitch 

Days OTA [μM] 
Recovered fluorescence 

intensity (a.u.) 
Mean ± S.D. % R.S.D. 

Day-1 0.25 13.73 13.73 ± 0.87 6.33 

Day-2 0.25 14.13 14.13 ± 0.96 6.79 

Day-3 0.25 13.65 13.65 ± 0.21 1.53 

Intraday precision performance of developed aptaswitch 

OTA [μM] 
Recovered fluorescence intensity (a.u.) 

Mean ± S.D. 
% 

R.S.D. Response-1   Response-2  Response-3 

0.25             13.5              14.8             14.7 14.33 ± 0.79 5.04 
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responses. The present results suggested that the present OTA aptaswitches could be further 

employed for detection of OTA in other matrices. 

Table 2.13: Recovery performance of label-free platform for OTA spiked beer and wine 

samples 

Sample 
OTA added 

[µM] 

OTA found 

[µM] 
Mean ± S.D. % RSD 

% 

Recovery 

Beer 

 

0.0170 0.0166 0.0166 ± 0.0010 6.02 97.65 

0.1250 0.1210 0.1210 ± 0.0032 2.48 96.79 

1.0000 0.9940 0.9940 ± 0.0292 2.91 99.40 

Wine 

0.0170 0.0171 0.0171 ± 0.0010 5.85 100.50 

0.1250 0.1252 0.1252 ± 0.0052 5.72 100.16 

1.0000 1.0150 1.0150 ± 0.0321 3.16 101.50 

 

2.3.3 Validation using HPLC method 

The results obtained from the measurements on multiplate reader were cross validated against 

the standard chromatographic method HPLC. As a model the concentration of OTA at MRL 

and above were prepared spiked in beer and wine samples and tested using HPLC for cross 

validation. The HPLC was carried out using an extraction process to extract OTA from 

spiked beer and wine samples. The HPLC peak signal obtained for OTA spiked in wine 

samples have been shown (Fig. 2.20). The cross validation experiments against standard 

HPLC method confirmed the reliability of the developed platform. A good correlation and 

reliability was obtained for each concentration as each measured in triplicate. The co-relation 

observed in the data by both techniques is tabulated in Table 2.14. The recoveries were 

obtained by both the techniques were also in good agreements. 
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Figure 2.20: HPLC chromatograph for blank (a) 0 ng mL
-1

 OTA; (b) OTA (2 ng mL
-1

); 

(c) OTA (5 ng mL
-1

) spiked in wine. 
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Table 2.14: Recovery performance of cross validation with HPLC method 

Sample OTA added 

[µM] 

OTA added 

[µM] 

Recovery (%) 

Developed 

protocol 

HPLC Developed 

protocol 

HPLC 

Beer 
0.22 (2.0 ng mL

-1
) 0.209 ± 0.01 0.198 ± 0.01 95.00 90.00 

0.55 (5.0 ng mL
-1

) 0.538 ± 0.02 0.524 ± 0.02 97.82 95.27 

Wine 
0.22 (2.0 ng mL

-1
) 0.212 ± 0.01 0.202 ± 0.01 96.36 91.82 

0.55 (5.0 ng mL
-1

) 0.544 ± 0.02 0.528 ± 0.02 98.90 96.00 

 

2.3.4 Analytical performance comparison of developed assay protocols 

The analytical performance of both the developed platforms were compared (Table 2.15). It 

is evident on the basis of the obtained results both the platform are enough sensitive for 

quantitative detection of the OTA in beer and wine samples meeting the requirements of 

regulatory standards. The methodology-1 was based on the conjugation of aptamer with 

fluorophore molecules, whereas, the methodology-2 capitalizes on the surface chemistry of 

nanoparticles to quench the response of fluorescence particles. The methodology-2 eliminates 

the need of bioconjugation with fluorophore and problems associated with nanomaterials 

based fluorescence quenching assays. 

Table 2.15: Comparative analytical figures of merits of developed protocols 

Parameter Labelled technique Label-free technique 

Linear range 1.5 nM to 1.0 µM 17 nM to 5.0 µM 

Limit of detection 1.5 nM 1.35 nM 

Assay volume 150 µL 200 µL 

Intraday precision 2.89 (% R.S.D.) 5.04 (% R.S.D.) 

Analysis time 1 h 2 h 

% Recovery 94.30-102.68 % 96.79-101.50 % 
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2.4 Conclusion 

In conclusion, the present work demonstrates the development of structure signalling 

aptaswitches for OTA detection. In this work, the quenching ability of TiO2-NPs (as 

nanoquencher) was employed against fluorophore labelled anti-OTA aptamer and aptamer 

stabilized TiO2-NPs against fluorescent probe for quantitative determination of OTA. The 

work was divided in two parts; in first the assay development was based on the recovery of 

fluorescence quenched signal of fluorescently labelled anti-OTA aptamer by TiO2-NPs. In 

second, the strategy capitalizes on the surface chemistry of nanoparticles to quench the 

fluorescence intensity of fluorophore particles, which eliminates the need of bioconjugation 

of aptamer molecule with fluorophore. The proposed assay platform exhibited the good 

linearity from 1.5 nM to 1.0 µM (methodology-1) and 17 nM to 5.0 µM (methodology-2), 

meeting the requirements of regulatory standards for OTA detection in alcoholic beverages 

(beer and wine i.e. 2.0 µg kg
-1

 equal to 0.22 µM). Obtained recoveries were in the range of 

94.30-102.68% (n=3) for OTA spiked in beer and wine samples. The precision performance 

proves the acceptability of developed aptaswitches platforms for OTA determination in 

comparison to existing method. However, we assumed that the present platform of 

fluorescence based aptamer assay will offer the new methodology for sensitive and specific 

detection of wide spectrum of analyte in food and environmental contamination. 



CHAPTER 3 

 

Structure switching aptamer assay for aflatoxin M1 (AFM1) analysis in 

milk sample 

Novelty Statement: 

 Structure switching aptamer assay employing the quenching-dequenching mechanism 

has been investigated for AFM1 detection in milk sample. 

 Performance of anti-AFM1 aptamer sequences has been successfully evaluated 

against two complementary quencher sequences. 

 No complex sample procedure required for detection of AFM1 in milk sample (AFM1 

detection in the spiked raw milk). 

 Developed strategies able to detect as low as 1 ng kg
-1

 AFM1 provided 15 µL sample 

volume. 

 

Graphical abstract of chapter content 
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3.1 Background 

Mycotoxins are a large and varied group of fungal toxins or mold producing secondary 

metabolites, commonly encountered in variety of food and feed products. The presence of 

mycotoxins contamination in food and feed has initiated an alarming situation worldwide due 

to the increasing incidences and stubbornly high mortality of mycotoxin contamination 

(Nguyen et al., 2013; Guo et al., 2014). Among all, the aflatoxins (AFs) are the most relevant 

and usually found mycotoxins under a toxicological and legislative point of view. AFs 

(AFB1, AFB2) are naturally occurring secondary metabolites, produced by the molds i.e. 

Aspergillus parasiticus, Aspergillus flavus and Aspergillus nomius (Bakirci, I., 2001). When 

AFB1 contaminated feed is ingested by the lactating (or dairy) animals, it leads to the 

secretion of AFM1 in milk (Fig. 3.1). AFM1 is an enzymatic hydroxylated metabolite of the 

AFB1 metabolized by liver cytochrome P450 enzyme. It is secreted from the mammary 

glands of lactating cows in milk and known for its hepatotoxicity, carcinogenicity, DNA 

intercalation, gene mutation, base impairment and oxidative damage due to intracellular 

radical generation (Kanungo et al., 2011; Hamid et al., 2013). Based on episodes of AFM1 

toxicity, severity of illness to human (especially in children and young infants) and 

environment, the regular monitoring and screening of AFM1 in milk and milk based products 

has been mandated (Shephard, G.S., 2008; Ashiq et al., 2014). International Agency for the 

Research on Cancer (IARC) has reclassified the AFM1 from Group 2B agents to Group 1 

(IARC Monograph, 2002). To ensure the safety for food and providing quality to human 

health, several regulatory agencies have mandated the MRLs for AFM1 in milk and milk 

products, considering milk as the nutritional balanced food to young infants. 

Figure 3.1: Source of AFM1 in milk and its toxic effect. 
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3.1.1 Regulatory legislation for AFM1 detection in milk samples 

The MRLs for AFM1 in milk, regulated by the various regulatory agencies has been 

summarized in Table 3.1. The MRLs are even lower for the infants and baby formula because 

their vulnerability to toxins is higher (EU Commission Regulation, 2006). Hence, the 

demands of analytical methods with rapidity, high sensitivity, reproducibility and high 

throughput for AFM1 detection in raw milk sample are highly desired (US Food and Drug 

Administration (USFDA), 2000; Food Safety and Standard Authority of India (FSSAI), 2011; 

CODEX Alimentous Commission (CAC), 2000). 

Table 3.1: Reported regulatory maximum residue limits for AFM1 in milk and infant formula 

(USFDA, FSSAI) 

Analyte MRLs (in milk and milk based products) 

AFM1 EU USFDA FSSAI CODEX 

Milk (Liquid) 50 ng kg
-1

 500 ng kg
-1

 500 ng kg
-1

 500 ng kg
-1

 

Infant Milk formula 25 ng kg
-1

 Not specified Not specified Not specified 

 

3.1.2 State of art for analysis of AFM1 in milk 

Since the revolutionary outbreak of “turkey X disease” in England (in early 1960s), which 

was due to the consumption of AFM1 contaminated Brazilian peanut meal, the presence of 

AFs contamination in food has gathered significant attention (Kensler et al., 2011). Reports 

of AFs contamination in the European and Indian continent are rising concurrently with the 

change in environmental factors and feeding contaminated feed to milk producing animal 

(Hall and Wild, 1994; Medina et al., 2014). Milk is considered as healthy and nutritionally 

balanced food comprises essential nutrients for all age groups (Zhang et al., 2005). The 

presence of AFM1 contamination in milk causes an alarming situation to dairy and 

agriculture industry. The conventional techniques such as thin layer chromatography (TLC) 

(AOAC official method, 2000), high-performance liquid chromatography (HPLC) (Bognanno 

et al., 2006), liquid chromatography coupled with mass spectroscopy (LC-MS) (Cavaliere et 

al., 2006) and HPLC coupled fluorescence detector (HPLC-FD) (Iha et al., 2011) have been 

widely reported for AFM1 analysis in milk. Meanwhile, the enzyme-linked immunosorbent 

assays (ELISA) for AFM1 analysis have also gained significant attention with improved 
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sensitivity and high throughput (Rastogi et al., 2004; Kanungo et al., 2011; Vdovenko et al., 

2014) (Fig. 3.2). The characteristics properties such as time consuming process, large sample 

volume, difficulty in automation, elevated cost of antibodies production, shorter shelf life and 

in-vivo production involving use of animals as immunization, involved in the 

chromatographic and immunological techniques limits their wider utility for on-site 

application (Istamboulié et al., 2016). There are reports on the sensitive detection of AFM1 in 

milk but their application to analysis of raw milk involving complex matrix treatment is 

always remained a challenge (Table 3.2). The high levels of AFM1 contamination in milk 

even at trace levels forced scientist to design and develop novel innovative analytical 

methods. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic representation of (a) direct ELISA; (b) indirect ELISA; (c) sandwich 

ELISA; (d) competitive ELISA. 
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Table 3.2: Summary of reported immunosensor for analysis of AFM1 

 

3.1.3 Aptasensing platforms for AFM1 analysis in milk 

 

Recent trends in biosensor development report an extensive use of aptamer in combination 

with various transducing mechanism (optical and electrochemical). The high binding affinity, 

specificity and versatility of target along with the simplicity of in-vitro selection (SELEX) 

Methodology Transduction 

principle 

Linearity LOD Ref. 

Flow-injection 

immunoassay 

(FI-IA) 

Amperometric 20 and 500 

ng kg
-1

 

11.0 ng kg
-1

 (Badea et 

al., 2004) 

Immunosensor Chronoamperometry 30-160 ng kg
-1

 25.0 ng kg
-1

 (Micheli et 

al., 2005) 

Immunoassay Chemiluminescence 0.2-5000 ng kg
-1

 0.25 ng kg
-1

 (Mogliulo 

et al., 2005) 

Enzyme 

immunoassay 

Chemiluminescence 10-100 ng kg
-1

 5.0 ng kg
-1

 (Anfossi et 

al., 2008) 

Immunosensor Electrochemical 10-100 mg kg
-1

 10.0 mg kg
-

1
 

(Paniel et 

al., 2010) 

Immunoassay Chemiluminescence 

(based on gold 

magnetic 

nanoparticles) 

6.25-250 ng kg
-1

 0.5 ng kg
-1

 (Kanungo et 

al., 2011) 

Immunosensor Electrochemical 

(impedimetric) 

6.25-100  ng kg
-1

 1.0 ng kg
-1

 (Bacher et 

al., 2012) 

Spore-

inhibition-based 

enzymatic assay 

Chemiluminescence - 0.25 ng kg
-1

 (Singh et 

al., 2013) 

Immuno 

chromato-

graphic assay 

Chemiluminescence 

(based on gold 

nanoparticles) 

25-100 ng kg
−1

 50.0 ng kg
−1

 (Wu et al., 

2016) 

Immuno 

chromato-

graphic assay 

Fluorescence 10-320 ng kg
-1

 4.4 ng kg
-1

 (Zhang et 

al., 2016) 
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process make aptamers as attractive molecular tools in bioanalytical applications (Malhotra et 

al., 2014). Various aptasensing strategies have been reported for detection AFM1 in milk 

(Table 3.3). Among them, the fluorescence signalling based aptaswitches or aptasensors are 

most desirable because of rapid response, simplicity, diverse measurement methods and 

availability of fluorophore-quencher pair for labelling (Lv et al., 2014). However, it is 

difficult to ensure the labelling of single aptamer molecule (monochromic approach). 

Therefore, researchers are focused to look for other alternatives for development of 

fluorescence based detection methods. 

Table 3.3: Summary of reported aptasensors for analysis of AFM1 in milk samples 

 

3.1.3.1 Structure switching signalling aptasensing platform   

Due to the ease of conjugation between various fluorophore and quenchers labelled 

oligonucleotides/aptamers, it is easy to design fluorescence based aptaswitches. In principle, 

the structure switching aptaswitches recognition is based on the transduction of aptamer-

Methodology Transduction 

principle 

Linearity LOD Ref. 

Electrochemical 

aptasensor (using 

DNA probe and 

gold nanoparticles) 

CV and 

impedimetric 

1-14 µg L
−1

 - (Dinckaya, et 

al., 2011) 

Label free 

polyaniline based 

aptasensor 

CV and SWV 6-60 ng L
−1

 1.98 ng L
−1

 (Nguyen et 

al., 2013) 

SiON Ring 

Resonator-Based 

aptasensor 

Ref. index - 12.5 nM (Guider et al., 

2015) 

Electrochemical 

aptasensor 

Impedance 2 to 150 ng L
-1

 1.15 ng L
-1

 (Istamboulié 

et al., 2016) 

qPCR-aptasensor  RT-qPCR 

amplification 

1.0×10
-4

 to 1.0 

μg L
-1

 

0.03 ng L
-1

 (Guo et al., 

2016) 

Aptasensor Resonator - 1.64 µg L
-1

 (Chalyan et 

al., 2017) 
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target interaction event into a measurable signal. Commonly two approaches are used in 

structure switching aptaswitches i.e. monochromophoric and bischromophoric approach. In 

monochromophoric approach, firstly, the aptamer molecule is labelled by one single 

fluorophore. Then, the binding of target molecule to aptamer triggers the structural 

conformational changes which alter the spectroscopic properties of attached fluorophore and 

generate signal (Fig. 3.3, (a) monochromophoric approach). In bischromophoric approach, 

the target induced conformational changes of the aptamer decreases the binding between 

fluorophore and quencher labelled complementary sequences, which alters the fluorescence 

properties of attached fluorophore resulting enhancement of florescence signal based on 

affinity of target analyte (Fig. 3.3, (b) bischromophoric approach) (Nutiu and Li, 2004). 

Herein, this effective signal generation/ enhancement come from effective fluorescence 

dequenching or FRET mechanism. The signal magnitude exhibited by the bischromophoric 

approach (aptamer beacons) is usually much higher than the single fluorophore labelled 

aptamer (Yamamoto et al., 2000). To date, such testimony using structure signalling platform 

that respond to their target analyte via conformational reformations resulting change in the 

fluorescence emission (FRET or fluorescence quenching) based optical detection have drawn 

the significant attention (Chen et al., 2012; Lv et al., 2014). To the best of our knowledge, 

there is no such report on structure switching aptamer assay for AFM1 detection in milk. 

Figure 3.3: Schematic representation of structure signalling aptaswitches approaches 

(a) monochromatic approach, (b) bischromophoric approach. 
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3.1.3.2 Advantages of structure signalling aptasensing platforms   

Based on tremendous advancement in aptamer technology, the aptasensing methods are best 

suited for analysis of mycotoxins. The bimolecular aptaswitches are aptamer/DNA/RNA 

molecules that reversibly changes between two or more conformations in response to the 

binding of specific ligand molecule. In fluorescence quenching based aptaswitches, a 

combination of fluorophore and quencher labelled complementary aptamer sequence based 

on universal phenomenon of adopting two different conformations have advantages of 

(Vallee-Belisle and Plaxco, 2010): 

(i) Specific-binding conformational changes transducing signal based on the hydrogen 

bonding and electrostatic interaction, not easily mimicked by non-specific analyte. 

(ii) Rapid, reversible and reagent-free signal transduction providing continuous and real- 

time monitoring. 

(iii) Versatility of approaches, allow changing the length of aptamer sequences as desired.  

3.1.4 Objective 

The proposed aim of this work was to develop structure switching signalling aptamer assay 

for quantitative detection of AFM1 and its exploration for AFM1 analysis in milk sample. 

3.1.5 Methodology 

For quantitative determination of AFM1, the structure switching signalling aptamer assay 

utilizing the rational concept of structure-switching/fluorescence-dequenching mechanism 

was designed to achieve the present objective (Fig. 3.4). The universal capability of aptamer 

to form two different conformational assemblies such as aptamer-aptamer duplex and 

antiparallel complex-G-quadruplex structure on target recognition was used. The fluorescein 

labelled anti-AFM1 aptamer sequences (F-aptamer, marked yellow) containing the AFM1 

recognition site (marked blue) and its complementary sequences Q-aptamer (Quencher 

aptamer i.e. TAMRA-labelled aptamer sequence) were used. In the absence of AFM1, the 

aptamer duplex formation between fluorescence (F-aptamer) and quencher labelled aptamer 

(Q-aptamer) results in fluorescence-off. Because, in this arrangement the fluorophore and 

quencher comes in close proximity, thus resulting fluorescence quenching (Fig. 3.4a). When 

the AFM1 is added, due to the high affinity of F-aptamer toward AFM1, the aptamer duplex 

complex transformed into an AFM1-aptamer complex with a concomitant release of Q-
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aptamer, which results in enhancement of fluorescence intensity corresponds to the AFM1 

binding (Fig. 3.4b). This decreases the interaction between F-aptamer and Q-aptamer thus 

producing an increase in fluorescence intensity (dequenching). The quenching percentage (Q 

%) signal intensities were calculated as 

Q (%) = [1−F−AFM1/F+AFM1]              (3.1) 

where, F−AFM1 and F+AFM1 are the fluorescence intensity in the absence and presence of 

AFM1. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Principle of structure switching signalling aptamer assay for AFM1 detection. 

3.2. Experimental section 

3.2.1 Biochemicals and chemicals 

HEPES sodium salt, potassium dihydrogen phosphate (KH2PO4), disodium hydrogen 

phosphate (Na2HPO4), magnesium chloride (MgCl2), potassium chloride (KCl), calcium 

chloride (CaCl2) and sodium chloride (NaCl) were procured from Sigma-Aldrich (France). 

AFM1 was purchased from Cluzeau Info Labo (France). Deionized Milli-Q water (Millipore, 
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Bedford, MA, USA) was used for reagent preparation. The AFM1 ELISA kit was procured 

from R-Biopharm AG (Darmstadt, Germany). 

anti-AFM1 aptamers with 21 base sequences (7 base pairs) labelled with fluorescein (FAM) 

and its complementary sequences (TAMRA labelled, 7 and 9 base sequences) were prepared 

and purified by Microsynth (Switzerland). Different variants of FAM labelled (F-aptamer) 

and TAMRA labelled (Q-aptamer) complementary aptamer sequences were used. The details 

of aptamer sequences have been summarized in Table 3.4. 

Table 3.4: Description of anti-AFM1 aptamer and complementary aptamer sequences used 

S. 

No. 

anti-AFM1 aptamer sequences 

(fluorescein labelled anti-AFM1 

aptamer sequences) 

anti-AFM1 complementary aptamer 

(TAMRA labelled anti-AFM1 aptamer 

sequences) 

1. F-aptamer (labelled at 5′ end) 

5′-FAM-ACT GCT AGA GAT TTT 

CCA CAT-3′ 

Q-aptamer (7 base sequences) 

3′-TAMRA-TGA CGA T-5′ 

Q-aptamer (9 base sequences) 

3′-TAMRA-TGA CGA TCT-5′ 

2. F-aptamer (labelled at 3′ end) 

5′-ACT GCT AGA GAT TTT CCA 

CAT-FAM-3′ 

Q-aptamer (7 base sequences) 

3′-A GGTGTA-TAMRA-5′ 

Q-aptamer (9 base sequences) 

3′-AAA GGT GTA -TAMRA-5′ 

 

3.2.2 Instrumentation 

All fluorescence measurements were carried out in standard 96 black microwell plate 

(Thermo Fisher Scientific, Denmark) format at excitation and emission wavelength of 485 

nm and 538 nm respectively, using Fluoroskan Ascent FL 2.6 equipped with an Ascent 

software version 2.6 (Thermo Scientific-Finland). UV‐visible spectrophotometer (UV-1800, 

Shimadzu, Japan) equipped with the TCC controller (TCC 240A) was used to measure the 

UV absorption characteristics of F-aptamer, aptamer duplex and aptamer-AFM1 complex. 

3.2.3 Solution preparation 

3.2.3.1 Preparation of binding buffer 
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The binding buffer was prepared by the following method: an appropriate amount of HEPES 

sodium salt containing 5 mM KCl, 5 mM MgCl2 and 120 mM NaCl was dissolved in 

deionized Milli-Q water for preparation of HBB (50 mM, pH 7.0). All buffer solutions were 

stored at 4 °C when not in use. 

3.2.3.2 Preparation of AFM1 standard solutions 

AFM1 stock solution was prepared by dissolving AFM1 powder in 5 % ACN (v/v) in HBB at 

a concentration of 1 mg mL
-1

 and stored at -20 °C, when not in use. Subsequently, the stock 

solution were diluted in HBB (containing 2 % ACN v/v) in the range 1-2000 ng kg
-1

 to meet 

the regulatory requirements of European Commission i.e. 50 ng kg
-1

 (milk) and 25 ng kg
-1

 

(infant milk formula). 

3.2.3.3 Preparation of AFM1 aptamer solutions 

Initially, the stock solution of anti-AFM1 F-aptamers and Q-aptamers were prepared in the 

sterilized deionized Milli-Q water. Subsequently, the stock solution of 100 µM anti-AFM1 F-

aptamer and complementary Q-aptamer were diluted in the range of 0.062-2 µM in HBB. A 

PCR thermocycler (Mastercycler personal Eppendorf VWR, Leuven, Belgium) was used for 

aptamer pre-treatment.  Before, each experimentation the aptamer solution was placed in a 

thermocycler with the following temperature profile: heating at 85 °C for 5 min to initial 

denaturation step, followed by a structure maintain step at 4 °C for 5 min. 

3.2.3.4 Preparation of milk sample for AFM1 analysis 

Performance of developed aptamer assay platform was verified in the AFM1 spiked milk 

samples. The raw milk sample (3% fat content) was purchased from the local market of 

Perpignan, France. The matrix treatment such as dissolving of fat by acid (trichloroacetic 

acid, TCA) decreases the real matrix composition. To avoid such problem, milk sample was 

first centrifuge at 5000 rpm for 10 min (at 27 °C). The supernatant was taken out and spiked 

with known concentration of AFM1. The pH and ionic strength of milk samples were 

checked and adjusted before analysis. Further, milk samples were diluted with non-

contaminated centrifuged milk sample to obtain the desired concentration of AFM1 spiked 

milk samples i.e. 25, 50 and 500 ng kg
-1

. A similar sample preparation procedure was 

adopted for the analysis of AFM1 using commercial ELISA Kit. For recovery studies, 

dilution factor was taken into consideration. 
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3.2.4 UV characterization  

The structure switching confirmation of antiparallel G-quadruplex aptamer-AFM1 complex 

and aptamer-aptamer duplex were characterized by performing UV measurements in the 

range of 220-400 nm. The UV absorption measurement of F-aptamer (0.5 µM) was measured 

in the absence and presence of complementary sequence (Q-aptamers) and AFM1. The 

concentration of complementary sequence (0.5 µM) and AFM1 (50 ng kg
-1

) were added 

individually and in mixture and incubated with F-aptamer before further measurements. 

Finally, the F-aptamer, AFM1 and Q-aptamers were mixed together to study the absorption 

characteristics of assay solution. 

3.2.5 Fluorescence measurements 

The optimized concentration of F-aptamer 0.5 μM (75 pmol) was incubated with variants 

concentration of Q-aptamer at different ratios 1:1, 1:2, 1:3 and 1:4. Optimized ratio with low 

background signal was selected for further experimentation. The evidence of structure 

switching or quenching studies was confirmed by temperature profiles studies as follows: the 

solution containing both F-aptamer and Q-aptamer was incubated for a total incubation time 

of 100 min at different temperature, first at 15 ºC for 20 min, next at 30/ 37.5/ 45 ºC for 60 

min and finally at 22 ºC for 20 min. Fluorescence intensities were recorded initially at every 5 

min followed by 10 min at different increased temperatures. For quantitative determination of 

AFM1, F-aptamer was allowed to incubate with different concentration of AFM1 (1-2000 ng 

kg
-1

) for 1 h followed by addition of equimolar concentration of Q-aptamer and incubated for 

1 min at RT. The fluorescence responses were measured using Fluoroskan Ascent FL 2.6 and 

calculated for further analysis. 

3.3 Results and Discussion 

3.3.1 Optimization of experimental parameters 

The analytical performance of structure switching signalling aptamer assay depends upon 

several parameters such as optimal concentration of fluorescent aptamer, ratio of fluorescent 

and quencher labelled aptamer sequences, pH, ionic strength and incubation time were 

optimized in 96 microplate platform. 
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3.3.1.1 Optimization of F-aptamer (fluorescein labelled anti-AFM1 aptamer) 

For designing the structure switching signaling aptamer assay to detect AFM1 utilizing the 

fluorescence quenching-dequenching mechanism, selection of an optimal concentration of F-

aptamer exhibiting the enough fluorescence intensity was highly important. Therefore, the 

fluorescence intensity of various F-aptamer (anti-AFM1 aptamer) concentrations ranging 

0.062-2.0µM was studied. The F-aptamer (0.5 μM) with fluorescence response of 105 ± 2.8 

a.u (n=3, at λex 485 nm; λem 538 nm) was selected as optimal for further experimentation (Fig. 

3.5). Higher aptamer concentrations may increase the output signal but ultimately results in 

low sensitivity of the assay. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Fluorescence intensity response of different aptamer concentration in HBB (50 

mM, pH 7.0). 

3.3.1.2 Optimization of aptamer-quencher ratio 

The quenching abilities of two complementary sequences of anti-AFM1 aptamer (Q-

aptamers) were evaluated against the two specific anti-AFM1 aptamers (F-aptamers) labelled 

at different ends (as discussed under section 3.2.1). On hybridization, the formation of 

aptamer-aptamer duplex (F-aptamer : Q-aptamer duplex) resulted in fluorescence quenching 

against both the Q-aptamer sequences (7 and 9 bases). Different ratios F-aptamer : Q-aptamer 
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(1:1 to 1:4) was used to quantify the quenching magnitudes (Fig. 3.6). It is evident that the 

quenching percentage (Q %) was increased from 1:1 to 1:3 ratios with no further change in 

quenching efficiency was recorded with increase in quencher ratio. The maximum quenching 

of ~70.83 ± 1.04 % (7 bases) and 91.23 ± 0.86 % (9 bases) was obtained at the optimal ratio. 

The quenching efficiency of Q-aptamers was also investigated against 3ʹ labelled F-aptamer 

of AFM1. Maximum fluorescence recovery response was obtained with 5ʹ labelled anti-

AFM1 aptamer sequence. The reason was attributed to the presence of AFM1 binding 

domain, which is present near the 3ʹ end, however, the fluorophore labelling at 3ʹ end results 

in steric hindrance in AFM1 recognition and decrease responses. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Optimization of F-aptamer: Q-aptamer ratio with two different quencher 

base complementary sequences (7 and 9 Bases). 

3.3.1.3 Effect of buffer, ionic strength and pH 

The effect of buffer, ionic strength and medium pH, which could significantly affects the 

binding interaction were investigated. The effects of two different buffer systems were 

studied to quantify the fluorescence and quenching phenomenon. Maximum quenching 

efficiency was observed in the HBB as shown in Fig. 3.7a. This was due to the non-specific 
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artifact effects of sodium ions (in PBB), which renders the hybridization (aptamer duplex 

formation) mechanism and quenching efficiency due to unfavorable effects on melting 

temperature and aptamer stability (Ponikova et al., 2008). The optimal ionic strength of 

binding buffer plays a significant role in aptamer recognition activity. Ionic strength of HBB 

was studied from 10 to 100 mM and maximum quenching was observed at 50 mM HBB (Fig. 

3.7b). The activity of an aptamer (ssDNA) is based on pH-dependent conformational changes 

by folding/ unfolding of the 3D complex (triplex stem structure) at various pH (Porchetta et 

al., 2015). Therefore, the effect of pH was studied over a range of 6.8-7.6 in HBB. The 

maximum quenching performance due to the formation of aptamer duplex (F-aptamer and Q-

aptamer duplex) was obtained at pH 7.0 HBB (Fig. 3.7c). This was a strong indication that 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Effect of (a) Buffers (PBB and HBB); (b) ionic strength of HBB; (c) Effect of 

pH; (d) solvent (%) on quenching efficiency. 
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with increase in pH of binding buffer, the aptamer conformational structure is not stable. As 

discussed in experimental section, the AFM1 stock was initially prepared in the ACN solvent; 

therefore the effect of ACN on method performance was optimized. From Fig. 3.7d, with 

increase in ACN concentration the fluorescence quenching in decreasing, this might be due to 

interruption in the bonding interaction of aptamer sequences, which ultimately alters the 

aptamer stability. Experimentally, it was concluded that the ACN percentage below 2.5 % of 

total assay volume was optimal, which did not affect the quenching and fluorescence 

recovery performance (Fig. 3.7d). 

3.3.1.4 Temperature-changing profile studies 

To investigate the effect of temperature on structure switching of aptamer, a series of 

temperature mismatch fluorescence assays were performed (Fig. 3.8). In each studies, the F-

aptamer/Q-aptamer duplex was incubated for a total incubation time of 100 min with varying 

temperature conditions as follow: first at 15 ºC for 20 min, next at designated temperature 

(30, 37.5, 45 °C) for 60 min followed by an increase in temperature (1 º/min) and finally at 

22 °C for 20 min. The low fluorescence response of aptamer duplex was observed with 

immediate formation of F-aptamer/ Q-aptamer duplex and it sustained at low temperature (15 

ºC), due to the aptamer duplex stability. With increase in the temperature, the transition of F-

aptamer/Q-aptamer duplex occurred due to the unwinding of duplex, which is an indicative of 

denaturation of duplex assembly over heating (Nutiu and Li, 2003). The achievement of 

stable fluorescence intensity response with each rising temperature confirmed that 

equilibrium was occurred between free and bound Q-aptamer to duplex assembly. When the 

temperature was again lowered to 22 °C, the fluorescence intensity starts dropping owing to 

the reassociation of free Q-aptamer to aptamer duplex structure (Fig. 3.8a and 3.8b). 
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Figure 3.8: Temperature mismatch profile studies of structure switching of aptamer duplex 

against quencher (a) 7 bases and (b) 9 bases. 

3.3.2 Evidences of structure switching mechanism 

3.3.2.1 UV characterization 

The evidence of structure switching mechanism was verified by UV spectral measurements 

(Fig. 3.9). The characteristics UV absorption maxima (λmax) of Q-aptamer and F-aptamer 

were obtained at 254 nm (Q-aptamer, spectrum a) and 259 nm (F-aptamer, spectrum b), 
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respectively. Upon hybridization of F and Q aptamer specific to AFM1, the aptamer duplex 

showed the appearance of new absorption peak at 257 nm with a change in peak intensity, 

which strongly emphasizes the formation of aptamer-aptamer duplex formation (spectrum e) 

(Islam et al., 2015). Due to the two different aptamer conformations, the UV absorption 

properties of aptamer complexes might also varied. The formation of antiparallel G-

quadruplex AFM1-aptamer complex showed UV absorption at 259 nm (spectrum c) with 

increase in absorption intensity compared to F-aptamer (spectrum b), indicating the AFM1-

aptamer interaction. On addition of AFM1 (50 ng kg
−1

), the UV absorption of aptamer duplex 

is decreased with a change in peak position from 257 nm to 259 nm (spectrum d). The 

decrease in UV absorption peak intensity of aptamer duplex strongly indicates the target 

induced antiparallel G-quadruplex tertiary complex formation. These results strongly suggest 

that the obtained fluorescence recovery response were due to the AFM1 induced interaction 

between AFM1 and F-aptamer (Katilius et al., 2006). The comparative results have been 

tabulated in Table 3.5. 

 

 

 

 

 

 

 

 

 

Figure 3.9: UV absorption characterizations for evidence of structure switching mechanism. 
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Table 3.5: UV absorption results for structure switching mechanism 

Spectrum Description Wavelength 

(λmax) (nm) 

Absorbance 

(a.u.) 

a. Q-aptamer 254 0.0909 

b. F-aptamer 259 0.2589 

c. F-aptamer + AFM1 259 0.2630 

d. F-aptamer + AFM1 + Q-aptamer 259 0.2706 

e. F-aptamer + Q-aptamer 257 0.2985 

 

3.3.2.2 Response optimization 

Under the optimized experimental conditions, the fluorescence measurements were recorded 

for AFM1 detection (50 ng kg
-1

). The fluorescence recovery response was higher with Q-

aptamer (7 bases) over the Q-aptamer (9 bases) (Fig. 3.10). No fluorescence recovery 

response was observed with 3’FAM labelled AFM1 aptamer. Thus, based on these 

observations and results, the structure switching signalling aptamer assay was performed for 

detection of AFM1. 

 

 

 

 

 

 

 

 

 

Figure 3.10: Fluorescence response studies of aptasensing platform with 7 and 9 based on Q-

aptamer. 
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3.3.2.3 Fluorimetric measurements 

Post optimization of response parameters, the fluorimetric spectral measurements were 

carried out against different AFM1 concentrations using Fluorimeter (Jasco, Japan). It is 

evident from the result that the fluorescence peak intensity of F-aptamer (spectrum e) 

quenched in presence of Q-aptamer (spectrum a) (Fig. 3.11) with slight change in peak 

position. Further, with increase in AFM1 concentration from 50, 500, 1000 ng kg
-1

 (spectrum 

b-d), fluorescence signal intensity start increasing i.e. the quenched fluorescence recovered. 

This shows that the AFM1 molecule has highly specific binding interaction with F-aptamer 

(anti-AFM1 aptamer), which resulted in generation of AFM1 induced G-quadruplex AFM1-

aptamer complex. The structural conformation increased the distance between F-aptamer and 

Q-aptamer, which is responsible for recovered fluorescence. These results were in strong 

agreement with the UV measurements (Fig. 3.9).   

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Fluorescence spectrum of structure switching aptaswitches for various 

concentration of AFM1 (50, 500, 1000 ng kg
-1

). 

3.3.3 Calibration curve for AFM1 detection 

The ability of F-aptamer (anti-AFM1 aptamer) to selectively bind AFM1 was used for 

quantitative determination of AFM1. The efficiency of proposed structure switching aptamer 

assay was tested by exposing to different concentrations of AFM1. The calibration was 
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constructed in HBB (as the reference) prior to milk analysis. The recovered fluorescence 

intensity percentage corresponding to various AFM1 concentrations from 1.0-2000 ng kg
-1

 

has been plotted using the both combinations of F-aptamer and Q-aptamer (7 and 9 bases) 

(Fig. 3.12 and 3.13). Encouragingly, the recovered fluorescence intensity (%) was found to be 

increase corresponds to the increase in AFM1 concentrations. The increase in recovered 

fluorescence intensity (%) was due to the high binding affinity of AFM1 to form anti-AFM1 

aptamer tertiary complex. Each experimental data is the mean of different individual aptamer 

assays measurements in triplicate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Calibration curve obtained for AFM1 in HBB at pH 7.4 with 7 Base quencher 

sequences (Inset show the linear fit graph). 

A good linearity was obtained in the range 25-2000 ng kg
-1

 with a line of equation y = 17.41 

x (ng kg
-1

) -13.408 (7 bases), R
2
 = 0.9905 (n=3) and y = 14.70 x (ng kg

-1
) -12.354 (9 bases), 

R
2
 = 0.9905 (n=3). The sensitivity of 17.41 ng kg

-1
 for 7 base quencher sequences and 14.70  

ng kg
-1

 for 9 base quencher sequences was calculated with a minimum detection limit (LOD) 

of 5.0 ng kg
-1

 (S/N = 3) from both calibration curve. Similarly, the limit of quantification 

(LOQ) was calculated and found to be 25 ng kg
-1 

(S/N = 10). These results strongly suggested 
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that the analytical figure of merits in presented structure switching assay are in good 

correlation with the reported literature as tabulated in Table 3.2 and 3.3. 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Calibration curve obtained for AFM1 in HBB at pH 7.4 with 9 base quencher 

sequences (Inset shows the linear fit graph). 

3.3.4 Specificity and selectivity of aptamer assay  

Before application to real sample analysis, the selectivity and specificity of developed 

platform were important parameters were investigated to evaluate the performance of 

method. The selectivity studies were performed against structural (AFB1) and non-structural 

analogue (OTA) at two different concentrations 50 and 500 ng kg
-1

 of each analyte spiked in 

HBB. The recovered fluorescence intensity (%) of AFB1 and OTA were found to be less than 

10% (n = 3) compare to response of AFM1 (Fig. 3.14). The results have been tabulated in 

Table 3.6. This high specificity and selectivity of method were attributed to the aptamer 

sequence used, which has high selective binding to AFM1 in presence of other cross 

contaminants. Therefore, the obtained response was due to the formation of aptamer-AFM1 

tertiary complex. 
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Figure 3.14: Specificity studies of aptamer assay with structural (AFB1) and non structural 

analogue (OTA) at 50 and 500 ng kg
-1

. 

Table 3.6: Selectivity performance of aptamer assay for AFM 1 detection  

 

3.3.5 Milk analysis 

The feasibility of developed structure switching aptamer assay was further investigated for 

analysis of AFM1 levels in spiked milk samples at varying concentration levels of 25, 50 and 

500 ng kg
-1

. The selection of spiked concentrations was from the dynamic range of 

calibration curve including regulatory levels. Similarly, the control milk samples were 

prepared by adding same amount of AFM1 (25, 50 and 500 ng kg
-1

) in HBB (50 mM, pH 7). 

Analyte 

conc
n
. 

[ng kg
-1

] 

AFM 1 recovered 

fluorescence 

intensity (%) 

AFB 1 recovered 

fluorescence 

intensity (%) 

OTA recovered 

fluorescence 

intensity (%) 

% 

response 

of AFB1 

(FAFB 1/ 

FAFM 1 x 

100) 

% 

response 

of OTA 

(FOTA/ 

FAFM 1 x 

100) 

Mean ± 

S.D. 

(n=3) 

% 

R.S.D. 

Mean ± 

S.D. 

(n=3) 

% 

R.S.D. 

Mean ± 

S.D. 

(n=3) 

% 

R.S.D. 

50 14.53 ± 2.01 13.84 0.98 ± 0.14 13.87 0.19 ± 0.03 14.11 6.75 1.31 

500 32.84 ± 2.76 8.39 2.77 ± 0.23 8.36 1.79 ± 0.15 8.34 8.43 5.45 
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Keeping the primary objective of work in mind, procedure was optimized in such a way that 

no requirement of complex matrix treatment required before milk sample analysis. The 

recoveries were calculated based on the response obtained from buffer and AFM1 spiked 

milk sample. Recoveries were found to be in good agreement i.e. 94.40-95.28% (n = 3) with 

the AFM1 spiked concentrations, ranging with a maximum % RSD of 4.34 for triplicate 

measurements. The results have been tabulated in the Table 3.7. It is evident that the 

developed assay platform paves the suitability of platform for detection of AFM1 in non-

treated spiked milk samples. 

Table 3.7: Recovery performance of structure switching aptamer assay for detection of 

AFM1 in spiked milk sample 

 

3.3.6 Precision of developed assay   

The reproducibility and repeatability (precision analytical parameters) of aptamer assay was 

investigated by intra and inter day precision studies. Precision studies were carried out at 50 

ng kg
-1

 AFM1 concentration under optimized experimental conditions. The control 

measurements were carried out to calculate the % recovery responses. All experiments were 

performed three times in triplicates. The intraday precision with % RSD of 3.47 (n=9) was 

calculated, which was an indicative of good reproducibility of structure switching 

fluorescence quenching based aptamer assay for AFM1 analysis. Similarly, for interday 

precision, the % RSD from 4.47 to 6.05 (n = 3) was calculated confirming the reliability and 

reproducibility of the method. The comparative and calculated results have been illustrated in 

Table 3.8. 

 

Recovery calculation from AFM1 spiked milk sample 

Milk 

Sample 

AFM 1 

added 

[ng kg
-1

] 

AFM 1 found [ng kg
-1

] 

Mean ± S.D. 

(n=3) 

% 

R.S.D. 
% R. E. 

% 

Recovery 

1. 25.00 23.60 ± 1.02 4.34 -95.66 94.40 

2. 50.00 47.61 ± 1.82 3.83 -96.17 95.22 

3. 500.00 476.40 ± 8.79 1.85 -98.15 95.28 



Chapter 3: Structure switching aptamer assay for AFM1 detection  

95 
 

Table 3.8: Precision performance of developed assay for detection of AFM1 

 

3.3.7 Cross-validation of developed aptamer assay with AFM1 ELISA Kit 

The applicability of developed aptamer assay was tested and cross validated against the 

commercially available AFM1 ELISA kit. To validate the precision, the milk samples were 

analyzed using the commercial colorimetric kit and developed platform at same time. The 

analytical merits of figures of quenching based structure switching AFM1 aptamer assay 

were compared with Ridascreen ELISA kit procured from R-Biopharm AG (Darmstadt, 

Germany). The ELISA kit detect AFM1 on basis of sandwich ELISA using two types of 

antibodies and a wider dynamic range of antigens (0-2000 ng L
-1

) as per the instructions. In 

principle, the AFM1 concentrations were measured on basis of absorbance using a microwell 

plate reader at 450 nm. The intensity of absorbance was inversely proportional to the 

concentration of AFM1 present in milk samples. Measurements were carried out at three 

different levels of AFM1 (25, 50 and 500 ng kg
-1

) and % recovery was calculated. 

The results obtained from the developed structure switching aptamer assay and ELISA 

kit were analysed and compared. The recoveries from the developed structure switching 

signalling AFM1 aptamer assay (94.40-95.28% with % R.S.D. (n=3) 1.85 - 4.34) was similar 

Interday performance of fluorescence aptamer assay 

Days 
AFM 1 added 

[ng kg
-1

] 

Recovered Fluorescence 

Intensity (%) 

Mean ± S.D. 

(n=3) 

% R.S.D. % R. E. 

1. 50.00 14.54 ± 0.654 4.47 -95.53 

2. 50.00 14.56 ± 0.772 5.27 -94.73 

3. 50.00 14.40 ± 0.874 6.05 -93.95 

Intraday performance of fluorescence aptamer assay 

AFM 1 added 

[ng kg
-1

] 

Recovered Fluorescence Intensity (%) 
Mean ± S.D. 

(n=3) 

% 

R.S.D. Response-1 Response-2 Response-3 

50.00 14.44 15.42 14.64 
14.83 ± 

0.514 
3.47 
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to the recoveries obtained from the commercial AFM1 ELISA kit (94.20-96.04%, % R.S.D. 

(n=3) 0.91 – 4.62). Good correlation in terms of sensitivity and reproducibility was observed 

as summarized in Table 3.9. 

Table 3.9: Recovery studies of AFM1 in milk sample from aptamer AFM1 assay and 

commercial ELISA kit 

Comparison of structure switching aptamer assay with commercial kit for AFM1 

detection 

Milk 

AFM 1 

added 

[ng kg-1] 

AFM 1 found [ng kg-1] 

Mean ± S.D. 

(n=3) 

% RSD % Recovery 

Aptamer 

Assay 
ELISA kit 

Aptamer 

Assay 

ELISA 

kit 

Aptamer 

Assay 

ELISA 

kit 

1. 25.00 23.60 ± 1.02 23.55 ± 1.09 4.34 4.62 94.40 94.20 

2. 50.00 47.61 ± 1.82 47.95 ± 1.05 3.83 2.19 95.22 95.90 

3. 500.0 476.4 ± 8.79 480.2 ± 4.38 1.85 0.91 95.28 96.04 

 

The dynamic range and the upper limit of detection for the AFM1 in milk sample using the 

developed assay and kit were found in the confidence level of more than 98 %.  Analysis time 

for aptamer assay is 1 h for AFM1 analysis with high throughout of 32 samples/h in 

triplicate, whereas with commercial kit up to 48 samples could be analyzed (in duplicate) in 2 

h. For, aptamer assay the response is faster due to high affinity between AFM1 and aptamer 

sequences and principle employed for determination of AFM1, whereas the sandwich ELISA 

involved in the ELISA kit involving incubation and multi reaction step increased with 

reaction time. Present studies suggested that the developed structure switching signalling 

aptamer assay for AFM1 shows good precision and accuracy in comparison to the 

commercially available ELISA kits for AFM1 detection as compared in Table 3.9. 
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Table 3.10: Comparison of analytical figures of merits of aptamer assay and ELISA kit 

Parameters 

Techniques 

Structure switching 

aptamer assay 

Ridascreen 30/15 

kit 

Ridascreen Fast 

kit 

Dynamic range 5-2000 ng kg
-1

 0-80 ng kg
-1

 0-2000 ng kg
-1

 

Limit of detection 1.0 ng kg
-1

 5 and 50 ng kg
-1

 <367 ng kg
-1

 

Limit of 

quantification 

5.0 ng kg
-1

 25 ng kg
-1

 500 ng kg
-1

 

Recovery 

percentage with 

relative standard 

deviation 

94.40-95.28% 

(%RSD= 1.85-4.34) 

90.20-93.50% 

(% R.S.D= 3.50-

8.62) 

94.20-96.04% 

(% R.S.D= 0.91-

4.62) 

Time requirement 1.0 h/32 samples 1.5 h/48 samples 0.5 h/24 samples 

Sample volume 15 µL 100 µL 50 µL 

High throughput 96 96 48 

 

3.4 Conclusions  

In conclusion, the significance of the present work demonstrates the design of structure 

switching signalling fluorescence quenching based aptamer assay for the detection of AFM1. 

A novel structure switching signalling aptamer assay with the implementation of fluorescence 

quenching principle has been developed for quantification of AFM1 in milk samples (with no 

complex matrix matching procedure). The developed aptamer assay offers the advantage of 

simplicity of structure switching aptamer for AFM1 analysis. A linearity of 25-2000 ng kg
-1

 

with LOD -5 ng kg
-1

 and LOQ- 25 ng kg
-1

, meeting the requirements of regulatory standards 

in milk (50 ng kg
-1

 for adults and 25 ng kg
-1 

for infants) were obtained. Recoveries were in 

good agreement in the range of 94.40-95.28% (n = 3) for the AFM1 spiked milk samples. 

The precision studies prove the acceptability of assay platform for AFM1 analysis in 

comparison to existing commercial ELISA kit. Based on the successful demonstration with 
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milk samples, it can be envisioned that this structure switching signalling fluorescence 

quenching based aptamer based can be extended to monitor AFM1 contamination in other 

matrices. 



CHAPTER 4 

 

Development of label-free and disposable impedimetric aptasensor for 

detection of kanamycin in milk sample 

Novelty Statement: 

 Label free and disposable SPCE integrated EIS based KANA-aptasensor has been 

developed. 

 Developed aptasensor has been successfully employed for detection of kanamycin in 

spiked milk sample (untreated milk sample). 

 Developed aptasensor exhibited the sensitivity limit i.e.0.0080 ng mL
-1 

KANA in milk.  

 

Graphical abstract of chapter content 
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4.1 Background 

In the modern era, the effect of revolutionary medicines (antibiotics) has been critical to 

enhance the productivity and improving the quality of food products and human health. 

Antibiotics are mainly used in the clinical therapy, prevention of infectious diseases and as 

growth promoters (in agriculture and dairy industries). Whereas, the emergence of increasing 

irrational use of antibiotics and microbial resistance against majority of antibiotics has 

resulted in sustainable side effects on human health and high mortality rates (Cabello, 2006; 

Daprà at al., 2013). Owing to the increasing incidences and prevalence for “suprainfection or 

secondary residual effect” of antibiotics, the early detection of residual antibiotic 

contamination has become a paramount interest (Sarmah et al., 2006; Leung et al., 2013). 

Food producing animals and foodstuffs are worldwide traded. Therefore, the use of 

antibiotics in prophylaxis and treatment of food producing animals with assurance to their 

complete dosage regimen is highly important (Pinacho et al., 2014). The commonly 

encountered side effects due to the antibiotic residual (aminoglycosides, tetracyclines etc.) 

contamination in food and foodstuffs are nephrotoxicity, heapatotoxicity, teratogenicity, 

gastritis etc. (Thi Hanh et al., 2016) (Fig. 4.1). Presently, up to 10% of global population have 

been diagnosed; those are hypersensitive/ allergic to antibiotics overdosing and 

contamination (Kivirand et al. 2015). Kanamycin (KANA) is an important chemotherapeutic 

agent of aminoglycoside derivatives produced by Streptomyces kanamyceticus. In principle, 

KANA inhibits the protein synthesis by binding to the 30S subunit of ribosomal RNA causes 

the misreading of genetic codes and interrupting the translation process that kills the 

microbes. KANA is widely used in therapeutic and prophylaxis of animal diseases, mastitis, 

modern agriculture and domestic animal stockbreeding (Hurd and Malladi, 2008). In recent 

years, the extensive use of KANA in food and dairy industries has increased its consumption 

and residual presence in foodstuffs. 

Figure 4.1: Structure (3D) and toxic effect of kanamycin in human. 
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 4.1.1 Regulation for kanamycin contamination in milk samples 

Among the various food matrices, milk has been considered as a complete balance diet due to 

its nutritional value and extensive usage in daily life. Milk is an excellent source of energy, 

proteins, minerals and vitamins for all age group and for young infants as main nutrient 

(Noyhouzer et al., 2009). To ensure the quality, safety of food (milk and milk products), and 

monitoring the human health, the maximum residual limits for KANA has been mandated in 

the milk samples (Table 4.1) (EU Regulation, 2003; Wang et al., 2013). 

Table 4.1: Maximum residue limits of KANA residue in milk and milk products 

Analyte MRLs 

KANA EU USFDA FSSAI CODEX 

Korean Food 

and Drug 

Administration 

(KFDA) 

Milk and 

milk 

products 

150 µg kg
-1

 125 µg kg
-1

 200 µg kg
-1

 200 µg kg
-1

 0.1 mg kg
-1

 

 

4.1.2 State of art of KANA detection 

KANA has a narrow therapeutic index and its overwhelming use in animal-derived foods 

cause particular side effects of aminoglycoside therapeutics (nephrotoxicity and ototoxicity), 

which can endanger the consumer (Oertel et al., 2004). In order to eliminate these adverse 

effects, a simple, sensitive and selective detection technique for monitoring of KANA in food 

samples is highly in demand. Until now, the identification and quantification of KANA are 

generally based on the conventional chromatographic methods (Yu et al., 2009; Lu et al., 

2006; Blanchaert et al., 2013), enzyme-linked immunosorbent assay (ELISA) (Jin et al., 

2006; Chen et al., 2008) and immunosensors (Yu et al., 2013). The earlier reported 

chromatographic method are sensitive and reliable, nevertheless the involvement of tedious 

process control and requirement of reagent limits their practical utility. Recently, the ELISA 

and immunosensing methods have also been widely explored for antibiotics determination in 

food samples because of their high sensitivity and selectivity. However, these methods also 

lack with shelf life, stability and involvement of in-vivo antibody production. The increase 

incidences of KANA contamination in milk sample forced scientist to design and develop 
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some novel innovative analytical methods. Therefore, a simple, rapid, specific, selective and 

robust analytical method for KANA residue detection is of immense need. 

4.1.3 Electrochemical aptasensor for KANA detection 

Since the discovery of aptamer the development of electrochemical biosensors containing 

aptamer as a bio-recognition element is growing field. In comparison to optical biosensors (as 

discussed in earlier chapters), electrochemical biosensors offer the advantages of portability, 

disposability, simplicity, rapidity, low-cost detection and low sample requirement (Robati et 

al., 2016). Moreover, the most electrochemical aptasensors are label-free that reduces both 

the cost and sensitivity of detection method (Mokhtarzadeh et al., 2015). Currently, the 

researchers have focused towards development of novel aptasensing platform with improved 

specificity and sensitivity of detection method providing on-line monitoring. In the year 

2010, a RNA-based aptasensor was reported for detection of KANA (Rowe et al., 2010). The 

RNAs (as biorecognition element) are unstable and easily degraded during real sample 

analysis; whereas the single-stranded DNA (ssDNA) aptamers show the long-term stability at 

room temperature (Swensen et al., 2009). The above-mentioned properties of ssDNA aptamer 

make them an ideal candidate for development of new aptasensing platforms. Based on above 

facts, some optical based aptasensing platforms benefitting from a binding sequence of 

ssDNA aptamer have already been reported (Song et al., 2011; Leung et al., 2013; Sharma et 

al., 2014). The above reported optical aptasensor are impractical due to the difficulties in 

analyzing real samples, which has an inverse effect on method performance (Iliuk et al., 

2011). Therefore, in the present thesis, aptamer-based electrochemical biosensors based on 

ssDNA anti-KANA aptamer have been developed for KANA residual detection. The 

electrochemical sensor platform plays an important role on immobilization of molecular 

probe, where the signal transduction generates from the electrochemical reaction occurred. 

The reported aptasensing platforms for KANA detection based one electrochemical 

transduction have been summarized in Table 4.2. Among all, the label-free electrochemical 

aptasensor has gained tremendous attention due to their simple preparation, cost effectiveness 

and conservation of structural integrity of biomolecule (Marchesini et al., 2008). 

 

 

 



Chapter 4: Impedimetric aptasensor for Kanamycin detection  

 

103 
 

Table 4.2: Reported electrochemical based aptasensor for detection of KANA in milk 

samples 

S. 

No. 

Transduction 

principle 

Dynamic range Limit of detection 

(LOD) 

Ref. 

1. LSV 25-4500 ng mL
-1

 4.7 ± 0.2 ng mL
-1

 Zhu et al., 

2012 

2. EIS 5.0- 1.0x 10
6
 ng 

mL
-1

 

-N.A.- Dapra et al., 

2013 

3. DPV 10×10
3
 -150×10

3
 

ng mL
-1 

2.9 ng mL
-1

 

 

Sun et al., 

2014 

4. DPV 5×10
−3

 to 40 

ng mL
−1 

4.6×10
−3

 ng mL
-1 

Xu et al., 

2014 

5. DPV 5- 100 ng mL
-1 

 

4.3 ng mL
-1

 Li et al., 

2014 

6. DPV 0.5-50×10
3
 ng 

mL
−1 

0.44 ng mL
-1

 Qin et al., 

2015 

7. SWV 1-50 ng mL
-1

 0.92 ng mL
-1

 Liu et al., 

2015 

8. Photochemical 

aptasensor 

0.55-122.0 ng mL
-1

 0.20 ng mL
-1

 Li et al., 

2014 

9. Label free 

impedimetric 

aptasensor 

1.20-600 ng mL
-1 

0.11 ng mL
-1 

(0.206 nM) 

Present 

work 

 

4.1.3.1 Screen printed technology 

Recently, the advancements and integration of SPCEs methodology have emerged out with 

the promising potential in the development of highly sensitive biosensors for clinical and 

environmental interest. The biosensors based on SPCEs are miniaturized systems, which 

enable the in-vitro and in-vivo analysis. SPCEs based sensors have enabled the production of 

disposable biosensors with the advantages of low cost, portability, disposability, 

miniaturization, versatility and feasibility for on-site analysis (Tudorache and Bala, 2007). 

However, it is cumbersome to use the conventional (rod type) and pattern integrated 
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Reference electrode

Working electrode

Counter electrode

electrodes due to the difficulties of many point calibration and design optimization (Lee et al., 

2017). The SPCEs based electrochemical aptasensors have been explored for detection of 

various food and environmental contaminants (Kim et al., 2009; Bonel et al., 2011). In the 

present thesis, the SPCEs based technology has been used for development of a label-free 

electrochemical impedimetric aptasensor for KANA analysis. 

 

 

 

 

 

Figure 4.2: Customized screen printed carbon electrode (used in the present work). 

4.1.3.2 Self assembled monolayer 

Immobilization of bio-recognition element is an important step in construction of a biosensor 

based on SPCEs. The bio-analytical chemistry aims to improve the molecular detection 

sensitivity, selectivity and speed of detection method in complex real sample environment. 

The key factor for construction of a sensor device is to design the transducer surface, which is 

capable of selectively recognizing and binding a specific biological/ chemical analyte of 

interest. Integration of recognition molecule on the transducer surface is usually achieved by 

decorating the transducer surface either by covalent coupling using a coupling agent that 

enables the immobilization of the recognition species or physical adsorption process (Turner, 

2013). Therefore, the intellectual fabrication of the recognition unit on transducer surface is 

essential to improve the analytical precision and accuracy of sensor. To modify the transducer 

surface, several surface modification techniques have been employed such as thiolation, click 

chemistry, diazotization and silanization to form the self assembled monolayer for better 

immobilization of biomolecule (Love et al., 2005; Wang et al., 2015). Of these alternative 

monolayer formation methods, the aryldiazonium coupling chemistry was reported by Pinson 

and co-workers in 1992 (Delamar et al., 1992). In electrochemical reduction, an 

aryldiazonium salts generates a reactive aryl radical, which bind to the carbon surface. 

Among all reported coupling mechanism, the diazonium salt chemistry is significantly 

important in SPCEs based electrochemical biosensing application. The diazotization coupling 

offers the advantages of better immobilization, rapid reaction time, lack of leakage of 
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biomolecule, uniform surface modification, compatibility with wide range of materials, 

stability, long shelf life and as well as lower limit of detection (Pchelintsev and Millner, 

2007; Cao et al., 2017). 

4.1.4 Research gap identified 

Existing literature revealed that there is an immense need for sensitive and selective detection 

method for regular monitoring and quantification of antibiotic contamination. Therefore, a 

SPCEs integrated biosensing platform was employed for the construction of a label-free 

aptasensor. Investigation of developed aptasensor performance in the untreated milk samples. 

4.1.5 Objective 

The aim of present work was to develop a label-free and disposable impedimetric aptasensor 

for detection of kanamycin in raw milk sample. 

4.2. Experimental Section 

4.2.1 Biochemicals and reagents 

Analytical grade reagents potassium dihydrogen phosphate, disodium hydrogen phosphate, 

sodium chloride, potassium chloride, magnesium chloride, 2-(N-morpholino) ethanesulfonic 

acid (MES) buffer, sodium nitrite (NaNO2), 4-aminobenzoic acid (4-ABA), N-(3-

dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride (EDC), N-hydroxysuccinimide 

(NHS), ethanolamine, sulphuric acid (98% v/v), hydrochloric acid (37.5 % v/v), potassium 

ferrocyanide (K4[Fe(CN)6]) and potassium ferricyanide (K3[Fe(CN)6]) were procured from 

Sigma-Aldrich (St. Quentin Fallavier Cedex, France). Kanamycin sulphate (derived from 

Streptomyces kanamyceticus) as reference standard was purchased from Sigma Aldrich 

(USA). For selectivity studies, the streptomycin and gentamicin were purchased from Sigma 

Aldrich (USA). The deionized Milli-Q water obtained from (Millipore, Bedford, MA, USA) 

was used for reagent preparation. For real sample analysis, the milk samples were procured 

from the local market. The amine modified ssDNA-KANA-aptamer was synthesized and 

purified by Microsynth (Schutzenstrasse, Balgach, Switzerland). The modified nucleotide 

sequence (7 base pairs) of ssDNA KANA-aptamer is shown below: 

ssDNA anti-KANA aptamer (21 base sequences): amine modified anti-KANA aptamer 

5′-TGG GGG TTG AGG CTA AGC CGA-NH2-3′. 
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4.2.2 Instrumentation 

The SPCEs consists of a conventional three electrode configuration with carbon electrode 

using carbon-based ink (as a working), an auxiliary electrode from carbon ink (as a counter) 

integrated with a pseudo reference electrode from a silver-based (Ag/AgCl) ink were 

fabricated using a DEK 248 screen-printing system (BAE Laboratory, Perpignan, France) 

(Fig. 4.2). For electrochemical measurements, an Autolab PGSTAT100 potentiostat/ 

galvanostat station equipped with a frequency response analyzer system (Eco Chimie, 

Netherlands) and computerized controlled by two softwares, GPES 4.9 for voltammetric and 

FRA 4.9 for impedimetric measurements was used. Impedimetric measurements were 

recorded using a sinusoidal ac potential perturbation of 5 mV (rms) in the frequency range 

10
3
- 0.1 Hz, superimposed on a dc potential of 0.1 V and readings were taken at 20 discrete 

frequencies per decade. All the measurements were carried out in a solution of 1.0 mM 

[Fe(CN)6]
4-/3- 

in PBB (pH 7.0) as a background electrolyte. Fourier Transform Infrared (FT-

IR) spectroscopy was used to characterize the surface modification of SPCEs at various step 

of aptasensor fabrication. The vibrational spectra were recorded using IR Affinity-1 attached 

with attenuated total reflectance (ATR) at Specac Diamond ATR AQUA (SHIMADZU, 

Japan). The spectra were recorded with 128 scans at 64 cm
-1

 resolution collected under 

vacuum conditions. Similarly, the scanning electron micrograph of modified SPCEs was 

recorded on scanning electron microscope (SEM XL 30 FEI/Philips, Philips Electronics Co., 

Netherlands). AFM topography studies were carried out using a multimode scanning probe 

microscope system operated in tapping (semicontact) mode using NTEGRA Prima (NT-

MDT, Zelenograd, Moscow, Russia). 

4.2.3 Solution preparation 

4.2.3.1 Preparation of binding buffer solution 

The phosphate binding buffer (10 mM) containing 30 mM KCl, 5 mM MgCl2 and 90 mM 

NaCl was prepared in the deionized Milli-Q water. The pH of buffer was adjusted to 7.0. The 

binding buffer solution was freshly prepared and stored at 4 °C when not in use. 

4.2.3.2 Preparation of aptamer solutions 

For stock solution, the ssDNA anti-KANA aptamer was dissolved in the sterilized deionized 

Mili-Q water. Further, the stock was diluted in the range 0.125-4.0 µM ssDNA anti-KANA 

aptamer in PBB. The aptamer solution was placed in a thermocycler (Mastercycler personal 
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Eppendorf VWR, Leuven, Belgium) with the following temperature profile: heating at 90 °C 

for 5 min to initial denaturation step, followed by a structure maintain step at 4 °C for 5 min 

and room temperature for 10 min. 

 4.2.3.3 Preparation of kanamycin stock and working dilutions 

Kanamycin stock solution was prepared by dissolving 1 mg mL
-1

 KANA in sterilized 

deionized Milli-Q water. Subsequently, the stock was diluted in PBB (10 mM, pH 7.0) to 

obtain various working dilutions in the range of 1.20-600 ng mL
-1 

KANA meeting regulatory 

standards (Table 4.1). 

4.2.3.4 Matrix matching (milk sample preparation) 

The raw milk sample (3% fat content) was purchased from the local market. The standard 

spiking method was used for milk sample analysis. The complex matrix treatment such as 

dissolving of fat by acid (trichloroacetic acid, TCA) could decrease the matrix composition. 

Thus, to avoid such problem, a simple strategy was worked out for analysis of milk sample. 

In brief, firstly, the milk sample was centrifuged at 10000 rpm for 10 min at room 

temperature. The supernatant was separated and milk spiked with a known concentration of 

KANA. Subsequently, the dilutions were made with non-contaminated centrifuged milk 

sample to obtain the different concentration of KANA (4.75, 9.5, 37.5 and 150 ng mL
−1

). 

4.2.4 Fabrication of KANA-aptasensor on diazotized SPCEs 

4.2.4.1 SPCE surface cleaning 

Prior to use, each SPCE surface was electrochemically pre-treated by applying cyclic 

voltammetry (CV) cycles (5 to 6 cycles) between 1.0 to -1.5 V vs. pseudo Ag/AgCl reference 

electrode in 0.5 M H2SO4 containing 0.1 M KCl. The SPCE pre-treatment was continuing 

until the CV characteristic of clean SPCE surface was obtained (Fig. 4.3). 
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Figure 4.3: Cyclic voltammogram of bare SPCE during cleaning from 1.0 to -1.5 V vs. 

pseudo Ag/AgCl reference electrode in 0.5 M H2SO4 containing 0.1 M KCl. 

4.2.4.2 Surface modification and end group activation 

The pre-treated SPCEs surfaces were functionally modified by diazotization coupling 

mechanism (1:1 equivalents of NaNO2 and 4-ABA) using electrografting method with 

modification (Baranton and Belanger, 2005). In brief, 20 µL of 0.1 NaNO2 solution (final 

concentration 2 mM) was added to electrolytic solution (1.98 mL) containing 2 mM of 4-

ABA in 0.5 M HCl. The mixture was stirred and allows keeping for 5 min under working 

condition (RT). The electrochemical reductive modification of SPCE with an in-situ 

generated 4-carboxyphenyl diazonium salt (4-COOH-Ar-N2
+
) was carried out by a reductive 

linear sweep voltammetry (LSV) from 0.6 to 0.8 V vs. Ag/AgCl at a scan rate of 0.05 Vs
-1

 

(Fig. 4.4). Electrochemical reduction of diazonium species (4-COOH-Ar-N2
+
) results in the 

generation of an aryl centered radical via one electron transfer with elimination of dinitrogen 

(-N2) and covalently attached to the electrode surface. The potential applied in electrografting 

of aryl diazonium is an important parameter. The diazotization of SPCE surface has been 

incurred in first cycle at -0.3 V (Fig 4.5). Further no sign of diazotization signal was observed 

on SPCE surface after second cycle (inset Fig. 4.5), which signify the demonstration of 

uniform diazotized surface modification. In the present thesis, the diazotization coupling 

mechanism was explored due to advantages of high stability, ease of preparation and uniform 

modified surface formation, which provides the better immobilization of receptor element 

(Pchelintsev and Millner, 2007; Ocana and Del Valle, 2014). After modification, the 4-
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CP/SPCEs were obtained and rinsed with copious amounts of distilled water for further use. 

The end terminal carboxylic groups on 4-CP/SPCEs modified electrodes were activated by 

immersing the modified electrodes into a solution of 100 mM EDC and 25 mM NHS in MES 

buffer (pH 5.5) for 60 min. 

Figure 4.4: Electrografting of in-situ generated diazonium salt on SPCEs surface using linear 

sweep voltammogram (LSV). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Linear sweep voltammogram (LSV) of bare SPCE electrode in the aqueous 

diazonium salt solution (NaNO2 and 4-aminobezoic acid 2 mM in 0.5 M HCl) in the potential 

range 0.6 to -0.8 V vs. Ag/AgCl. Inset showing the two consecutive cycles on same electrode. 
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4.2.4.3 Aptamer immobilization and blocking 

The end group activated 4-CP/SPCEs were incubated with 20 µL of various concentrations of 

ssDNA anti-KANA aptamer in PBB (pH 7.0) for 4 h under humid environment. Aptamer 

immobilized 4-CP/SPCEs were again washed with PBB (Fig. 4.6). Further, to deactivate the 

remaining succinimide group and block reacted sites on the electrode surface, the aptamer 

immobilized electrodes were incubated with 20 µL of 1 M ethanolamine for 1 h and 

subsequently washed with distilled water. For milk analysis, the blocking was done using 20 

µL of casein solution (1% casein) for 30 min to completely block the unbound sites of the 

SPCEs surface. The fabricated KANA-aptasensor integrated on modified SPCEs was used 

directly or stored at 4 ºC for several days without any decrease in the sensitivity. 

Figure 4.6: Immobilization of aptamer on diazotized SPCEs surface followed by blocking. 

4.2.5 Impedimetric measurements 

In the present work, the EIS (impedimetric) measurements were carried out at an applied 

potential of 0.1 V (vs. Ag/AgCl reference electrode) obtained from the redox potential of 1 

mM [Fe(CN)6]
4-/3-

 with a frequency range of 1 KHz to 0.1 Hz at an AC amplitude of 5 mV 

and a sampling rate of 100 points. The EIS data were recorded in the following order after 

each successive modification step: (1) bare electrode; (2) 4-CP/SPCE, (3) 4-CP/SPCE/ 

activated, (4) 4-CP/SPCE/Apta and (5) 4-CP/SPCE/Apta/KANA incubated. The designed 

equivalent circuit diagram of an electrode-electrolyte interface known as Randles Circuit is 

showed in Fig. 4.7 and the parameters used were as follow: 

Rsol = Solution resistance; Rct = Charge transfer resistance between solution and the electrode 

surface; Cdl = Double layer capacitance; W = Warburg impedance corresponds to the 

diffusion of the redox probe 
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Figure 4.7: Design of a simple Randles Equivalent Circuit. 

The obtained impedance spectrum (EIS spectrum) was plotted in the form of complex plane 

diagrams (known as Nyquist plots, −Zi vs. Zr). The plotted spectra were fitted to a theoretical 

curve corresponding to an equivalent circuit obtained from FRA software. Further, to 

compare the results obtained from different aptasensor and to obtain independent, reliable 

and reproducible results, the relative and normalized signals were required. Accordingly, an 

analytical parameter, Δratio, was defined using the Rct values in the following equations: 

Δratio = Δs / Δp 

where,  Δs = Rct (KANA-aptamer) - Rct (bare electrode) 

Δp = Rct (aptamer) - Rct (bare electrode) 

Where, Rct (KANA-aptamer) is the electron-transfer resistance of aptasensors measured after 

incubation with the KANA, Rct (aptamer) is the electron-transfer resistance of KANA-aptasensor 

and Rct (bare electrode) is the electron-transfer resistance of the bare electrode. 

4.3 Results and discussion 

Before sensitivity measurements, the fabricated KANA-aptasensor was characterized for each 

modification step. Various characterization techniques were employed to study the surface 

morphology and electrochemical behavior. 

4.3.1 Surface characterization of KANA-aptasensor 

4.3.1.1 Infrared spectroscopy (FT-IR) 

Vibrational spectrum (FT-IR) recorded for diazotized SPCE, aptasensor and aptasensor 

incubated with KANA has been shown in Fig. 4.8. The diazotized SPCE showed the presence 

of broad absorption band at 3431-2921 cm
−1

 (νs)
 
and two additional bands at 1633 cm

−1 
(νs,-

C=O of carboxyl) and out-of-plane bending (νd, -OH of acid) at 905 cm
−1 

(Fig. 4.8a). This is a 
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Figure 4.8: FT-IR spectrum of (a) 4-CP/SPCE modified; (b) 4-CP/SPCE/activated/Apta; (c) 

4-CP/SPCE/activated/Apta/KANA electrodes recorded at 128 scans at 64 cm
-1

 resolution. 
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strong indication to the presence of free carboxylic groups on the surface of diazotized 

electrode (4-CP/SPCE) (Pavia et al., 2005). After immobilization of ssDNA anti-KANA 

aptamer, the appearance of two new vibrational bands at 1717 and 1673 cm
−1 

(νs, -C=O of 

carbonyl) corresponds to the guanine base and amide bond between diazotized surface and 

amine modified aptamer (Fig. 4.8b). Other vibrational bands at 1592, 1538 and 1074 cm
−1

 

corresponds to the –C=C- and -C=N- bonds of ssDNA aptamer sequences (Andrushchenko et 

al., 2007) could also been seen. These vibrational spectra strongly suggested the presence of 

covalently immobilized aptamer on 4-CP/SPCE. Upon incubation with KANA, the 

appearance of new vibrational bands corresponds to the KANA at 3276 (νs, -NH2 of KANA), 

968 cm
−1

 (νd, -OH of KANA), 1103 cm
−1

 and 1230 cm
−1

 (νs, -C-O- of cyclic ring) were 

recorded (Fig. 4.8c). The appearance of new vibrational bands on KANA recognition 

confirmed the successful binding between KANA and with ssDNA anti-KANA aptamer.  

4.3.1.2 Scanning electron microscopy (SEM) 

The surface morphology of aptasensor at three different stages i.e. bare electrode (SPCE), 

KANA-aptasensor and aptasensor incubated with KANA has been illustrated in Fig. 4.9(a-c). 

The bare SPCEs showed a non-uniform surface with typical characteristics carbon based 

SPCEs (Fig. 4.9a). Upon diazotization, the 4-CP/SPCEs surface resulted in the formation of a 

uniform surface, which improves the immobilization process. After immobilization, a 

uniform surface cover with the immobilized ssDNA anti-KANA aptamer over diazotized 

electrode was observed (Fig. 4.9b). The universal mechanism of aptamer-target recognition is 

based on capability of aptamer to adopt an antiparallel complex-G-quadruplex structure 

formation upon target binding. Upon incubation with KANA (37.5 ng mL
-1

), the binding 

interaction between ssDNA anti-KANA aptamer and KANA molecules led to KANA 

induced formation of G-quadruplex aptamer-KANA complex. It is evident that the 

recognition event caused the changes in structural form of aptamer, this could be concluded 

based on the presence non-uniformity in the surface morphology of aptamer immobilized 

SPCEs (Fig. 4.9c). 

4.3.1.3 Atomic force microscopy (AFM) 

Surface topography of fabricated aptasensor provided a clear indication about the surface 

modification and binding interaction between aptamer and KANA molecule on aptasensor 

surface. The typical AFM (3D micrographs) topographies of the fabricated aptasensor surface 

at different stages have been shown in Fig. 4.9(d-f). Average and root mean square roughness 
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Figure 4.9: SEM images of (a) Bare SPCE; (b) 4-CP/SPCE/activated/ Apta immobilized; (c) 

4-CP/SPCE/activated/Apta/KANA incubated electrode; AFM images (d) Bare SPCE; (e) 4-

CP/SPCE/activated/Apta; (f) 4-CP/SPCE/activated/Apta/KANA incubated electrode in 

semicontact tapping mode. 
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value (RMS) of recorded AFM micrographs were calculated and analyzed for SPCE (bare 

electrode), KANA-aptasensor and KANA-aptasensor incubated with KANA. The results 

have been summarized in Table 4.3. The fabricated aptasensor showed a decrease in average 

roughness (Ra, 23.14 nm) and RMS (Rq, 27.55 nm) upon aptamer immobilization. 

Meanwhile, the height and spacing parameters also decreased to 1.5 times compare to the 

bare SPCE (Fig. 4.9e). Upon aptamer immobilization (4-CP/SPCE/activated/Apta), the 

decrease in roughness, lower peak spaces and spike planer surface covering the plane of 

electrode strongly indicated the successful immobilization of ssDNA anti-KANA aptamer on 

4-CP/SPCE surface. Similarly, a uniform surface coverage observed during SEM analysis has 

been illustrated in the Fig. 4.9(b). On incubation with KANA (37.5 ng mL
-1

), the surface 

topology was expected to be changed further due to formation of anti-KANA aptamer-KANA 

complex upon recognition of KANA. It was observed that upon KANA recognition by 

aptasensor, the surface roughness and average height have been decreased (Fig. 4.9f). The 

following results were approximately 2 fold smaller in roughness and height. However, the 

self similarity (fractal value, Rku) of aptasensor surface was increased from 1.945 to 3.044, 

which indicates the binding of KANA on aptasensor surface (Table 4.3). 

Table 4.3: AFM topological parameters before and after modification for the screen printed 

carbon electrode, aptasensor and aptasensor incubated with analyte. 

Parameter Bare SPCE ssDNA anti-KANA 

aptamer 

Aptasensor incubated 

with KANA 

Ra (nm) 25.19 23.14 10.37 

Rq (nm) 31.46 27.55 13.11 

Rpv (nm) 176.91 130.55 74.66 

Rz (nm) 177.10 139.64 75.21 

Rsk -0.036 -0.055 -0.023 

Rku 3.301 1.945 3.304 

 

4.3.2 Electrochemical characterization of KANA-aptasensor 

The surface interfacial properties of devised aptasensor after each modification were 

characterized using cyclic voltammetry and electrochemical impedance spectroscopy. 
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4.3.2.1 Cyclic voltammetry (CV) 

The CV analysis was selected as a redox parameter to characterize the electrode surface at 

each modification step. The change in peak-to-peak separation and peak current in cyclic 

voltammograms are important characteristics, which relates the electron transfer-rate constant 

correspond to the electron transfer resistance. All electrochemical measurements were carried 

out in a relatively low concentration of the redox probe 1 mM [Fe(CN)6]
4-/3-

 prepared in PBB 

(10 mM, pH 7.0) at scan rate of 100 mV s
-1

. Because at higher concentration of electrolytic 

species might hinder the bioreceptor recognition (Wang et al., 2005). The presence of 

[Fe(CN)6]
4-/3-

 redox probe allows the detection of a higher current response against the 

response obtained from an electrochemical inert solution. 

Cyclic voltammograms after each assembly step of KANA aptasensor has been illustrated in 

Fig. 4.10. The sequential modification steps of fabricated KANA-aptasensor were confirmed 

by a decrease in the current response and an increase in the peak-to-peak separation. Bare 

SPCE showed a couple of well-defined redox peaks (quasi reversible) with the cathodic and 

anodic current peak ratio of approximately one and the peak-to-peak separation of 1.2 V 

(voltammogram a). After diazotization, the Ret (electron transfer resistance) between the 

probe and electrode surface has increased, which could attributed to formation of an organic 

layer at SPCEs surface due to the negatively charged carboxyl groups (COO
-
). This layer acts 

as an electrostatic barrier and repelled redox probe [Fe(CN)6]
4-/3-

 anions, indirectly retard the 

electron transfer between the redox probe and electrode. As a result, shape of redox couple 

for 4-CP/SPCEs was nearly disappeared indicating the successful coupling of 4-CP on 

electrode surface (voltammogram b). The activation of end-terminal group (EDC:NHS 

coupling) at 4-CP/SPCEs, introduced a succinimide moiety, which cause increase in current 

response due to devoid of negative charge groups (voltammogram c). When anti-KANA 

aptamer (ssDNA KANA-aptamer) was immobilized onto 4-CP/SPCE/activated, the peak 

current slightly decreased again due to the complex structure of aptamer and non-

electrochemical activity (voltammogram d) (Guo et al., 2015). This partially blocks the 

electron transfer between [Fe(CN)6]
4-/3-

 solution and the electrode surface. These obtained 

CV characteristic patterns showed that the ssDNA anti-KANA aptamer has been successfully 

immobilized onto the 4-CP/SPCEs surface. Upon recognition of KANA molecule a slight 

decrease in the current response was observed (voltammogram e) due to change in structural 

conformation of aptamer, which resist the charge further charge transfer. 
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Figure 4.10: Cyclic voltammograms (a) bare SPCE; (b) 4-CP/SPCE; (c) 4-CP/SPCE/ 

activated; (d) 4-CP/SPCE/activated/Apta; (e) 4-CP/SPCE/activated/Apta/KANA incubated 

electrodes in 1 mM [Fe(CN)6]
4-/3-

 (prepared in PBB, pH 7.0) at scan rate of 100 mV s
-1

. 

4.3.2.2 Electrochemical impedance spectroscopy (EIS) 

EIS characteristics were used as a power tool to study the change in surface properties after 

each modification step. The Nyquist diagram illustrating the EIS spectrum corresponds to the 

stepwise modification procedure using [Fe(CN)6]
4-/3-

 as the redox probe has been plotted and 

shown in Fig. 4.11. The results obtained from EIS measurements were in the good agreement 

with the conclusions obtained from the CV studies (illustrated in Fig. 4.10). In the EIS 

spectrum (Nyquist plot) consists of a very small semicircle portion and a linear portion, the 

semicircle portion at higher frequencies relates to the electron-transfer resistance and the 

linear portion relates to the diffusion resistance (Reddi and Gobi, 2013). It can be seen that 

the bare SPCE exhibited a very small semicircle and showed a very low electron-transfer 

resistance (spectrum a). The Rct vale of the redox probe was calculated and found to be 44.4 

kΩ cm
2
. Compared to the bare SPCE, the diazotized electrodes (4-CP/SPCE) showed a 

spontaneously increased in the resistance up to 2650 kΩ cm
2
 (spectrum b). This was because 

of the deposition of organic layer on electrode surface possessing negative terminal (-COO
-
) 

and acts as an electrostatic barrier between electrode and the detection solution. A sharp fall 

in Rct value (320 kΩ cm
2
,
 
spectrum c) was noted after introducing succinimide moiety. The 

sharp fall in Rct was correlated with the electrostatic interaction between positively charged 
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ester group (from succinimide moiety of -NHS) and negatively charged redox, which 

promote the electron transfer and decrease resistance (Yang et al., 2011). After anti-KANA 

aptamer immobilization on modified SPCEs surface, the Rct value increased to 520 kΩ cm
2 

(spectrum d). This was due to the presence of inert electron layers and electrostatic repulsion 

between phosphate groups of aptamer nucleotide sequences, which repel the negatively 

charged redox probe couple. The KANA recognized aptasensors showed the increase in Rct 

value to 780 kΩ cm
2 

(spectrum e). The reason for this increase in Rct value was corresponds 

to the conformational changes in the aptamer structure and presence of various functional 

(phenolic or alcoholic) groups of KANA. The EIS spectrum results have been summarized in 

Table 4.4.  

 

 

 

 

 

 

 

 

 

Figure 4.11: Nyquist plots (a) bare SPCE; (b) 4-CP/SPCE modified electrode; (c) 4-CP/ 

SPCE/activated electrode; (d) 4-CP/SPCE/activated/Apta; (e) 4-CP/SPCE/activated/Apta/ 

KANA incubated electrodes obtained in 1 mM [Fe(CN)6]
4-/3-

 (prepared in PBB, pH 7.0) at an 

applied potential of 100 mV (vs. Ag/AgCl reference electrode) using a frequency range of 10 

KHz to 0.5 Hz with an AC amplitude of 5 mV. 
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Table 4.4: Stimulated values of all elements in the equivalent electric circuit (Randles 

Circuit) for the various steps of the aptasensor fabrication 

 

4.3.3 Equivalent circuit analysis and validation 

Equivalent circuit is a key element to investigate the performance of an electrochemical cell, 

which has the same behaviour as the real cell under a given excitation conditions (Yang et al., 

2003). The electrical parameters, which were used to design an equivalent circuit (Randles 

Circuit, Fig. 4.7) model for electrochemical curve fitting includes primarily, the 

ohmic/solution resistance (Rsol) of the electrolyte solution, the charge transfer resistance 

between solution and the electrode surface (Rct), double layer capacitance element (Qdl or C) 

and the Warburg impedance element (W) around each electrode. These factors contribute to 

the equivalent circuit model representing the experimental impedance data. The W and Rsol 

represented the bulk properties of the electrolyte solution and diffusion features of the redox 

probe in solution respectively. They are not much affected by modifications of the electrode 

surface. Qdl magnitude also depends upon the dielectric constant of the layer separating the 

ionic charges and the electrode surface, electrode surface area and the thickness of the 

separation layer. During analysis, significant change in Qdl was observed, when bare SPCE 

was modified with 4-CP layer. Moreover, relatively the small changes were quantified upon 

further modification. The Rct value depends on the insulating feature at the electrode-

electrolyte interface. In the present work, the changes in Rct value were much larger than 

those in other impedance components (Table 4.4). Based on the observations, the Rct was 

selected as a suitable signal for sensing the interfacial properties of the fabricated KANA-

aptasensor. Fig. 4.12 shows the circuit fitting plot for experimental and fitted data for KANA 

EIS 

spectrum 

Electrode label Rs  

(kΩ cm
-2

) 

Rct 

(kΩ cm
-2

) 

C 

(µF) 

a. Bare SPCE 0.516 44.4 0.517 

b. 4-CP/SPCE 0.522 2650 0.730 

c. 4-CP/SPCE/activated 0.546 320 0.745 

d. 4-CP/SPCE/activated/Apta 0.541 520 0.813 

e. 4-CP/SPCE/activated/Apta/KANA 0.584 780 0.821 
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binding. The experimental data was fitted using Autolab FRA 4.9 software used for 

impedimetric measurements and optimized with phase, Z′ and Z″. The presented results 

suggested that the fitting parameters were in good agreement with experimental data, thus 

validating the equivalent circuit. 

 

 

 

 

 

 

 

 

Figure 4.12: Fitting curve of impedance spectrum and phase at ac applied potential: 0.1 V; 

frequency range: 0.1 Hz to 1 KHz. 

4.3.4 Optimization parameters for experimental conditions 

Experimental variables, which could significantly affect the performance of an 

electrochemical aptasensor such as aptamer concentration, pH, incubation time and working 

temperature were studied and optimized. To establish the stability and sustainability of 

aptasensor, all the measurements were carried out at ambient temperature (working 

temperature i.e. 25 ºC). 

4.3.4.1 Influence of anti-KANA aptamer concentration 

Sensitivity of an aptasensor is dependent of the aptamer concentration and plays an important 

role in the establishment of aptasensor performance. In order to study the effect of ssDNA 

anti-KANA aptamer concentration on sensor performance, the aptamer concentrations from 

0.125 - 4 µM were investigated. Impedimetric response were calculated against KANA (37.5 

ng mL
-1

) and represented as Δ ratio with respect to aptamer concentration. It is evident from 

Fig. 4.13(a), that Δ ratio increased with increase in the concentration of ssDNA anti-KANA 
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aptamer. The Δ ratio reached to maximum level and attained equilibrium at 1 µM anti-KANA 

aptamer concentration and no further change in Δ ratio was recorded with increase in aptamer 

concentration. This was due to the fact that the signal of KANA-aptasensor at 1 µM was near 

to the saturation level for KANA (37.5 ng mL
-1

). Based on the obtained results and to 

decrease the cost of aptamer used a compromise between aptasensor response (at high 

concentration) and cost led to the selection of 1 µM anti-KANA aptamer for further 

experiment. 

4.3.4.2 Influence of incubation time 

Incubation time is another important parameter that could influence the aptasensor efficiency. 

A short incubation time might lead to the incompletion of reaction, whereas a long incubation 

time may cause the dissociation of complex (Guo et al., 2015). Under above optimized 

condition (1 µM anti-KANA aptamer and 37.5 ng ml
-1

 KANA), experiments were continued 

at varying incubation time from 10 to 120 min. It is illustrating from the results that the 

impedimetric response (Δ ratio) of KANA-aptasensor reached to the plateau stage at 60 min 

(Fig. 4.13b). After several experiment the 60 min was selected as optimal incubation time for 

impedimetric measurements.  

4.3.4.3 Influence of pH 

The pH of working buffer solution has a significant effect on structural integrity of ssDNA 

anti-KANA aptamer and aptamer-KANA complex, which could influence the recognition 

mechanism and aptasensor performance (Hainik et al., 2007). The KANA aptasensor 

response was studied in PBB containing 1 mM [Fe(CN)6]
4-/3-

 with different pH of 6.6, 6.8, 

7.0, 7.2, 7.4 and 7.6 and the relative changes in the Δ ratio were measured. The obtained 

results showed that the Δ ratio response increased from 6.6-7.0 pH (Fig. 4.13c) and decreased 

further. This confirms that the maximum response was observed at pH 7.0 PBB. The reason 

could be attributed to the activity and structural integrity of biomolecule, which can decline 

in acidic and alkaline conditions. The unfavourable working conditions may also lead to the 

dissociation of aptamer-target complex. Thus, pH 7.0 PBB was used in further 

experimentation. 
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Figure 4.13: Influence of experimental variables (a) aptamer concentrations (0.125-4 µM); 

(b) incubation time; (c) pH on aptasensor performance at 37.5 ng mL
-1 

KANA in 1 mM 

[Fe(CN)6]
4-/3-

 (prepared in PBB). 

4.3.5 Sensitivity measurements for KANA detection (calibration curve) 

Under optimized experimental conditions, the calibration curve was performed for 

quantification of KANA. The binding between KANA and anti-KANA aptamer was followed 

by an inhibition in the Faradaic response and resulted in an increase in the Rct value (Fig. 

4.14). This inhibition could be due to the formation of anti-KANA aptamer-G-quadruplex 

complex offers an additional negative charge on surface, which causes the decrease in the 

electron-transfer on SPCE surface.  
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Figure 4.14: Binding and recognition of KANA molecule by ssDNA anti-KANA aptamer on 

aptasensor surface in PBB (10 mM, pH 7.0). 

The obtained experimental points were fitted with the theoretical data points based on the 

Randles circuit diagram (Fig. 4.7). Binding of KANA with anti-KANA aptamer on 

aptasensor surface resulted in an increase of the Rct values corresponds to the increase in 

KANA concentrations from 1.2-600 ng mL
-1

. The Nyquist plots correspond to the KANA 

concentrations from 1.2-600 ng mL
-1

 as larger semi-circular diameter has been shown in Fig. 

4.15. The Rct values were calculated from fitted experimental data with theoretical and 

plotted as Δ ratio corresponds to the various KANA concentrations in PBB (10 mM, pH 7.0) 

(Fig. 4.16). This label free EIS based aptasensor showed a broad detection range from 1.2-

600 ng mL
-1 

for KANA. The calibration curve was fitted using linear equation. A line of 

equation y = 0.0079 x (ng mL
-1

) + 1.0842 with a coefficient of correlation, R
2 

= 0.9925 (n=4) 

was calculated. A good linear relationship between the relative impedance change (Δ ratio) 

and KANA concentration in the range from 1.2-7.5 ng mL
-1 

KANA was obtained. Similarly, 

the calibration curve was prepared for milk. A broad detection range from 1.2-600 ng mL
-1 

KANA with linearity 1.2-75 ng mL
-1 

KANA was calculated (Fig. 4.17). A line of equation 

obtained was y = 0.0080 x (ng mL
-1

) + 1.0810 with a coefficient of correlation, R
2 

= 0.9935 

(n=3). Good linearity between relative impedance change (Δ ratio) and increasing KANA 

concentration from 1.2-7.5 ng mL
-1 

KANA was observed. The LOD was calculated and 

found to be 0.11 ng mL
-1

 KANA (n=4) (S/N = 3) in buffer and milk. The present method 

showed the lowest LOD among reported methods (Table 4.2). In the calibration curve, 

equilibrium was attained at concentration higher than 600 ng mL
-1

, which might due to the 

binding of all the available active sites of the anti-KANA aptamer on the electrode surface. 
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Figure 4.15: Nyquist plots of KANA aptasensor against different concentrations of KANA 

(a) 1.20, (b) 2.40, (c) 4.75, (d) 9.50, (e) 19.0, (f) 37.5, (g) 75.0, (h) 150, (i) 300 and (j) 600 ng 

mL
-1

 (vs. Ag/AgCl reference electrode) spiked in buffer with the fitted theoretical data 

obtained 1 mM [Fe(CN)6]
4-/3-

 (prepared in PBB, pH 7.0). 

 

 

 

 

 

 

 

 

Figure 4.16: Calibration curve showing change in the Δ ratio vs KANA concentration (1.2-

600 ng mL
-1

) in PBB (10 mM, pH 7.0). Inset represents the linear curve from 1.2-7.5 ng mL
-1

 

(n=4). 
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The higher sensitivity and low detection of presented KANA aptasensor was attributed to the 

following reasons (i) integration of SPCE technology employed in the fabrication of KANA 

aptasensor; (ii) the diazonium coupling mechanism provided better immobilization of anti-

KANA aptamer; (iii) the aptamer sequences used was highly specific and selective to the 

KANA molecules. 

 

 

 

 

 

 

 

 

 

Figure 4.17: Calibration curve in milk showing the change in the Δ ratio vs various 

concentrations of KANA (1.2-600 ng mL
-1

). Inset represents the linear curve from 1.2-7.5 ng 

mL
-1

 (n=3). 

4.3.6 Selectivity performance of KANA-aptasensor 

The specificity of developed detection method is always of paramount interest to evaluate the 

method performance. The devised KANA-aptasensor performance was verified in the 

presence of possible structural analogues streptomycin (SRT) and gentamicin (GENTA). All 

measurements were carried out at two different concentration levels of 9.5 and 37.5 ng mL
-1 

KANA, SRT, GENTA and binding buffer. It is evident from Fig. 4.18, the structural 

analogues (SRT and GENTA) showed negligible response compared to the KANA. The 

obtained Δ ratio histogram response of other analogues were found to be less than 10 % (n=3) 

response of KANA. The small response signal obtained with SRT and GENTA might be due 

to their high molecular weights, which impart a negative charge or retard the electron 

transfer, thus increased the impedance. Moreover, these results strongly suggested that the 
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responses obtained with KANA were due to the interaction between KANA with ssDNA 

anti-KANA aptamer. All the results were quantified and tabulated in Table 4.5. 

 

 

 

 

 

 

 

 

 

Figure 4.18: Impedimetric responses (Δ ratio) of fabricated aptamer for KANA, SRT and 

GENTA at concentration level 9.5 and 37.5 ng mL
-1

 (n=3). 

Table 4.5: Specificity and selectivity performance of KANA-aptasensor 

 

 

 

Conc
n
. 

[ng mL
-1

] 

KANA response 

(Δratio) 

SRT response 

(Δratio) 

SRT 

response 

(%) 

GENTA 

response (Δratio) 

GENTA 

response 

(%) 

 

Mean 

± S.D. 

(n=3) 

R.S.D. 

% 

Mean 

± S.D. 

(n=3) 

R.S.D. 

% 

Mean 

± S.D. 

(n=3) 

R.S.D. 

% 

9.5 1.157 ± 

0.045 

3.88 0.119 ± 

0.011 

9.24 10.28 0.097 ± 

0.004 

4.12 8.38 

37.5 1.426 ± 

0.062 

4.35 0.144 ± 

0.009 

6.25 10.09 0.124 ± 

0.009 

7.26 8.70 
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4.3.7 Application in milk sample 

For practical application, the feasibility of developed KANA-aptasensor was further 

evaluated in milk samples using standard spiking method. The milk sample was treated as 

discussed under experimental section for matrix matching. For milk sample analysis, 

different concentrations of KANA were selected based on the calibration curve performed in 

the milk (Fig. 4.17). Three concentrations of KANA from the linear range (4.75, 9.5 and 37.5 

ng mL
-1

) and one corresponds to MRL (150 ng mL
-1

) were studied for parallel measurements. 

Similarly, the controls were prepared by adding same concentration of KANA in the binding 

buffer. The obtained experimental data was fitted with theoretical points and plotted as Δ 

ratio against the spiked KANA concentrations (Fig. 4.19). The recoveries obtained were in 

the range of 96.88 to 100.5 % to the spiked concentrations with a maximum % RSD of 4.56 

for parallel triplicate measurements (Table 4.6). The obtained recoveries were in good 

agreement indicating the analytical reliability and potential of KANA-aptasensor for KANA 

detection in non-treated milk samples. 

 

 

 

 

 

 

 

 

 

Figure 4.19: Nyquist plots of anti-KANA-aptamer modified SPCEs with different 

concentrations of KANA spiked in the milk sample (ng mL
-1

); (a) 4.75, (b) 9.50, (c) 37.50 

and (d) 150 obtained 1 mM [Fe(CN)6]
4-/3-

 (prepared in PBB, pH 7.0) fitted theoretical data. 
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Table 4.6: Recovery calculation of KANA-aptasensor for KANA spiked milk samples  

 

4.3.8 Analytical performance of KANA-aptasensor 

To evaluate the precision performance of devised KANA aptasensor, the reproducibility and 

repeatability of sensor are essential parameters. Under optimized experimental conditions, the 

inter-assay precision performance was evaluated for three different aptasensors prepared 

independently under similar experimental conditions for KANA detection (9.5 and 37.5 ng 

mL
-1

). The percent relative standard deviations of three parallel measurements were found to 

be 3.44 % and 4.28 % for 9.5 and 37.5 ng mL
-1

, respectively (Table 4.7). The results 

suggested that the devised KANA-aptasensor exhibited good precision and reproducibility. 

Table 4.7: Precision performance of aptasensor for detection of KANA in milk sample 

 

The storage stability of KANA-aptasensor was further studied by comparing the Δ ratio over 

a period of two weeks after storage at 4 ºC. The developed aptasensor showed the similar EIS 

and CV responses after a storage period of 2 weeks at 4 ºC with a negligible drop in the 

Recovery performance of aptasensor in spiked milk sample 

Milk 

sample 

KANA added 

[ng mL
-1

] 

KANA found 

[ng mL
-1

] 

R.S.D. 

% 

Recovery 

% 

R.E. 

% 

1. 4.75 4.65 ± 0.21 4.56 97.89 -2.11 

2. 9.50 9.55 ± 0.19 2.01 100.5 0.50 

3. 37.5 36.33 ± 1.04 2.86 96.88 -3.12 

4. 150.0 148.95 ± 2.06 1.38 99.30 -0.70 

Inter-assay precision analysis 

KANA 

concentration 

[ng mL
-1

] 

Δ ratio response  Mean ± S.D. 

(n=3) 

R.S.D. 

% Exp-1            Exp-2            Exp-3 

9.5      8.95                9.40               9.70  9.31 ± 0.32 3.44 

37.5     35.34              37.64             38.40  37.12 ± 1.59 4.28 
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activity. This was due to the covalent immobilization of aptamer over diazonium modified 

electrodes (4-CP/SPCE), which prolonged the shelf-life and also prevented the leaking out of 

aptamer under optimized set of conditions. The merit of figures for the developed aptasensor 

has been tabulated in Table 4.8. 

Table 4.8: Analytical figures of merits for devised KANA-aptasensor 

Parameter Findings 

Linear range 1.20-75 ng mL
-1

 

Dynamic range 1.20-600 ng mL
-1

 

Limit of detection 0.11 ng mL
-1

 

Sample volume 20 µL 

Inter assay precision 3.44 and 4.28 % 

Analysis time 

(response time) 
Less than 3 min 

 

4.4 Conclusion 

In the present work, a disposable and label-free SPCEs integrated impedimetric aptasensor 

for analysis of residual KANA analysis in buffer and milk sample has been demonstrated. 

The presented aptasensor meets the requirement of various regulatory authorities (Table 4.1). 

Implication of diazonium coupling mechanism and SPCEs technology offer the advantages of 

disposability, improved sensibility and stability. The aptasensor could detect the KANA 

down to the 0.11 ng mL
-1

. The EIS based developed KANA-aptasensor could determine the 

presence of KANA in less than 3 min response times. The proposed aptasensor showed the 

recovery percentage between 96.88-100.5% in milk samples. The precision and accuracy 

studies prove that the presented aptasensor has the good selectivity, reproducibility and 

stability. The present results envisaged that the SPCEs based KANA aptasensor could be 

further extended to detect the KANA in other food matrices. 



 
 

CHAPTER 5 

 

 

Development of µFIA-EQCN aptasensor for analysis of Tetracycline 

residue in milk sample 

Novelty Statement: 

 A µFIA integrated EQCN aptasensor has been developed for detection of target 

analyte.  

 Aptasensor performance was evaluated for on-line and real time analysis of 

tetracycline in milk sample. 

 Developed aptasensor exhibited the sensitivity i.e.0.531 ng mL
-1 

TET with no 

significant cross reactivity.  

 

 

Graphical abstract for chapter content 
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5.1 Background 

In view of successful development of disposable and label-free electrochemical aptasensor 

(Chapter 4), in this chapter, the focus was to develop a label free and real time aptasensor for 

on-line monitoring of antibiotic residual presence. Based on the availability of numerous 

ligand molecule and their well defined specificity towards cognate molecules to form the 

ligand-target complex, makes it possible to develop piezoelectric/mass sensitive biosensor for 

detection of wide range of analyte of interest. For development of real time aptasensor, a 

microfluidic flow injection analysis (µFIA) platform integrated with piezoelectric transducer 

was developed for detection of tetracycline (TET).  

5.1.1 Occurrence of antibiotic contamination in milk 

Antibiotics are the one of the most important class of antimicrobial drugs, developed to 

stimulate a physiological response in humans, animals and other microorganisms. Unlike in 

human medicine, antibiotics are heavily used for the treatment and management of food 

producing animals mainly for two different purposes: (a) prevention and control of bacterial 

infections and (b) as growth promoters (Schwarz et al., 2001). In veterinary medicine and 

dairy industries, antibiotics are routinely used to treat mastitis in dairy cows. Antibiotics 

potential as growth enhancers also has led to their use in animal feed as feed supplements. In 

the last decades, with the increasing prudence of antimicrobial resistance, the antibiotic 

resistance and resistance to other anti-infective agents constitutes a major threat to the public 

health and ought to be recognized as such more widely than it is at present (Kümmerer, 

2003). Tetracyclines (TCs) are commonly used broad-spectrum antibiotics containing four 

condensed rings. TCs are further divided into two sub-classes of natural TCs (tetracycline, 

oxytetracycline, aureomycin etc) and semi-synthetic TCs (doxycycline, minocycline etc.) 

(Chen et al., 2014). Among all, the tetracycline (TET) is widely used for the treatment of 

infectious diseases in fodder animals. The extensive use of TET in dairy and animal 

industries has led to the accumulation of TET in milk and other food products (Zhou et al., 

2012). Meanwhile, the continuous occurrence and exposure of TET residues in food has also 

become a potential threat to the human health and environment. Indiscriminate use of TET 

may produce the TET contaminated milk and subsequently causes the liver damage, yellow 

coloration of teeth, allergic reaction and cross-contamination with ions (such as Ca
2+

) present 

in milk (Gan et al., 2014). Therefore, the TET contamination has become one of the most 
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Antibiotic

(TET)

Injected to

dairy animal

Contaminated milk

Toxic effect on human

noticeable contaminations in milk and milk based products, since the presence of minute 

amount of TET can trigger the potential hazards (Conzuelo et al., 2013) (Fig. 5.1). 

 

 

 

Figure 5.1: Toxicity effect of TET contamination on human health. 

It is evident from the literature that TET has not been used as growth promoters in dairy 

industries in EU since 1980’s but used in USA (Schwarz et al., 2001). It has now become 

important to develop a rapid, sensitive and specific method for TET analysis in milk and 

other food products. To safeguard and ensuring the food safety and human health, various 

regulations for TET have been mandated by the regulatory authorities (Table 5.1) (CAC joint 

FAO/WHO report 2003; FSSAI 2012; EU Regulation 2003). 

Table 5.1: Recommended MRLs for TET in milk and milk based products 

TET 
MRLs 

EU USFDA FSSAI CODEX 

Milk and milk 

products 
100 µg kg

-1
 100-300 µg kg

-1
 100 µg kg

-1
 200 µg kg

-1
 

 

5.1.2 State of art for TET analysis in milk 

Since the identification of TET residue presence in milk samples, there has been lots of 

efforts to develop an analytical tool for detection of TET in milk/ milk based products. The 

commonly employed techniques reported for the detection of TET are HPLC (Ng and Linder, 

2003), HPLC coupled with fluorescence detector (HPLC-FD) (Mesgari Abbasi et al., 2011), 
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capillary electrophoresis (Ibarra et al., 2011), liquid chromatography coupled with mass 

spectroscopy (LC-MS) (De Ruyck and De Ridder, 2007; Berendsen et al., 2013) and high-

performance thin-layer chromatography–fluorescence detection and electrospray ionization 

mass spectrometry (HPTLC-FLD-ESI/MS) (Chen and Schwack, 2013) and polymer based 

fluorescent methods using transition metals (Tan et al., 2013). These reported methods suffer 

with the drawbacks of time-consuming process, large and expensive bench-top because they 

are often performed in conjunction with separating techniques, that lacks the specificity and 

always need a certified reference standards. Recently, the ELISA techniques and 

immunological methods due to the high sensitivity of antibody against their targets have been 

reported for TET detection (Conzuelo et al., 2013; Chen et al., 2016). The immunological 

methods are sensitive but their specificity is limited due to the potential cross-reactivity of 

interferents with structural similarities, which lead to the false positive results (Aga et al., 

2005). These methods are commonly employed as screening tests. Moreover, the preparation 

processes of monoclonal antibody are rather complicated and nonspecific conjugation of 

antibody with appropriate labels often results in a low productivity of labelled-antibody. 

Currently, the looking for alternatives methods for label free and real time monitoring of TET 

residual presence in milk sample is on high demand. 

5.1.3 Aptasensors for TET determination 

Comparing to traditional immunological and chemical recognition molecules, aptamers 

provides high affinity, specificity and versatility in detection methods. Numerous aptasensors 

have been recently reported for the determination of TET in milk samples as summarized in 

Table 5.2. The mass based or gravimetric sensors (quartz crystal microbalance i.e. QCM) 

allow the detection of target molecule in complex matrix at quite a low level, which makes 

them suitable for various applications and industries. Owing to its simplicity, real time 

binding response and convenience, QCM has been increasingly explored for detection of 

antibiotic residues and other food contaminants (Karaseva and Ermolaeva, 2012; Melikhova 

et al., 2006; Karaseva and Ermolaeva, 2014). QCM has the advantages of minimal electrical 

requirements, diversity for adaptability to microfluidic techniques, integrity with flow cell, 

and label-free detection. One of such testimony is electrochemical quartz crystal nanobalance 

(EQCN) employed for detection of streptomycin (SRT) in milk using flow injection analysis 

(Mishra et al., 2015). The QCM biosensor integrated with flow injection analysis (µFIA-

QCM) system has the advantages in terms of reproducibility, speed of analysis, control of 
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contact time, label-free measurements and concentration profiling in kinetic studies 

(Malitesta et al., 2012). 

Table 5.2: Summary of reported aptasensors for detection of TET in the milk samples 

S. 

No. 

Method Dynamic range LOD Ref. 

1. Electrochemical 

aptasensor (CV) 

0.1-100 ng mL
-1

 1.0 ng mL
-1

 Zhang et 

al., 2010 

2. Label free 

aptasensor 

(DPV) 

44.4 ng mL
-1

-222.2 µg mL
-1

 2.22 µg mL
-1

 Zhou et 

al., 2012 

3. Optical 

(ELAA) 

14.044 µg mL
-1

-140 mg mL
-1

 0.210  ng mL
-1

 Jeong and 

Paeng  et 

al., 2012 

4. Label free 

aptasensor 

(EIS) 

5.0-5000 ng mL
-1

 1.0 ng mL
-1

 Chen et 

al., 2014 

5. Electrochemical 

aptasensor 

(DPV) 

44.4 ng mL
-1

-0.44 mg mL
-1

 1.866 ng mL
-1 Guo et 

al., 2015 

6. Electrochemical 

aptasensor 

(EIS) 

10-3000 ng mL
-1

 10 ng mL
-1

 Thi Hanh 

et al., 

2016 

7. Electrochemical 

(CV) 

666.6 ng mL
-1

-2.2 mg mL
-1

 325.86 ng mL
-1

 Taghdisi 

et al., 

2016 

8. µFIA-EQCN 

(First report) 

1.562-2000 ng mL
-1

 0.531 ng mL
-1

 This 

work 

  

5.1.4 Flow injection analysis (µFIA) 

Since the development of µFIA in mid-70s, the µFIA mode has proven itself as a powerful 

analytical technique in development of biosensing platforms (Hansen, 1996). In µFIA, an 

injection of liquid sample into a moving and non-segmented continuous carrier stream is 
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carried out. The injected sample forming a zone is transported toward detector that 

continuously measures the change in signal resulting from the interaction between analyte 

and ligand molecules (Fig. 5.2). In principle, the µFIA working is based on three different 

processes: firstly, the injection of metered sample volume then the reproducible and precise 

timing of sample injection and last the measurement of continuous transit signal at detector 

(Hansen et al., 2009). Existing literature suggests that until now, there is no such literature 

reported for TET detection using µFIA-EQCN. In the present work, we have designed an 

EQCN aptasensor integrated with customized designed of flow cell (µFIA-EQCN) for TET 

detection. This integration allows the on-line and real time monitoring of the binding 

interaction corresponds to the various TET concentrations.  

Figure 5.2: Flow diagram for the development of µFIA-EQCN biosensor. 

5.1.5 Working principle of EQCN 

The working principle of QCM detection is based on the change in frequency of the AT-cut 

quartz crystal sandwiched between two metal electrodes. The quantitative relationship 

between the change in vibrational frequency of crystal and mass changes at the crystal 

surface can be quantified by well-known Sauerbrey equation (Sauerbrey, 1959). 

   
      

 

      
 

Where, ∆f is frequency change (Hz), ∆m is the mass change (gm) on the sensor surface, f0 is 

the fundamental frequency (Hz), A is the electrode surface area, and ρq and μq are the density 

(cm
3
) and the shear modulus (gm cm

-1
s

-2
) of the QCM sensor, respectively. 

(5.1) 
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The EQCN is a measurement system designed to monitor the extremely minute variation in 

the mass of a working electrode attached to a vibrating single gold coated quartz crystal. Thin 

wafers cut from a quartz crystal at a specific orientation (35°15’ angle) with precise thickness 

(0.166 mm) oscillating at a characteristic fundamental frequency of 10 MHz were used. Here, 

the working electrode (gold electrode) was a thin metal film evaporated on one side of a 

quartz crystal wafer and sealed to the side opening in an electrochemical cell. A minute 

change in the mass attached to the working electrode results in the change of the vibrational 

frequency of quartz crystal. This change in frequency of the working quartz crystal is 

measured and compared with the vibrational frequency of the standard reference quartz 

crystal (with same fundamental frequency 10 MHz). Therefore, the frequency measurements 

are differential, i.e. the frequency of the reference quartz crystal is subtracted from the 

frequency of the working quartz crystal. Using a frequency-to-voltage converter, the obtained 

change in frequency is converted to an analog voltage and measured by a 16-bit analog-to-

digital converter (ADC). The frequency shift is corresponds to the mass change (Δm) of the 

working electrode. The EQCN experiments were completely computer controlled with the 

data logger DAQ-716 integrated with real-time VOLTSCAN data acquisition and control 

system (based on a 16-bit D/A converter and 16-bit A/D converters). In built Voltascan 5.0 

software was sued for all the data processing, graphing, and spreadsheet reporting. In the 

present EQCN 700 system, the resonant frequency of the gold crystal was 10MHz (10 x 106 

Hz) and calculated change of 1 Hz equals to 1.1040 ng of mass change. For results and 

analysis, the frequency change (Δf) was converted to the mass change (Δm) using following 

equation: 

        
                

   
                 (5.2) 

Where, Δm = mass Change (gm); Δf = resonant frequency change (Hz); A = piezoelectric 

active surface for reaction (0.25 cm
2
); µq = AT-cut quartz constant (2.947x1011 gm cm

-1
 s

-2
); 

ρq = quartz crystal density (2.65g cm
3
); fq = Reference or Resonant Frequency (Hz) 

5.1.6 Research gap identified 

The existing literature and prevalence of TET residual contamination revealed that there is an 

immense need to develop a sensitive and label-free method for on-line monitoring of TET 

contamination. To the best of our knowledge, there is no literature reported on µFIA-EQCN 

system for detection of TET in milk sample. 



Chapter 5: µFIA-EQCN aptasensor for tetracycline detection  

 

137 
 

5.1.7 Objective 

The objective of present work was to develop a label-free and real time aptasensor for TET 

analysis in untreated raw milk sample using µFIA integrated EQCN aptasensing platform. 

5.2. Experimental section 

5.2.1 Biochemicals and reagents 

The tetracycline aptamer ATW0031 was purchased from Base Pair Biotechnologies 

(Pearland, Texas, USA). The functionally modified nucleotide sequence (40 bases) of ssDNA 

TET-aptamer attached with 10T linker was prepared and purified by Base Pair 

Biotechnologies and was used after pre-treatment. Tetracycline ELISA kit was procured from 

Biooscientific Austin, Texas, USA. All the analytical grade reagents Tris-HCl buffer, 

ethylenediaminetetraacetic acid, potassium dihydrogen phosphate, disodium hydrogen 

phosphate, sodium chloride, potassium chloride, magnesium chloride, N-hydroxysuccinimide 

(NHS), N-(3-dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride (EDC) and 

ethanolamine were procured from Merck kGaA (Darmstadt, Germany). Tetracycline 

hydrochloride as reference standard was purchased from Sigma Aldrich (USA). For 

specificity, the oxytetracycline, minocycline and doxycycline were also purchased from MP 

Biomedicals (Illkirch, France). The deionized Milli-Q water obtained from (Millipore, 

Bedford, MA, USA) was used for reagent preparation. For real sample analysis, the milk 

samples were procured from the local market of Goa, India. 

5.2.2 Instrumentation 

The EQCN-700 system integrated with microfluidic flow cell model FC-6 (Elchema, 

Potsdam, New York, USA) was used for the construction of µFIA aptasensor for TET 

determination. A gold quartz crystal (10 MHz, AT cut) connected to the frequency-measuring 

unit, which contains a reference quartz crystal with the same frequency range as measuring 

crystal. An automated tubing pump (ISMATEC, Germany) was connected to a 6 port 

injection valve (Rheodyne, USA) to the flow-cell. The quartz crystal mounted flow cell was 

placed in a faraday cage to shield the crystal environment from the external electromagnetic 

sources. The output from the oscillator was measured by the frequency unit, which calculated 

the mass by using a conversion factor (1 Hz equivalent to 1.104 ng). A personal computer 

controlled the data acquisition. The sequential step of experimental setup used for the µFIA 

aptasensor measurements has been shown in Fig. 5.2. Fourier Transform Infrared (FT-IR) 
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spectroscopy measurement was performed for surface characterization of aptasensor at 

various steps. The vibrational spectra were recorded using IR Affinity-1 attached with 

attenuated total reflectance (ATR) at Specac Diamond ATR AQUA (SHIMADZU, Japan). 

Spectrums were recorded with 128 scans at 64 cm
-1

 resolution collected under vacuum 

conditions. Surface topography was studied using AFM measurements at multimode 

scanning probe microscope system operated in tapping (semicontact) mode using NTEGRA 

Prima (NT-MDT, Zelenograd, Moscow, Russia). The scanning electron micrograph of 

fabricated aptasensor was recorded on scanning electron microscope (SEM XL 30 

FEI/Philips, Philips Electronics Co., Netherlands) for various steps.  

5.2.3 Solution preparation 

5.2.3.1 Preparation of buffers 

Tris-HCl EDTA buffer was prepared by dissolving an appropriate amount of Tris-HCl (315.2 

mg, 10 mM) and EDTA (7.45 mg, 0.1 mM) in membrane filter (0.2 µM) deionized water 

(RO water). The pH of buffer was adjusted to pH 7.5 before use. The phosphate binding 

buffer (PBB, 10 mM) was prepared by dissolving appropriate amount of Na2HPO4 and 

KH2PO4 containing 137 mM NaCl, 2.7 mM KCl and 1.0 mM MgCl2 in membrane filtered 

deionized water (RO water). HEPES binding buffer (HBB, 10 mM) containing 1.35 mM 

KCl, 5 mM MgCl2 and 60 mM NaCl was prepared in the membrane filtered deionized water 

(RO water). The pH of the binding buffers was adjusted to 7.4 before use and stored at 4 °C 

when not in use. 

5.2.3.2 Preparation of TET standards 

TET standards were prepared by dissolving a known amount of TET in HBB and 

subsequently diluted to meet the requirement of calibration curve (1.56-2000 ng mL
-1

) and 

regulatory standards. All the solutions were freshly prepared before the experiment and 

stored at 4 °C when not in use. 

5.2.3.3 Aptamer preparation 

For preparation of aptamer stock and working standard solutions, the protocol provided by 

Base Pair Technologies (Taxes, USA) was used. In brief, the ssDNA anti-TET aptamer stock 

solution was prepared by dissolving the lyophilized powder in Tris-EDTA buffer (10 mM). 

Then subsequent dilution was prepared in the binding buffer in the range 0.125-2.0 µM anti-
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TET aptamer. Each aptamer concentration was treated on Light cycler 96 for unwinding of 

aptamer structure (RT-PCR, Roche Diagnostics, Mannhelm, Germany). The following 

temperature profile was used for aptamer denaturation: heating at 90 °C for 5 min to initial 

denaturation step, followed by a structure maintain step at 4 °C for 5 min and room 

temperature for 15 min. 

5.2.3.4 Matrix matching 

The raw milk sample (1.5 % fat content) was purchased from the local market of Goa, India. 

The presence of fat content in milk may led to clogging of microfluidic channels and thus 

decrease the aptasensor performance. Whereas, the complex matrix treatment effect such as 

dissolving fat by acid treatment (trichloroacetic acid or ammonia solution) could disturb the 

matrix composition. Therefore, a simple method was optimized to address the matrix effect. 

In brief, the raw milk samples were centrifuged at 10000 rpm for 20 min at RT. Supernatant 

was filtered and spiked with known concentration of TET (600 ng mL
-1

) and diluted further 

with unspiked milk samples and analyzed with the aptasensors. 

5.2.4 Methodology for aptasensor construction 

ssDNA anti-TET aptamer, which consists of a central region of 40 nucleotides flanked by 10-

T linker and amine group at 3ʹ end was used for designing the aptasensing platform. The 

ssDNA anti-TET aptamer was uniformly immobilized on gold coated quartz crystal surface 

that was used as transducer (Fig. 5.3). The surface of gold quartz crystal was prior cleaned 

with acid piranha (H2O2:H2SO4 in 1:3) solution. The gold quartz crystal surface was 

functionally modified using cross-coupling chemistry with 11-mercaptoundecanoic acid (11-

MUA, 4 mM), cysteamenium (10 mM) and 4-aminothiophenol (4-ATP, 4 mM) until the 

cross-linker exhibiting maximum binding was achieved. After optimization, each gold coated 

quartz crystal was incubated with 100 µL of 11-MUA as cross-linkers for 8 hr at RT under 

reduced pressure (Step-1). Afterward, crystal surface was washed with ethanol and copious 

amount of membrane filtered RO water to remove unbound fraction and dried under nitrogen 

environment. End-group activation of 11-MUA modified quartz gold surface was performed 

using EDC:NHS coupling chemistry by incubating SAMs modified crystal with EDC:NHS 

(3:1 ratio) for 1 h at RT under humid environment (Step-2). Activated crystal surface was 

washed with copious amount of membrane filtered water and binding buffer. Finally (Step-3), 

thiolated gold coated quartz crystal was incubated with 40 µL of 1 µM anti-TET aptamer 

solution in HBB (10 mM, pH 7.4) for 4 h under humid environment at RT (until the aptamer 
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concentration for maximum binding was optimized). The aptamer immobilized crystal was 

immersed in 0.01% v/v solution of tween 20 for 15 min and subsequently washed with the 

HBB and mounted on the flow cell to use in µFIA mode. 

 

Figure 5.3: Schematic for fabrication of µFIA-EQCN TET-aptasensor for TET analysis. 

5.2.5 Design of flow cell (microfluidic system) 

The ssDNA anti-TET aptamer immobilized on gold coated quartz crystal was placed in the 

plexiglass flow cell, which is sandwiched between flow cell and the blue O-ring (Fig. 5.4). 

Here, the upper electrode surface in contact with the liquid (flowing through the microfluidic 

cell) and the lower electrode in the air were connected through the microfluidic inlet and 

outlet channel and connected to electronic circuit via electrode. The diameter of quartz crystal 

was 14 mm, whereas the diameter of working electrode (gold surface) was 5 mm and a 

volume capacity of 50 µL (Ø = 8 mm and height =1 mm). The automated pump was 

connected to the system providing the less pressure exerted on the crystal surface. Various 

samples were filled in the 6-port injection valve and injected to the flow cell through carrier 

buffer using a sample loop (100 µL). Samples were passed through flow cell at a flow rate of 

0.1 mL min
-1

 and real time binding response was recorded until the equilibrium attained. 

. 
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Figure 5.4: Design of microfluidic platform of µFIA-EQCN aptasensor. 

5.2.6 Binding assay of anti-TET aptamer 

The mass binding kinetic studies were performed in flow mode (Fig 5.5). The ssDNA anti-

TET aptamer pretreated in HBB (10 mM, pH 7.4 at 25 °C) as previously described (section 

5.2.3.3). Then 50 µL of aptamer solution was incubated on the SAMs modified gold quartz 

 

 

 

 

 

 

 

 

Figure 5.5: A real time sensogram of µFIA-EQCN aptasensor for binding and regeneration 

of TET on aptasensor surface in binding buffer (10 mM, pH 7.0). 
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crystal for 4 h at RT under humid environment. The anti-TET aptamer concentrations from 

1.56-200 µM were immobilized on modified crystal surface. TET stock standard solution was 

dialyzed against HBB and injected passed over µFIA-EQCN TET aptasensor. The change in 

mass (Δ ng) for each aptamer concentration was recorded and plotted. The reusability of 

TET-aptasensor was also determined by regenerating the surface with 4% w/v glycine buffer 

(regeneration buffer) in flow. Then the apparent equilibrium dissociation constant (Kd) value 

were calculated as the ratio of Kdiss/Kass using software Sigma Plot 13.0 (License version) and 

equilibrium mass binding signal at a function of analyte concentrations. 

5.3 Result and discussions 

5.3.1 Kinetics parameters for binding assay 

It was evident from Fig. 5.5, that the binding of TET to the immobilized anti-TET aptamer 

was initially faster and then slowed down and attained equilibrium. Dissociation of bound 

TET was rapid in presence of regeneration buffer. The apparent Kd was calculated by 

applying the nonlinear fitting to the expression y = Vmax + x/(Kd + x), where Vmax is the 

maximum binding capacity of the surface and x is the analyte concentration, using Sigma 

Plot 13.0 software. The calculated Kd value was found to be 3.030 ± 0.5333 µM and Vmax was 

0.1496 ± 0.0048 mass change for the interaction of anti-TET aptamer and TET molecule. 

 

 

 

 

 

 

 

 

Figure 5.6: Binding affinity curves obtained using mass binding of TET (25 ng mL
-1

) with 

various concentrations of ssDNA anti-TET aptamer. 
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11-MUA

0.0919 ±

0.0029
91.9 ± 2.9

Cysteamenium

0.0729 ±

0.0023
72.9 ± 2.3

4-ATP

0.0095 ±

0.0010
9.50 ± 1.0

5.3.2 Optimization of experimental parameters 

5.3.2.1 Influence of self assembled monolayer’s (SAMs) 

To develop a protocol for producing a stable self assembled monolayer’s (SAMs) on gold 

coated quartz crystal surface to immobilize ssDNA anti-TET aptamer was significantly 

important. The generation of thiol SAMs on metal surface provides a stable, robust and 

reproducible method, where the control over the orientation and distribution pattern is 

possible. For SAMs, various thiols with varying chain length (C3, C6 and C11) and structure 

(linear and aromatic) were employed for immobilization of ssDNA anti-TET aptamer. 

Different protocol were tested and optimized for SAMs formation of cysteamenium (C-3), 

11-MUA (C-11) and 4-ATP (aromatic, C-6) over gold crystal surface to impart an uniform 

surface coverage with minimum roughness and used further. From Fig. 5.7, ssDNA anti-TET 

aptamer immobilized over 11-MUA modified SAMs over gold quartz crystal showed the 

maximum mass change (Δm) of 91.9 ± 2.9 pg at 25 ng mL
-1 

TET against cysteamenium (72.9 

± 2.3 pg) and 4-ATP (9.5 ± 1.0 pg). Inset (Fig. 5.7) showed the real time binding response of 

aptamer immobilized gold quartz crystal surface utilizing various thiols and the 

corresponding mass change responses in table, illustrating their chemical structure. Maximum 

binding response with 11-MUA could be attributed to the high affinity of terminal thiol 

towards gold surface, which improves the orientation of SAMs layer due to the presence of  

 

 

 

Figure 5.7: Optimization of binding response of aptasensor using different SAMs over gold 

surface curve at fixed concentration of TET (25 ng mL
-1

) in binding buffer (10 mM, pH 7.0). 

Inset showing the real time binding response for each SAMs. 
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long chain of alkane thiol (number of methylene groups ˃ 10) (Porter et al., 1987). In 

addition to the tail functionality, the chain length is an important factor in determining the 

properties of the SAMs. Thiol with small functional group (such as amine, carboxyl) with 

longer alkyl chain consistently form more ordered and aligned SAMs than those formed from 

shorter chain length. 11-MUA SAMs response was found to be optimal over other thiol. 

5.3.2.2 Influence of aptamer concentration 

Sensitivity of an aptasensor platform is dependent of the aptamer density on sensing surface 

and plays a key role in establishment of aptasensor performance. To investigate the effect of 

aptamer concentration on sensor performance, various working dilutions of ssDNA anti-TET 

aptamer in the range 0.125-2.0 µM was prepared and individually immobilized over 11-MUA 

modified gold quartz crystal surface and mounted in flow cell. With optimal control over the 

SAMs, the change in mass response was increased with increased concentration of aptamer 

immobilized from 0.125-1.0 µM ssDNA anti-TET aptamer for fixed concentration of TET 

(Fig. 5.8). No further increased in mass change was observed with increased in aptamer 

concentration (Inset Fig. 5.8). Maximum mass change 92.3 ± 0.85 pg at 1.0 µM ssDNA anti-

TET aptamer was calculated and found to be maximum with optimal condition of SAMs. It is 

clear that concentration higher than 1.0 µM aptamer reached equilibrium and showed 

decrease response. The lower binding against TET analyte at higher aptamer concentration 

 

 

 

 

 

 

 

 

Figure 5.8: Binding response for ssDNA anti-TET aptamer (0.125-2.0 µM) in HBB (10 mM, 

pH 7.4) at 25 ng mL
-1

 TET. Inset showing mass change for different aptamer concentration. 
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was attributed to the fact that too high concentration of aptamer on transducer surface (or 

density of probe) might alter the binding interaction due to the increased steric hindrance 

between immobilized aptamer molecules (White et al., 2008). This impedes the recognition 

mechanism and formation of G-quadruplex complex formation between ssDNA anti-TET 

aptamer and TET molecules. Moreover, the optimized concentration of ssDNA anti-TET 

aptamer (1.0 µM) provided the flexibility to construct a calibration curve with broad dynamic 

range, whereas response calculated from lower aptamer concentrations (< 36 pg) were not 

enough due to the less change in mass for a fixed concentration of TET (25 ng mL
-1

). 

5.3.2.3 Influence of buffer, ionic strength, pH and flow rate 

Influence of various experimental variables such as buffer, ionic strength, pH and flow rate, 

which could significantly affect the µFIA-EQCN aptasensor were optimized. Measurements 

were carried out in different buffer (PBB and HBB), ionic strength (1, 5, 10, 25, 50 and 100 

mM), pH (6.8, 7.2, 7.4, 7.8 and 8.2) and flow rate (0.01, 0.05, 0.1, 0.5 and 1.0 mL min
-1

) 

(Fig. 5.9). It is evident from Fig. 5.9(a) that the maximum binding was obtained in HBB at 

Figure 5.9: Optimization of various experimental variables (a) buffer; (b) ionic strength; (c) 

pH; (d) flow rate on binding performance of anti-TET aptamer to TET (25 ng mL
-1

). 
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25 ng mL
-1 

TET. Similarly, the ionic strength of binding buffer was also optimized. The 

presence of excess salt concentration hinders the interaction between anti-TET aptamer and 

TET molecules. This could be due to the presence of Na
+
 ion, which alters the binding 

mechanism of anti-TET aptamer (Hianik et al., 2007). Maximum mass change (Δm) was 

observed in 10 mM HBB for anti-TET aptamer and TET (Fig. 5.9b). The change in working 

pH has the significant effect on the structural integrity of aptamer and surface charge (Miodik 

et al., 2015). Therefore, the effect of HBB (10 mM) on binding of anti-TET aptamer binding 

with TET was studied with varying pH 6.8, 7.2, 7.4, 7.8 and 8.2 conditions. The TET induced 

specific binding interaction between anti-TET aptamer and TET (25 ng mL
-1

) resulted in 

positive mass change at each pH, moreover the highest binding was obtained at pH 7.4 (Fig. 

5.9c). In µFIA mode, the optimization of flow rate of system is highly important because the 

little turbulence/ holding of fluid over the crystal surface for long time might cause the error 

in measurement. The µFIA-EQCN TET aptasensor showed the maximum binding at flow 

rate of 0.1 mL min
-1

 (Fig. 5.9d). The reason was attributed to the flow, that 0.1 mL min
-1

 flow 

rate provided the sufficient contact tine for binding of anti-TET aptamer and TET molecule. 

Thus, the further experimentation was performed on the optimized parameters. 

5.3.3 Characterization of TET-aptasensor on transducer surface 

5.3.3.1 Attenuated total reflection FT-IR (ATR-FTIR) 

ATR-FTIR spectroscopy is a convenient non-destructive technique can be employed to 

characterize the immobilization of biomolecule on gold surface (Di Giambattista et al., 2011). 

Vibrational spectra of the bare. 11-MUA modified aptasensor and aptasensor incubated with 

TET have been shown in Figure (Fig. 5.10). It was observed that the bare gold crystal surface 

did not produce any significant features of vibration bands in the spectrum (Fig. 5.10a). The 

spectrum of 11-MUA treated gold crystal surface showed the presence of broad region from 

3523-2700 cm
-1

 (νs) with an out of plane (oop) bending at 936 cm
-1

 confirms the presence of -

COOH group of 11-MUA (Fig. 5.10a). The -C-H stretching vibrational band was observed at 

2921 cm
-1

. The appearance of two vibrational bands at 1698 and 1641 cm
-1

 was associated to 

the carbonyl (-C=O) group of acid. Additionally, one -CH deformation (νd, scissoring) was 

found to be at 1446 cm
-1

. Other characteristics vibrational bands of long chain methylene 

group were observed at 683, 625, 528 cm
-1

 (Pavia et al., 2005). After immobilization of 3-

amine modified anti-TET aptamer on 11-MUA modified crystal, the vibrational bands 

corresponding to the functional group of nucleic acid were observed as depicted in Fig. 5.10b  
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(Andrushchenko et al., 2007). The asymmetric (νa) and symmetric (νs) vibrational bands 

arising from -NH2 group present in the 3-amine modified anti-TET aptamer and nitrogen base 

of aptamer sequence were buried in the broad band centered at 3488-3471 cm
-1

. The bands at 

2928 and 2862 cm
-1

 were assigned to the asymmetric and symmetric vibrations of -CH of -

CH2 groups present in the sugar phosphate backbone. The -NH2 bending (νd) was observed at 

1652 cm
-1

 with associated peak of C=C at 1636 cm
-1

. The band localized at 1296 cm
-1 

was 

due to base sugar moieties. The appearance of two additional bands at 1109 and 991 cm
-1

 was 

attributed P-O stretching (νs) vibration of phosphate backbone present (P-O-C groups). The 

presence of two additional bands at 683 and 644 cm
-1

 corresponds to the methylene long 

chain of 11-MUA confirms the successful immobilization of anti-TET aptamer over 11-MUA 

modified surface. On incubation with TET molecule (Fig. 5.10c), two new bands at 3443 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: FT-IR spectra of (a) bare and 11-MUA modified gold surface; (b) ssDNA anti-

TET aptamer immobilized over modified gold surface; (c) ssDNA anti-TET aptamer 

incubated with TET in ATR mode with 128 scans at 64 cm
-1

 resolution under vacuum. 
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and 3417 cm
-1 

corresponding to the binding of TET to anti-TET aptamer. The observed 

vibrational bands at 1658 and 1649 cm
-1 

were due to the amide of nucleic acid and amide 

present in tetracycline ring. The vibrational bands at 1541 cm
-1 

corresponds to C-H bending 

of ring -CH2 group of TET and 1049 cm
-1 

corresponds to the C-O-C. These results strongly 

suggested and confirmed the binding of TET molecule to anti-TET aptamer. 

5.3.3.2 Surface topography (using AFM analysis) 

Upon surface modification, the fundamental frequency of crystal surface is not atomically 

same and changes with each modification step, which has direct correlation with the surface 

roughness (Kim and Jerkiewicz, 2017). Therefore, the surface roughness analysis was 

performed for each step of modification and analyzed. Herein, we considered the average 

roughness (Ra), root mean square roughness (Rq) and fractal surface (Rku) parameters for 

comparative studies. The AFM monograph (Fig. 5.11a, 3D micrograph) showed the typical 

characteristic of bare gold surface with spherical particle in closely packed pattern (Rojas et 

al., 2008). The calculated value of parameters were found to be Ra (1.192 nm), Rq (1.532 nm) 

and Rku (1.136 nm) (Fig. 5.11b). They are the characteristic of clean surface and reveal the 

usual features of smooth surface. Since, the 11-MUA (SAMs) possess a long chain of 

methylene group, which can provide the van der Waals attractive forces that results in 

uniform surface coverage with minimum roughness (Choi et al., 2001). Compare to the bare 

surface, 11-MUA coupled gold surface showed a well uniform surface coverage with an 

average height of Ra (2.228 nm) and Rq (2.394 nm) (Fig. 5.11) which is almost double the 

bare value. An increase in fractal value from 1.136 (bare surface) to 1.686 (11-MUA 

modified) suggests the successful SAMs formation on gold surface (Fig 5.11e). The 

histograms obtained for bare quartz crystal surface and 11-MUA modified surface have been 

depicted in Fig. 5.11 (c) and 5.11 (f). Upon immobilization of anti-TET aptamer, a fairly well 

organized array could be observed (Fig. 5.12a). The increased in Ra value from 2.228 nm to 

22.66 nm and Rq value from 2.394 nm to 25.73 nm with decrease in fractal value can be seen 

upon aptamer immobilization (Fig. 5.12b). It could be clearly observed that the increase in 

peak height and spike planer surface covering the plane of 11-MUA coupled gold surface 

strongly suggested the covalent immobilization of anti-TET aptamer (amine modified with 

linker) immobilization (Fig. 5.12a and 5.12c). After incubation with TET (25 ng mL
-1

), the 

surface topography was again expected to be changed that can be attributed to the formation 

of G-quadruplex anti-TET aptamer-TET complex, resulting in decrease in average height 

(Fig. 5.12d). The mean average height and root mean square roughness were further 
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(a) (d)

Parameter Value

Ra (nm) 1.192

Rq (nm) 1.532

Rpv (nm) 13.64

Rz (nm) 7.114

Rsk (nm) -0.472

Rku (nm) 1.136

(b)

Parameter Value

Ra (nm) 2.228

Rq (nm) 2.394

Rpv (nm) 7.869

Rz (nm) 4.270

Rsk (nm) 0.053

Rku (nm) 1.686

(e)

(c) (f)

decreased with an increase in fractal value of surface to 3.356 nm, this confirm the binding of 

TET on aptasensor surface (Fig. 5.12e). 

 

 

 

 

 

 

 

 

 

Figure 5.11: AFM micrographs of (a) bare gold quartz crystal surface (3D) micrograph; (b) 

different surface parameters calculated for bare quartz crystal; (c) histogram of bare gold 

quartz crystal surface; (d) 11-MUA modified gold quartz crystal surface (3D) micrograph; (e) 

different surface parameters calculated for 11-MUA modified gold quartz crystal surface (f) 

histogram of 11-MUA modified gold quartz crystal surface. 
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(a) (d)

Parameter Value

Ra (nm) 22.66

Rq (nm) 25.73

Rpv (nm) 83.65

Rz (nm) 42.02

Rsk (nm) -0.152

Rku (nm) -1.356

(b)

Parameter Value

Ra (nm) 15.37

Rq (nm) 14.73

Rpv (nm) 63.65

Rz (nm) 22.02

Rsk (nm) -0.032

Rku (nm) 3.356

(e)

(c) (f)

 

 

 

 

 

 

 

 

Figure 5.12: AFM micrographs of (a) anti-TET aptamer immobilized on 11-MUA modified 

gold quartz crystal surface (3D) micrograph; (b) different surface parameters calculated for 

11-MUA coupled gold quartz crystal surface; (c) histogram of anti-TET aptamer immobilized 

on 11-MUA coupled gold quartz crystal surface; (d) anti-TET aptasensor incubated with TET 

(25 ng mL
-1

) (3D) micrograph; (e) different surface parameters calculated for anti-TET 

aptasensor incubated with TET (25 ng mL
-1

); (f) histogram of anti-TET aptasensor incubated 

with TET (25 ng mL
-1

). 
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5.3.3.3 SEM analysis 

The surface morphology of developed aptasensor for TET detection was also studied by SEM 

analysis at three different stages i.e. bare gold surface, 11-MUA modified gold surface and 

anti-TET aptamer immobilized on 11-MUA modified gold surface. The bare surface of gold 

quartz crystal showed a typical characteristic features of gold surface (Rojas et al., 2008) 

(Fig. 5.13a), which was in good agreement with the AFM monographs for bare gold surface 

(Fig. 5.11a). The surface modification using 11-MUA coupling mechanism resulted in the 

uniform pattern with the decrease in roughness over the bare surface (Fig. 5.13b). This 

improves the surface properties for bare surface and further immobilization of anti-TET 

aptamer over 11-MUA modified bare surface. After the immobilization of anti-TET aptamer 

on 11-MUA modified gold surface, a uniform surface coverage can be seen (Fig. 5.13c). The 

observed results strongly suggested the successful modification of bare gold surface and 

immobilization of anti-TET aptamer. 
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(a)

(b)

(c)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Scanning electron micrographs of (a) bare gold quartz crystal surface at scale of 

1.0 µm; (b) 11-MUA coupled (SAMs formation) on the surface of bare gold quartz crystal 

surface; (c) anti-TET aptamer immobilized on 11-MUA coupled gold surface. 
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5.3.4 Aptasensor performance for detection of TET (calibration curve) 

Post optimization and characterization, aptasensor response to TET binding at various 

concentrations were recorded to construct the calibration curve. The devised TET-aptasensor 

was mounted on Plexiglas flow cell and degassed buffer (HBB, 10 mM, pH 7.4) was passed 

till the stable baseline achieved. Binding interactions between TET and TET-aptasensor on 

transducer surface were followed by a change in mass due to the formation of anti-TET 

aptamer-G-quadruplex complex between TET and ssDNA anti-TET aptamer. This change 

offers an additional mass over transducer surface resulting decrease in vibrational frequency 

of aptamer immobilized gold quartz crystal mounted in flow cell, which corresponds to the 

various TET concentrations. The freshly prepared TET standard (1.562-2000 ng mL
-1

) in 

HBB (10 mM, pH 7.4) were injected into the µFIA-EQCN system, starting from the lower to 

higher concentrations. Signal response respective to the TET concentrations were recorded 

using the data acquisition system (Voltascan 5 software) and further plotted as mass change 

(Δm) vs TET concentrations (Fig. 5.14). The data obtained from the Voltascan 5 software 

was further treated with OriginPro 8.1 software and best fit data was plotted. In µFIA-EQCN 

TET-aptasensor, the obtained mass change (Δm) instead of change in frequency (Δf) was 

used for measurement due to the inbuilt conversion factor in the software of EQCN 700.  

 

 

 

 

 

 

 

 

 

Figure 5.14: Calibration graph for analysis of TET (1.5-2000 ng ml
-1

) in HBB (10 mM, pH 

7.4) at 0.1 ml min
-1

 flow arte. Inset showing the linear fit data for TET analysis in HBB. 
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In the presented µFIA-EQCN TET-aptasensor, the obtained mass change (Δm) instead of 

change in frequency (Δf) was used for measurement due to the inbuilt conversion factor in 

the software of EQCN700 system. The recorded Δm values were converted from ng to pg 

scale to impart more clarity in the calibration graph plotted. A dynamic response range 1.562-

2000 ng mL
-1

 with a linearity 1.562-50 ng mL
-1

 TET was obtained in HBB (Figure 6a). 

Calibration curve was fitted using the linear equation and the equation of line y = 2.027 x (ng 

mL
-1

) + 38.47 with, R
2
=0.9919 (n=3) was calculated. All the measurements were performed 

in triplicate measurements and the error bars represent the standard deviation of the 

measurements with % RSD = 3.03-5.16 (n=3), demonstrating the high accuracy of the 

aptasensor. Furthermore, for practical utility, the performance of developed aptasensor was 

evaluated in milk sample. A good dynamic detection range was obtained in milk from 1.562-

2000 ng mL
-1

 TET. Obtained data was fitted using linear equation and a line of equation of y 

= 2.094 x (ng mL
-1

) + 35.86 with a linearity of 1.562-50 ng mL
-1

 TET and R
2
 = 0.9889 (n=3) 

in milk (Figure 6b). The sensitivity of method in calibration curve was 2.027 ng mL
-1 

in HBB 

and 2.094 ng mL
-1 

in milk with an excellent limit of detection (LOD) 0.531 ng mL
-1 

(≈1.19 

nM TET) in milk compared to the reported method (Table 5.2). 

 

 

 

 

 

 

 

 

 

Figure 5.15: Calibration graph for analysis of TET in milk (spiked with 1.5-2000 ng ml
-1 

TET) at 0.1 ml min
-1

 flow arte. Inset showing the linear fit data for TET analysis in milk. 
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5.3.5 Specificity performance of µFIA-EQCN aptasensor 

Selectivity and specificity of the developed µFIA integrated TET aptasensor was verified 

against structural analogues and non-structural analogues at 25 ng mL
-1

. The cross reactants 

(OTC, DOXY, MINO and KANA) were selected based on the possibilities of their presence 

in milk sample, which might affect aptasensor performance. The specificity studies were 

carried in untreated milk sample (as discussed in section 5.2.3.4) against standard solution of 

each antibiotic as sample and unspiked milk sample as control. The anti-TET immobilized 

gold crystal surface was mounted in the flow cell and solution of each antibiotic was passed 

individually at a flow rate of 0.1 ml min
-1

. The OTC, MINO and DOXY showed the 

negligible response compared to TET (Fig. 5.16). Whereas, the non-structural analogue 

(KANA) showed no response (data not shown since no response obtained). The obtained 

responses of Δm (pg) were plotted as histogram response and found to be less than 10 % 

(n=3) of TET response (Table 5.3). The results obtained with OTC and DOXY could be due 

to structural analogues, which impart a mass on transducer surface. Moreover, the results 

demonstrate that there was no significant interference produced by any other non-targeted 

antibiotics. Thus, obtained response was virtually due to the interaction of TET with anti-

TET aptamer and confirms the remarkable specificity of aptamer sequence used for 

developing the µFIA-EQCN aptasensor for TET analysis in milk samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Cross-reactivity responses of developed µFIA-EQCN TET-aptasensor for 

different analogues at 25 ng mL
-1

 (n=3) in spiked milk samples. 
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Table 5.3: Cross-reactivity studies of TET against structural and non-structural analogues in 

milk sample 

 

5.3.6 Recovery studies for TET spiked milk samples 

The practical feasibility of developed µFIA-EQCN TET-aptasensor was evaluated further in 

commercial milk samples using standard spiking method. Matrix matching was performed 

before analysis of each sample. Initially, the milk samples were assumed to be free of TET 

residual presence. For analysis, a known amount of TET (300 ng mL
-1

) was added to the milk 

samples and further diluted with untreated milk samples in desired range, which were 

selected from linear range (1.562-50 ng mL
-1

) and dynamic range (100-300 ng mL
-1

) 

including MRLs i.e. 100-300 ng mL
-1

. Thus, based on the response signal (Δm) recorded 

from µFIA-EQCN aptasensor, recoveries were calculated and analyzed. The calculated 

recovery (%) obtained for TET spiked milk samples have been tabulated in Table 5.4. 

Recoveries were calculated 96.48-100.2 % from spiked TET milk samples with maximum % 

R.S.D. of 2.375 (n=6). The devised aptasensor showed a good % recovery, which indicated 

the potential application of the µFIA-EQCN aptasensor for the detection of TET residual in 

milk samples. 

 

 

 

Analyte 

Conc
n.

 

added 

[ng mL
-1

] 

Mass change 

(Δm, pg) 

Mean ± S.D. 

(n= 3 x 2) 

% 

R.S.D. 

Response (%) 

(Analyte/ TET 

response x 100) 

TET 25 94.39 ± 5.527 5.856 100.0 

OTC 25 9.198 ± 0.961 9.855 9.745 

MINO 25 2.243 ± 0.204 9.103 2.376 

DOXY 25 2.198 ± 0.214 9.718 0.226 

KANA 25 0.0 ± 0.020 0.0 0.0 
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Table 5.4: Recovery studies of TET spiked milk samples using µFIA-EQCN aptasensor 

 

5.3.7 Cross validation and comparison 

The performance of developed µFIA-EQCN aptasensor for TET analysis was cross validated 

with commercial TET-ELISA kit (Fig. 5.17a). The response signal (Δm) recorded from 

µFIA-EQCN TET-aptasensor were compared with the signal obtained from TET- ELISA kit 

experiments for each TET concentrations. The % recovery was calculated from both 

experiments and compared. The recoveries obtained from the µFIA-EQCN aptasensor 

ranging 97.43-102.6 % with % RSD 3.090-4.323 (n=6) was similar to the results obtained 

from the ELISA kit (96.90-102.5 %, % RSD 2.996-4.359, n=6). It is evident from Table 5.5 

that the results from both the methods were in good agreement in terms of sensitivity and 

reproducibility. A good correlation was obtained between both the method with a value of R
2
 

= 0.9962 (n=3) (Fig. 5.17b). The developed µFIA-EQCN TET-aptasensor was found to be 

reliable and precise as the commonly used ELISA kit and can be successfully employed for 

the detection of TET in milk samples for routine and continuous analysis in situations like 

milk processing plant. Thus, the developed µFIA-EQCN aptasensor was found to be reliable 

and precise as the commonly used ELISA method for TET detection. 

 

Recovery performance of aptasensor in spiked milk samples 

Milk 

sample 

TET added 

[ng mL
-1

] 

TET found 

[ng mL
-1

] 

Mean ± S.D. 

(n=3) 

% R.S.D. % 

Recovery  

R.E. 

% 

Milk-1 1.562 1.547 ± 0.032 2.068 99.03 -0.970 

Milk-2 12.50 12.06 ± 0.285 2.375 96.48 -4.000 

Milk-3 50.00 50.10 ± 0.748 1.494 100.2 0.120 

Milk-4 100.0 99.11 ± 1.225 1.381 99.30 -0.700 

Milk-5 200.0 195.8 ± 3.540 1.809 97.90 -2.100 

Milk-6 300.0 299.0 ± 2.578 0.081 99.66 -0.034 
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Figure 5.17: (a) Validation responses from µFIA-EQCN TET-aptasensor and commercial 

ELISA Kit of TET analysis (1.562-300 ng mL
-1

); (b) Correlation data between both 

techniques and inset showing the sample image in ELISA test (*ELISA TET standards 1.562-

300 ng mL
-1 

and 
#
Milk TET spiked sample 1.562-300 ng mL

-1
). 

Table 5.5: Recovery performance of µFIA-EQCN aptasensor and ELISA Kit for TET 

analysis 

Milk 

sample 

spiked with 

TET 

[ng mL
-1

] 

TET found 

[ng mL
-1

] 
% R.S.D. % Recovery 

µFIA-EQCN 

aptasensor 

(Mean ± S.D.) 

(n=6) 

ELISA Kit 

(Mean ± 

S.D.) 

(n=6) 

µFIA-

EQCN 

aptasensor 

 

ELISA 

Kit 

µFIA-

EQCN 

aptasensor 

ELISA 

Kit 

1.562 1.521 ± 0.06 1.531 ± 0.05 3.951 3.262 97.43 97.95 

12.50 12.56 ± 0.50 12.60 ± 0.38 3.980 3.022 100.5 100.8 

25.00 25.64 ± 1.03 25.63 ± 0.77 4.022 3.001 102.6 102.5 

50.00 49.51 ± 2.14 49.34 ± 1.54 4.323 3.123 99.02 98.68 

100.00 99.91 ± 3.09 96.90 ± 4.21 3.090 4.359 99.91 96.90 

200.00 201.2 ± 6.95 200.4 ± 6.01 3.451 2.996 100.6 100.2 

300.00 298.5 ± 12.61 298.9 ± 10.97 4.234 3.670 99.49 99.63 
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5.3.8 Precision and analytical performance of µFIA-EQCN aptasensor 

The precision of developed µFIA-EQCN aptasensor was investigated by intra and inter run 

analysis on the same modified gold quartz crystal immobilized with anti-TET aptamer (after 

regeneration) and diverse set of crystals, respectively. A known amount of TET concentration 

(25 ng mL
-1

) was spiked in untreated milk samples and successfully analyzed for aptasensor 

performance in four parallel experiments (n=4). Baseline signal was corrected before each 

analysis and ∆m values were calculated based on the response obtained. The µFIA-EQCN 

aptasensor showed a good reproducibility with standard deviation of 90.45 ± 3.80 and the 

calculated % R.S.D. (n=4) was 4.20 within the same crystal. Similarly, the inter-day precision 

performance was tested on diverse sets of immobilized crystals. For, interday precision, the 

% R.S.D. was calculated to be 1.60-3.69 (n=4). Precision analysis showed the good accuracy 

and reproducibility of aptasensor (Table 5.6). The storage stability of anti-TET aptamer 

immobilized crystals was also tested. The immobilized crystals were stored at 4 ºC for two 

weeks and used for measurements. The activity was retained until the two weeks for same 

concentration of TET providing no significant loss in mass binding response. The merit of 

figures for the developed µFIA-EQCN TET-aptasensor has been tabulated in Table 5.7. 

Table 5.6: Precision and reproducibility studies of µFIA-EQCN aptasensor for TET 

Intra-batch precision performance of µFIA-EQCN aptasensor for TET 

TET 

[ng mL
-1

] 

R1 

(Δm, pg) 

R2 

(Δm, pg) 

R3 

(Δm, pg) 

R4 

(Δm, pg) 

Mean ± S.D. 

(n=4) 
% RSD 

25 85.64 94.37 89.40 92.40 90.45 ± 3.80 4.20 

Inter-batch precision performance of µFIA-EQCN aptasensor for TET 

Crystals 
TET 

[ng mL
-1

] 

R1 

(Δm, pg) 

R2 

(Δm, pg) 

R3 

(Δm, pg) 

R4 

(Δm, pg) 

Mean ± S.D. 

(n=4) 

% 

RSD 

1. 25 84.64 92.37 90.40 89.60 89.25 ± 3.29 3.69 

2. 25 84.46 86.40 90.20 91.40 88.12 ± 3.24 3.68 

3. 25 92.00 93.00 88.60 90.00 90.90 ± 1.98 2.18 

4. 25 92.30 88.80 90.80 91.00 90.73 ± 1.45 1.60 
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Table 5.7: Analytical figures of merit for devised µFIA-EQCN TET-aptasensor 

 

 

 

 

 

 

 

 

 

5.4 Conclusion 

In the present work, we first report the development of µFIA integrated EQCN aptasensor for 

TET analysis. The ssDNA aptamer used exhibited the high affinity against TET with 

dissociation constant (Kd) value of 3.03 µM. The detection method was based on the 

monitoring the change in mass on the aptasensor surface in FIA mode that is induced by the 

change in the aptamer configuration upon TET binding. The aptasensor showed fast response 

(17 min) and high sensitivity (0.531 ng mL
-1 

TET) meeting the regulatory requirements 

(MRLs, 100-300 ng mL
-1

). However, the developed TET aptasensor showed high affinity 

towards TET and did not show any significant cross reactivity with other structural and non-

structural analogues. The µFIA mode integrated with EQCN sensing platform provides 

improved sensitivity to the detection method. The aptasensor was also applied for detection 

of TET in milk sample showing high recovery percentages 97.43-102.6 % with % RSD 

3.090-4.323 (n=6), that were in good agreement with the results obtained from the 

commercial ELISA kit method. The FIA mode provided the on-line and real time binding 

interaction. The precision and accuracy proves that the presented aptasensor has the good 

selectivity, reproducibility and stability. To the best of our knowledge, this is the first 

reported µFIA-EQCN aptasensor based detection for TET residue in milk without much 

complex matrix treatment. The analysis can be performed directly in untreated milk samples. 

Parameter Merits of figures 

Linear range 1.562-50 ng mL
-1

 

Dynamic range 1.562-2000 ng mL
-1

 

Limit of detection 0.531 ng mL
-1

 

Inter assay precision % R.S.D. 0.35 (n=4) 

Inter assay precision % R.S.D. 1.60-3.69 (n=4) 

Analysis time Less than 17 min 

Recovery 97.43-102.6 % 

Sample treatment No complex matrix treatment 
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This indicates that the present developed method showed great promising feature to be 

further employed as an alternatives to the traditional assays. 



   CHAPTER 6: CONCLUSION 

 

The primary objectives of the work presented in the thesis were to develop novel biosensing 

platforms for determination of mycotoxin and antibiotics residual contaminants present in 

milk, beer and wine samples. Herein in the present work, the developed aptasensor 

technology uses the optical, EIS and piezoelectric transducers platforms for detection of 

mycotoxin and antibiotics in real samples. The significance of research lies in the 

development of high-throughput, sensitive, specific, stable and reproducible aptasensors for 

determination of OTA, AFM1, KANA and TET contamination. The lower detection limits at 

pg mL
-1

 were found without complex matrix treatments were the major outcomes of 

developed aptasensors. 

Extensive experimental works were carried out for optimization of various experimental 

variables, characterization of biosensors, sensitivity measurements, stabilization of 

nanoparticles, optimization of fluorophore and quencher labelled aptamer sequences, 

immobilization of aptamer, selection of self assembled monolayer, cross-reactivity of 

biosensor with structural and non-structural analogues, real sample analysis and validation of 

developed biosensors. Various significantly important observations were notified. The overall 

conclusions of present thesis have been summarized chapter-wise as below: 

1. Chapter 1: This chapter gave a detailed description about the background and motivation 

for present research, introduction to biosensors, types of bio(recognition) elements, various 

types of transducers, introduction to SELEX process, analytical aspects of biosensor 

performance, state of art for mycotoxin and antibiotics determination, introduction of 

nanomaterials in biosensors. This chapter also discussed about the gaps in the existing 

research and objective of proposed thesis work.  

2. Chapter 2: This chapter gives detailed account for the development of fluorescence 

quenching based aptamer assay platform for OTA analysis in beer and wine samples. This 

chapter has two novel approaches, in first part a fluorescence quenching based aptasensing 

platform has been developed using fluorescently labelled aptamer (labelled technique) and 

TiO2-NPs as fluorescence quencher. In the second part, a non-labelled technique was 

developed using non-labelled ant-OTA aptamer, which capitalizes on the concept of aptamer 

assisted stability of TiO2-NPs and carboxylate modified microsphere nanoparticles as 
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fluorescent probe. The chapter include detailed account for characterization of aptamer and 

TiO2-NPs interaction and optimization of experimental parameters. The OTA analysis is 

based on the fluorescence recovery response resulting from the binding interaction of the 

anti-OTA aptamer with OTA present in the sample. The analytical parameters of both 

aptasensing platforms compared. The developed platform can analysed OTA down to 1.5 nM 

with linearity of 1.5 nM- 1.0 µM (labelled techniques) and 1.35 nM with linearity of 17 nM- 

5.0 µM (non-labelled technique) in beer and wine samples, which meets the regulatory 

standards (2.0 µg kg
-1

 equal to 0.22 µM). The obtained recoveries were 94.30-102.68 % 

(methodology 1) and 96.79-101.50% (methodology 2) for triplicate measurements. The 

developed platforms showed very good precision with reproducibility of % R.S.D. 2.89 (n=3) 

and % R.S.D. 5.04 (n=3) for intraday analysis against methodology 1 and 2 respectively. 

Measurements of beer and wine samples and validation against HPLC method was carried 

out successfully. Based on successful demonstration of developed platforms, it proves their 

applicability in the beverages industries for OTA monitoring. 

3. Chapter 3: This chapter gave the detailed account for the development of structure 

switching aptamer assay for the detection of aflatoxin M1 (AFM1) in milk. To avoid the 

complex matrix treatment process, the developed aptasensing platform was optimized in the 

untreated milk samples. The recommended MRLs of AFM1 in milk are 50 ng kg
-1

 (for 

adults) and 25 ng kg
-1 

(for infants). Various sequences of labelled aptamer specific to AFM1 

and its complementary quencher sequences were studied to design the experiment. The 

developed platform demonstrates the dynamic range 1-2000 ng kg
-1

 AFM1 with good 

linearity from 25-2000 ng kg
-1

 with LOD of 1 ng kg
-1

 AFM1 in milk including the 

requirements of AFM1 regulatory standards in milk (50 ng kg
-1

 for adults and 25 ng kg
-1 

for 

infants). Excellent recoveries were obtained in the range 94.40-95.28 % in the spiked milk 

samples comparative to the commercial ELISA kit. The assay showed the requirement of low 

sample volume (15 µL), fast response with high precision and accuracy representing intraday 

reproducibility % R.S.D. 3.47 (n=3). 

4. Chapter 4: This chapter described the development of EIS based label-free and disposable 

impedimetric aptasensor for analysis of kanamycin in milk. The utilization of SPCEs 

technology and diazonium coupling mechanism for immobilization of aptamer provided the 

improved stability and sensitivity to aptasensor. The aptasensor was characterized using 

surface morphology and electrochemical techniques for each step of modification. Sensitivity 

and selectivity of developed aptasensor were evaluated by monitoring the change in 
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impedimetric response (Rct value) on aptasensor surface after kanamycin was incubated on 

transducer surface. A linearity of 1.20-75 ng mL
-1

 KANA was observed with increasing 

concentration of kanamycin and low sample requirement of 20 µL. The LOD of KANA 

aptasensor was found to be 0.11 ng mL
-1

 with an analysis time of less than 3 min. The 

devised aptasensor exhibited the recovery percentage 96.88-100.5% in KANA spiked milk 

samples. The high sensitivity of developed aptasensor was due to the enhanced stability and 

no leakage of aptamer molecule over diazotized surface. The developed aptasensor showed 

high selectivity to kanamycin providing a cost effective and disposable aptasensor with 

analysis time of less than 3 min. 

5. Chapter 5: This chapter gave the detailed description about the development of µFIA 

integrated EQCN aptasensor for TET analysis in raw milk samples. In this chapter, various 

parameters for µFIA analysis were optimized including matrix matching for milk sample 

analysis and immobilization of the aptamer on the gold quartz crystal surface in a semi-

automated mode. The ssDNA aptamer used exhibited the high affinity against TET with 

dissociation constant (Kd) value of 3.03 µM. The successful characterization of devised 

µFIA-EQCN TET-aptasensor proved aptasensor fabrication. The sensitivity of developed 

aptasensor was in the range of 1.562-600 ng mL
-1

 with increase in the concentrations of TET 

in milk. The aptasensor poses the fast response (17 min) and high sensitivity (0.531 ng mL
-1 

TET) meeting the regulatory standards (MRLs, 100-300 ng mL
-1

). Observed recoveries for 

TET (97.43-100.60 %) over ELISA kit (97.95-100.18 %) suggested the applicability of 

µFIA-EQCN-TET aptasensor for analysis of TET in milk sample. The developed TET 

aptasensor did not show any significant cross reactivity with other structural and non-

structural analogues. Validation of presented aptasensor with commercial ELISA kit showed 

its potential to dairy industries involving no complex sample preparation involved. 
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Future scope of the work 

 The developed fluorescence quenching based platform employed TiO2-NPs can be 

further employed for OTA analysis in other matrices. 

 The quenching potential of TiO2-NPs could be further explored for other sensing 

protocols. 

 The rational concept of fluorescence quenching-dequenching mechanism has enough 

potential to explore further. 

 The novel coupling chemistry can be further investigated for immobilization of 

biomolecule on SPCEs and can be developed for commercial product. 

 SPCEs integrated aptasensors could be further exaggerated for cost-effective and 

disposable aptasensor.  

 µFIA-EQCN technology can be successfully employed for antibiotic residue analysis in 

dairy industries for on-line monitoring. 

 The µFIA-EQCN platform can be explored for other analytes detection by employing the 

use of target specific aptamer sequences. 
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P3.016). Abstract accepted for Poster Presentation in World Biosensor Congress 2018, 12-

15 June, 2018. 

2. Atul Sharma and Sunil Bhand, “Molecularly Imprinted Polymeric Nanoparticles for 

Selective Determination of Antibiotic Residue in Milk Sample”, Poster presentation in 

ICONN 2017 (4
th

 INTERNATIONAL CONFERENCE ON NANOSCIENCE AND 

NANOTECHNOLOGY, 9-11
th

 August, 2017, SRM University, Chennai, INDIA) (Poster 
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No. 749) 

3. Oral presentation at 2
nd

 National Conference on NEW FRONTIERS IN CHEMISTRY – 

FROM FUNDAMENTALS TO APPLICATIONS-II, 28-29 January, 2017 at Department 

of Chemistry, BITS Pilani, K K Birla Goa Campus entitled “Novel biosensing platform for 

detection of antibiotics in food sample”, Sunil Bhand, Atul Sharma, Geetesh K. Mishra. 

4. Oral presentation and presented a poster at Symposium on Recent Advancements in 

Chemical Sciences and RSC Research Scholar Meet 2016, Goa, India organized by BITS 

Pilani- K K Birla Goa Campus, INDIA, 13
th

 November, 2016 entitled “Design of a 

nanomaterial based fluorescence aptaswitch using aptamer modulated nano-surface impact 

on the fluorescence particles”, Atul Sharma, Akhtar Hayat, Rupesh K. Mishra, Gaëlle 

Catanante, Sunil Bhand and Jean Louis Marty. (Oral presentation 2 and Poster No. 08). 

5. Presented poster at AMAN-2016 organized by BITS- Pilani K. K. Birla Goa Campus 

jointly with University of Leeds, UK from 11-12
th

 January 2016 entitled “Structure 

signaling aptasensing platform for detection of aflatoxin M1 in milk”, Atul Sharma, 

Gaëlle Catanante, Akhtar Hayat, George Istamboulie, Sunil Bhand and Jean Louis Marty 

(Poster No. 14). 

6. Presented poster at TMSB 2015 organized by UPVD Perpignan, France from 1-2 

October, 2015 entitled “Quenching based aptamer assay: A sensing platform for detection 

of target analyte”, Atul Sharma, Akhtar Hayat, Rupesh K. Mishra, Gaëlle Catanante, 

Sunil Bhand and Jean Louis Marty (Poster no 4). 

7. Oral presentation and presented a poster at 11
th

 Workshop on Biosensors and 

Bioanalytical Microtechniques in Environmental, Food and Clinical Analysis (BBMEC-

11
th

) organized by University of Regensburg, Germany from 26-30 September, 2015 

entitled “Aptamer assay: A nanomaterial based sensing platform for detection of target 

molecule”, Atul Sharma, Akhtar Hayat, Rupesh K. Mishra, Gaëlle Catanante, Sunil 

Bhand and Jean Louis Marty presented in (Oral presentation no. 9 and Poster no P 53). 

8. Attended and participated in the Fourth International Conference on Advanced Oxidation 

Processes (AOP-2016) organized by BITS, Pilani- K.K. Birla Goa Camps in association 

with Society of Environmental Chemistry and Allied Sciences (SECAS), INDIA, from 17-

20
th

 December, 2016. 

9. Attended as co-instructor in BRNS-AEACI Twelfth School on Analytical Chemistry-2016 

(SAC-12) organized by BRNS and BITS Pilani-K K Birla Goa Campus, 15-22 November, 

2016. 

10. Attended 1
st
 National Conference on NEW FRONTIERS IN CHEMISTRY – FROM 



Appendix - i 

 

FUNDAMENTALS TO APPLICATIONS-II, 28-29 January, 2015 at Department of 

Chemistry, BITS Pilani, K K Birla Goa Campus entitled. 

11. Actively Participated in International Conference on Emerging Technologies: Micro 

to Nano 2013 (ETMN 2013), organized by BITS Pilani- K K Birla Goa Campus, INDIA, 

23-24
th

 February, 2013. 

12. Actively Participated in workshop on Intellectual Property and Innovation 

Management in Knowledge Economy, organized by national Research Development 

Corporation, New Delhi and Goa University, December, 2013 INDIA. 

 

Abstract accepted in the conferences 

1. Oral presentation at International Conference on Electrochemical Sensors (Matrafured 

2017) 11-16 June, 2017, Visegrád, Buddapest entitled “Disposable and portable aptamer 

functionalized impedimetric sensor for detection of kanamycin residue in milk sample”, 

Atul Sharma, Sunil Bhand, Jean Louis Marty. 

2. Abstract accepted for poster presentation at International Symposium in Electroanalytical 

Chemistry (ISEAC), Changchun, China, 13-16 August, 2015 entitled “OTA bio-sensing in 

real matrix using folding based electrochemical aptasensor”, Rupesh K. Mishra, Atul 

Sharma, Akhtar Hayat, Sunil Bhand, Jean-Louis Marty (Poster no-106). 

3. Abstract accepted for poster presentation at 24th Anniversary World Congress on 

Biosensors, 27-30 May, 2014, Australia entitled “Ultrasensitive detection of streptomycin 

using Flow injection analysis-Electrochemical quartz crystal nanobalance (FIA-EQCN), 

Geetesh K. Mishra, Atul Sharma, Sunil Bhand (BIOS2014_0153). 

4. Poster presentation at India-Japan Workshop on “Biomolecular Electronics and Organic 

Nanotechnology for Environment Preservation” IJWBME 2013, 13-15 December 2013, 

DTU, Delhi, India entitled “Flow Injection Analysis biosensor for urea analysis in urine 

using Enzyme Thermistor”, Geetesh K. Mishra, Atul Sharma, Sunil Bhand, (Poster No. 

PP. 70). 
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Brief Biography of the candidate 

Name:   Atul Sharma 

Date of Birth:  27
th

 April, 1987 

Education:  M. Pharmacy (Pharmaceutical Chemistry), 2011 from U.P. Technical 

University, Lucknow (U.P.), India 

B. Pharmacy (Pharmacy), 2009 from U.P. Technical University, 

Lucknow (U.P.), India 

D. Pharmacy (Pharmacy), 2006 from Delhi Institute of Pharmaceutical 

Sciences and Research (DIPSAR), Delhi, India 

Email:   a2Lpharm@gmail.com; p20120407@goa.bits-pilani.ac.in 

 

Research Experience (4 years 6 Month) 

1. Presently working as Institute Research Scholar in the Department of Chemistry, BITS, 

Pilani-K.K. Birla Goa Campus, Goa. Supervisor: Prof. Sunil Bhand (November 2015 

onwards). 

2. Worked as Erasmus Mundus Fellow (Doctoral Research Fellowship awarded by 

EUPHRATES Program, 2014-15) at University of Perpignan Via Domitia (UPVD), 

Perpignan, CEDEX, France, Thesis Co-Supervisor: Prof. Jean Louis MARTY.  

3. Worked as Senior Research Fellow (NFBSFARA Project, a consortium based project 

sponsored by ICAR, Delhi) at BITS Pilani-K. K. Birla Goa Campus, Goa. CPI: Prof. Sunil 

Bhand (Jan 2014 to 6
th

 November, 2014). 

4. Worked as Senior Research Fellow (National Agricultural Innovation Project, a 

consortium based project sponsored by ICAR, India and the World Bank at BITS, Pilani-K. 

K. Birla Goa Campus, Goa. CPI: Prof. Sunil Bhand (June 2013 to December 2013). 

5. Worked as Institute Research Scholar in the Department of Chemistry, BITS, Pilani-K.K. 

Birla Goa Campus, Goa. Notional Supervisor: Prof. Sunil Bhand (Jan 2013 to May 2013). 

Research publications 

09 (research and review) publications in international journals 

 

mailto:a2Lpharm@gmail.com
mailto:p20120407@goa.bits-pilani.ac.in
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Work Experience 

1. Worked as Assistant Professor in Department of Pharmaceutical Chemistry, Siddhartha 

Institute of Pharmacy, Dehradun (Uttarakhand), India (September 2012- January 2013). 

2. Worked as Assistant Professor in Department of Pharmaceutical Chemistry, Shree Ram 

College of Pharmacy, Rambha, Karnal (Haryana), India (January 2012- August 2012). 

Award and Honours 

1. First Prize in Poster Competition in INDO-UK International Workshop on Advanced 

Materials and Their Applications in Nanotechnology (AMAN 2016). 

2. Meritorious position (4
th

 Rank) in the poster presentation in Symposium on Recent 

Advancements in Chemical Sciences and RSC Research Scholar Meet 2016 organized 

on 13
th

 November at BITS, Pilani-KK Birla Goa Campus, INDIA 

3. Travel award to present Oral and poster in 11
th

 Workshop on Biosensors and 

Bioanalytical Microtechniques in Environmental, Food and Clinical Analysis (BBMEC-

11
th

) at Regensburg, Germany, 2015. 

4. Awarded Erasmus Mundus Doctoral Fellowship for One year research work (2014-15). 

5. Awarded among top 20 best posters at International Symposium in Electroanalytical 

Chemistry (ISEAC), Changchun, China, 13-16 August, 2015 (P-106). 
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Brief Biography of the Supervisor 

Name:       Prof. Sunil Bhand 

Date of Birth:      17.03.1969 

Academic Position:      Professor, Department of Chemistry, BITS, Pilani-KK Birla

        Goa Campus 

Administrative Position: Dean (University Wide), 

    Sponsored Research and Consulting Division (SRCD) 

Address:      C-211 BITS, Pilani-KK Birla Goa Campus, NH17B Bypass,

        Zuari Nagar Goa 403726 India 

Email:       sunilbhand@goa.bits-pilani.ac.in; sgbhand@gmail.com 

Education:      Ph.D., 1996, M.Sc., 1990 (First in University Merit) 

 

Post-Doctoral Experience 

1. Department of Pure and Applied Biochemistry, Lund University Sweden 2001-2002, 

2. Short term visits 2003, 2004, 2005, 2007, 2008 

3. Visiting Scientist Jul-August, 2011 at Acromed Invest AB, Lund, Sweden. 

4. Visiting Scientist June 2013 at FBS University of Leeds, UK.  

5. Visiting Scientist June 2016 at Acromed Invest AB, Lund, Sweden. 

No. of Sponsored Research Projects 

(a) Completed projects 

1. Joint Indo-Swedish Project on Biosensors for Environmental analysis 2003-2007 funded 

by Swedish Research Council (Prof. B. Danielsson and Prof. Sunil Bhand as joint PIs), Rs. 

27 lakhs. 

2. CSIR Project 2006-2010 (3 years) on biosensors for analysis of pesticides in sea water, Rs. 

16.5 lakhs. 

3. Consortium PI for NAIP, ICAR New Delhi funded project on “Development of biosensors 

and micro techniques for analysis of pesticide residues, aflatoxin, heavy metals and bacterial 

contamination in milk, Rs. 450.5 lakhs, in collaboration with IITD, NDRI and PU Patiala. 

mailto:sunilbhand@goa.bits-pilani.ac.in
mailto:sgbhand@gmail.com
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4. Consortium Co-PI, NAIP project on “Detection and mitigation of dairy pathogens and 

detection of adulterants using chemical biology”, Rs. 92 lakhs. 

5. Multi-institute Consortium Project entitled “Imprinted polymer for sensing and removal of 

selected antibiotic and pesticide residue” Funding Agency: National Funds for Basic and 

Strategic Research in Frontier Areas of Agricultural Science, ICAR, New Delhi, Rs. 54 lakhs. 

(b) Ongoing Projects:  

1. Multi-institute Consortium Project entitled “Development of sensing system for residual 

pesticide and harmful chemical detection in fruits and vegetables" funded by  R.D Tata 

Trust, Aug. 2016-Jul 2018. Total amount Rs. 212 lakh in collaboration with CDAC Kolkata 

and Jadavpur University Kolkata for a period of two years. 

2. Multi-institute Consortium Project entitled “Nano-based detection of organophosphate 

pesticides using metal-organic framework conjugates” funded by National Agricultural 

Science Fund, ICAR Govt. of India. (Jan. 2017-Dec 2019), Total amount Rs. 212 lakh (BITS 

Goa share Rs. 43.20 lakh) in collaboration with Amity Institute of Nanotechnology and 

Indian Agricultural Research Institute IARI, New Delhi. 

3. Development of field portable device for the analysis of contaminant in water” funded by 

BRNS, DAE Govt of India. Total amount Rs. 24.138 lakhs for 3 years in collaboration with 

Dr R. Balasubramaniam, Ashwin Rathod (PED, BARC) and Dr VK Suri (MGM,Mumbai). 

4. Centre of Research Excellence in Water, Waste water and Energy Management (CORE 

WWEM) funded by BITS, Pilani. Subproject title: Development of Field Deployable 

biosensor for analysis of bacterial contaminant in potable water. Rs. 41 lakh. 

5. International: Swedish Research Council project entitled “Functional composite materials 

and their application in smart sensors” for 3 years. Invited PI: Prof. Sunil Bhand (funding for 

Exchange visit of PI and researcher), BITS Goa in collaboration with PI: Dr. Cedtic 

Dicko, Pure and Applied Biochemistry, Lund University Sweden. 

Honours and awards 

 Prof. Sunil Bhand has been presented “Joseph Wang Award 2015”, by Cognizure 

publishing in recognition of his research excellence in the area of Analytical Chemistry. 

 Member, expert committee (international program) Department of Biotechnology N. 

Delhi India (2014-16). 
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 Received certificate of appreciation from American Chemical Society ACS USA as a 

reviewer for ACS Journals 2012. 

 Faculty opponent at the Department of Science and Technology, Linköping University 

Sweden, Dissertation No. 1376 Sept 02,  2011. 

 Best Poster award “Biosensors for arsenic analysis” 7th Intl Conference on 

Biogeochemistry of trace elements 2003 Uppsala Sweden. 

 UV Rao memorial awards for young scientists by Indian Chemical Society 1998. 

Publications 

1. 09 Patents (04 International including 02 PCT and 01 Australian & 1 US Patent and 06 

Indian) and more than 60 publications in international journals, 2 Book chapters (RSC and 

Springer). 

2. Membership of societies: Affiliate member IUPAC since 2000 IAEAC Switzerland, 

AAAS, USA, 2012. 

Reviewer for international journals 

Biosensors and Bioelectronics, Analytical Letters, International Journal of Environmental and 

Analytical Chemistry, Applied Biochemistry and Biotechnology, Journal of Agriculture and 

Food Chemistry, IEEE Sensors. 

No of Ph.D. Students 

1. Awarded as Supervisor: 06 

2. Ongoing as Supervisor: 04 

3. Ongoing as Co-supervisor: 02 

No of Conferences and workshops organized: 05 
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Brief Biography of the Co-supervisor 

Name:       Prof. Jean Louis MARTY 

Date of Birth:      30.04.1950 

Academic Position:      Professor “Classe exceptionnelle” in Biotechnology, 

Université de Perpignan Via Domitia, Perpignan, France 

Administrative Position: Vice President for International Relations 2012-2016 

    Responsible ERASMUS Exchanges 2008-2012 

    Director of IMAGES Laboratory 2003-2008 

Address:      BAE-LBBM, Université de Perpignan, 52 avenue Paul 

    Alduy, 66860 Perpignan Cedex France 

Email:       jlmarty@univ-perp.fr  

Education:      Doctorat d’Etat, Université de Perpignan Via Domitia, 1987 

    PhD in Biochemistry, Université de Montpellier, 1980 

    Engineer in Biochemistry, INSA Lyon 1973 

Post-Doctoral Experience 

1. R.C.A.S.T., Research Center for Advanced Science and Technology (Pr. Isao 

Karube), University of Tokyo 1988 (April to December). 

2. R.C.A.S.T., Research Center for Advanced Science and Technology (Pr. Isao 

Karube), University of Tokyo, 1989 (November to December). 

No. of Sponsored Research Projects 

Ongoing Projects:  

1. 2016-2019: INTERREG POCTEFA 

Title: Eco-friendly and healthy Food plastic packaging (Foodyplast), Participants: 6 (3 

Spanish, 3 Spanish) 

2. 2016-2019: INTERREG SUDOE 

Title: Alianza tecnologíca para completar el ciclo de producción agroindustrial y forestal 

(Redvalue), Participants: 8 (4 Spanish, 2 Spanish, 3 Portuguese) 

3. 2016-2019: PHC Peridot (project France-Pakistan) 

Title: Cooperative partnership to design early warning, site portable bioassays for biomedical 

applications, Participants: 2 (Pakistani, French) 

mailto:jlmarty@univ-perp.fr
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4. 2016-2018: FAPEMA  (Brazil) 

Title: biossensores para determinação de antioxidantes em frutos da amazônia e pré-amazônia 

maranhense, Participants: 3 (Brazilian, French, Romanian) 

5. 2016-2018: PHC BALATON (France-Hungary) 

Title: Innovating biosensors for the detection of zearalenone and other mycotoxines, 

Participants: 2 (Hungarian, French) 

6. 2014-2017: Région Languedoc-Roussillon: Aide à La Recherche en partenariat avec 

les entreprises (ARPE) 

Title: Mise au point d’un capteur pour la détection de l’OTA, Participants: 1 

2015-2018: Call NATO 

Title: Development of optical biosensors for detection of bio toxins (BIOTOX) 

Participants: 5 (English, French, Hungarian, Ukrainian, Israeli) 

Honours and awards 

1. Doctor Honoris Causa of University of Bucharest, 2000. 

2. Honorary Professor of Transylvania University of Brasov, 2005. 

3. Invited Professor by JST (Japan Science Technology), 2007. 

4. Invited Professor by JST (Japan Science Technology), 2010. 

Publications 

More than 180 publications including international journals and book chapter. 

Reviewer for international journals 

Talanta, Chemosensors, Frontiers in Analytical Chemistry, The Open Current Process 

Chemistry Journal (Bentham Science), The Open Analytical Chemistry Journal (Bentham 

Science), Romanian Biotechnological Letters (Bulletin of Transylvania University of Brasov, 

Chemical sensor , Journal of Analytical Methods in Chemistry. 

No of Ph.D. Students 

Completed 28, Registered 04 (Co-supervisor), 

No of Conferences organized: More than 32 
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