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Abstract 

Out of the vast myriad of bacterial species that colonize the gastrointestinal tract, Escherichia coli 

has been a persistent member of the mammalian gut microflora where a majority of its strains 

maintain a commensal or mutualistic relationship with the human host1. However, its disease-

causing variants (pathogens) genetically encoded with specific virulence factors also exist2,3. 

Pathogenic E. coli has been reported as a significant etiological agent of bacterial gastroenteritis 

with an infectious dose as low as ~100 cells4,5. These are responsible for chronic or persistent 

diarrhea, with certain pathotypes producing enterotoxins responsible for the hemolytic uremic 

syndrome as sequela6–8. Conventional ‘gold standard’ microbiological tools require 2-3 days for 

identification, while the current diagnostic approaches majorly reliant on antibody-based assays or 

mass spectrometry, utilize costly reagents and require specific instrumentations for estimation9,1011. 

Thus, the challenge lies in developing sensitive, rapid, non-culture dependent, and cost-effective 

methodologies for the sensing of enteric pathogenic bacteria, which are required for timely 

monitoring in food, clinical, and municipal sectors.  

 Integrated biosensing platforms with specific bio-receptor (nucleic acid aptamers) and 

sensitive transducer (nanostructured materials), providing near real-time information on the 

presence of enteric targets, are proposed in this doctoral thesis. Nanostructures of various 

dimensions based on carbon, metal-carbon nanohybrids, and more recently, its 2D analogs 

transition metal chalcogenides, harboring fascinating electronic, optoelectronic, and physical 

qualities such as abundant surface charges, high surface-to-volume ratio, and easy functionalization 

abilities were synthesized indigenously via various top-down and bottom-up approaches and 

utilized as transducers in the biosensing platforms. Simultaneously, for the bio-receptor component, 

deoxynucleic acid (DNA) aptamers (single-stranded oligomers with high binding affinity with the 

specific target) were chosen, providing low cross-reactivity than conventionally available 

counterparts12,13. The studies reported in this thesis majorly gravitate around biosensing pathogenic 

E. coli (serotypes O78:H11 and O157:H7) with aptamer-based nanostructured sensing technology 

as the critical line of detection approach. 

 We devised a three-way approach for aptamer generation stemming from alternative 

enhanced binding affinities for the target in various environments, which was based on the 

hypothesis that the presence of both whole-cell or its components is possible for monitoring the 

bacterial targets. Therefore, multiple respective aptamers were screened against the avirulent strains 

of whole-cell E. coli (enterotoxigenic serotype O78:H11 and enterohemorrhagic serotype 

O157:H7), surface antigens (endotoxin, flagellar protein) for serotype O157:H7, and Shiga-like 

toxins (Stx1 and Stx2) utilized as bio-recognition moieties, which are comprehensively explored 

one-by-one during the doctoral studies. The objective was also to explore methodologies for 

aptamer generation and the simultaneous synthesis of nanostructures relevant for aptasensing via 



viii 

 

spectroscopic and electrochemical tools. Thus, in line with our aim, various fully characterized 

DNA aptamers with an excellent affinity (nanomolar Kd) to the selected bacterial targets were 

successfully screened from a naïve oligomer library of 81 nucleotides with 45 nucleotide random 

region, implementing indigenous in-vitro selection SELEX (systematic evolution of ligands by 

exponential enrichment) methodologies of oligomer panning for the selected targets:  

(i) Microtiter cell-SELEX using phenylboronic acid as a capturing agent for E. coli bacteria 

accompanied by counter screening to mitigate aptamer cross-talk with other closely related bacterial 

species (Kd of 14 nM for O78:H11 and 69 nM for O157:H7 serotype, respectively) was developed. 

(ii) Competitive microtiter-SELEX employing rival ligands for raising stringency for 

purified E. coli O157:H7 endotoxin and flagellar proteins (Kd of 5.3 and 4.6 nM, respectively) was 

developed. 

(iii) Biolayer interferometry (BLI)-SELEX using Octet Red96 system, a one-step technique 

for rapidly generating aptamers against E. coli Shiga toxin subtypes viz., Stx1 & Stx2 via specific 

epitopic peptides (Kd of 47 pM & 29 pM, respectively) in a dip microtiter plate format, obliterating 

the need for multiple oligomer enrichment cycles was designed and demonstrated. 

 Parallelly, novel nanomaterials of various nano-dimensions (0D, 1D, 2D, 3D) exhibiting 

excellent transducer properties were synthesized and characterized using microscopic (scanning 

electron microscopy, transmission electron microscopy), spectroscopic (ultraviolet-visible and 

fluorescence spectroscopy, confocal Raman spectroscopy, Fourier transform Infra-red 

spectroscopy, X-ray diffraction and, energy-dispersive X-ray elemental mapping), electrochemical 

(cyclic voltammetry, impedance spectroscopy, square wave voltammetry) and other analytical 

techniques (dynamic light scattering, zeta potential and Brunauer–Emmett–Teller (BET) surface 

area analysis) techniques.  

 The specific aptamers conjugated with enhanced nanostructures conferred both selectivity 

and sensitivity in spiked water samples and complex matrices like juices and sera, with minor pre-

processing steps mentioned in respective chapters. The following biosensing platforms were 

demonstrated for the selected targets: 

(i) Label-free impedimetric sensing of E. coli O78:H11 was successfully demonstrated using 

novel selected aptamer functionalized bridged rebar graphene (synthesized by un-scrolling of 

multiwall carbon nanotubes and bridged using terephthalaldehyde forming 3D nano-construct) onto 

disposable screen-printed electrodes demonstrating a limit of detection ~ 10 cells and a dynamic 

response range from 101 to 106 cells. 

(ii) Label-free impedimetric sensing of E. coli O157:H7 was showed using specific aptamer 

functionalized boron-carbon nanorods decorated by nickel nanoparticles with a similar limit 

of detection and a dynamic detection range of 100 to 105 cells in water and juice samples. 

(iii) Fluorescence ‘turn on’ bioassay based on fluorescence quenching of aptamer 

functionalized carbon-dots by silver nanoparticles, which in the presence of the E. coli O157:H7 
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purified O-antigen and H-antigen was recovered, showing a limit of 0.12 pg mL-1, a wide dynamic 

range of detection (1 pg mL-1 – 10 ng mL-1) and the stable response recorded even in pure water. 

(iv) A voltammetric diagnostic assay via aptamer functionalized onto chitosan exfoliated 2D 

tungsten diselenide (WSe2) nanosheet platform showing a dynamic response range from 50 pg 

mL-1 – 100 ng mL-1, and detection limit of 44.5 pg mL-1 & 41.3 pg mL-1 for Stx1 and Stx2, 

respectively, which showed minimal cross-reactivity in spiked sera samples.  

 These nanostructured aptasensors showed quick results, negating the enrichment of 

bacterial load in test samples as required in conventional systems. The aptamers also showed 

admirable application as capture & detection for bacterial populations onto soft-lithographed 

polydimethylsiloxane based microfluidic biosensing platforms. 

 In toto, this thesis addresses the issues of conventional detection of enteric pathogenic E. 

coli species and, the unique detection methodologies presented in the studies can be further 

extended to other clinically or environmentally relevant bacterial species, antigens or biomolecules, 

including viral diseases like COVID-19, hepatitis, and influenza. The scientific works included 

herein are advantageous for the development of analytical platforms using cost & reagent-effective 

protocols for pathogen or bio-analyte determination and thus, holds promising future perspectives 

in the field of in-vitro clinical diagnostics.  
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Chapter 1  

Introduction 

This chapter provides an overview of conventional & currently used sensing techniques for enteric 

pathogenic bacteria, primarily focusing on the generation of aptamer as bio-recognition moiety 

and synthesis of nanostructures integrated as aptamer functionalized nano-sensing platforms.   

1.1 Preface 

Microorganisms are found ubiquitously in nature, widely distributed from water & food sources to 

both on the surface and inside the body of animals. Though disease inflicting organisms (pathogens) 

account for less than 1% of the identified microbes, they have been documented for significant 

epidemic episodes throughout the human history1. The most common food & waterborne diseases 

like diarrhea, typhoid, cholera, have causative organisms abundantly present in the fecal matter of 

the infected animal. These diseases are infectious and contagious, quickly spread unless monitored 

regularly, and curtailed at the root. The food and waterborne pathogens affect ~600 million people 

globally due to easier penetration via oral route2. Diarrheal illnesses are responsible for ~1.5 million 

deaths annually3.  

 Out of the vast myriad of bacterial species that colonize the gastrointestinal tract, Escherichia 

coli (abbreviated as E. coli) has been a versatile member of the mammalian gut microflora4. Even 

though its commensal strains rarely cause disease except in immunocompromised hosts or where 

the natural gastrointestinal barriers are breached, its pathogenic variants are genetically encoded 

with specific virulence factors that lead to disease manifestation5,6. Pathogenic E. coli has been 

reported as a significant etiological agent responsible for bacterial gastroenteritis via infectious dose 

as low as ~100 cells and with a substantial burden of disease in children under the age of five, 

pervasive in both developing and developed countries with a large number of its outbreaks 

attributed to consumption of contaminated water and raw or undercooked food7,8. Pathogenic E. 

coli strains show high fecundity even in water and are, therefore, responsible for deplorable 

morbidity with chronic or persistent diarrhea and certain strains producing enterotoxins inducing 

systemic meningitis or nephron damage as sequela9–11. Thus, timely monitoring and detection have 

become essential in food, clinical, and municipal sectors required to abate outbreaks. Conventional 

microbiological tools like culturing, staining, and microscopic evaluation require 2-3 days for 

identification and are mostly qualitative in nature12,13. The current diagnostic approaches are 

majorly reliant on antibody-based assays or mass spectrometry, which utilize costly reagents and 

require specific instrumentations for estimation14. Hence, the development of sensors for a myriad 

of clinically or environmentally significant molecules is a hot research area. Especially for 

pathogens, the sensing of each microbial species demands different sample processing and detection 
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methodology, requiring multi-step and laborious techniques for diagnosis. Thus, the challenge was 

to develop sensitive, rapid, non-culture dependent, and cost-effective methodologies for the 

detection of enteric pathogenic bacteria. 

 The prime focus of this thesis work is the research & development of specific and sensitive 

aptasensors with the help of nanosensing techniques for enteric bacterial pathogens. The studies in 

the impeding chapters of the thesis majorly gravitate around sensing pathogenic E. coli (serotypes 

O78:H11 and O157:H7) and associated biomolecules with aptamer-based nanostructured sensing 

technology. Aptamer-based receptors have gained recognition as next-generation antibody mimics 

due to their comparable binding affinities & target specificities to antibodies. Through the rapid 

progress in molecular biology and material science, the amalgamation of specific bio-receptors and 

sensitive nanomaterials has paved the way for noteworthy biosensors. These functionalized 

nanostructures have revolutionized, expanded, and encouraged transdisciplinary nano-biosciences, 

which is crucial for developing efficient platforms for both clinical diagnostics & environmental 

monitoring.  

1.2 Enteric pathogenic bacteria 

Enteric bacteria are predominantly Gram-negative bacilli with facultative metabolism that colonize 

and flourish in the gastrointestinal (GI) tract of various groups of the Animalia kingdom15. The 

species of the Enterobacteriaceae family form a significant portion of the known enteric bacteria16. 

These are usually present in the normal microflora of the animals as commensals but may harbor 

virulent factors leading to disease manifestation. These disease-causing subspecies are referred to 

as enteric pathogenic bacteria and are responsible for a significant number of gastrointestinal and 

diarrheal illnesses. Based on serological Kauffman classification, bacterial strains may be denoted 

based on the presence of O (somatic antigen) and H (flagellar antigen), and this nomenclature is 

widely used for the denotation of pathogenic E. coli species.  

1.2.1 Bacterial gastroenteritis 

The word gastroenteritis (origin: Greek) denotes gastron: stomach and enteron:intestine, meaning 

flu of the stomach & intestine, and thus, defined as inflammation of the GI tract. Physiologically it 

is defined as an increase in stool frequency i.e., three or more loose stools in 24 hours (h) 

accompanied with or without vomiting, fever, and abdominal pain. These are further described as 

acute (<14 days), persistent (>14-30 days), chronic (>30 days), or recurrent (relapse in 7 days)17. 

The causative organisms may range from viruses to bacteria, and thus, when bacteria are the cause 

of enteric infection, it is called bacterial gastroenteritis.  

 Various pathogenic bacterial species, mostly belonging to the Enterobacteriaceae family, are 

responsible for gastroenteritis viz., Escherichia, Campylobacter, Clostridium, Salmonella, Shigella, 

Yersinia, and even Staphylococcus. The pathological route of disease manifestation primarily 

includes: 
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(i) Excessive secretion of fluids in the proximal small intestine induced by the action of toxins 

of enteropathogens. 

(ii) Cytotoxic damage of the ileal or colonic mucosa leading to a hematoma. 

(iii) Penetration of the bacterium through the mucosa to the reticuloendothelial system, inducing 

systemic shock and fever18. 

Many bacterial gastroenteritis cases are caused by enteric bacteria and are not treated effectively 

with antibiotic-based treatments. This is majorly attributed to the fact that microorganisms have 

developed a mechanism to evade antibiotics-induced damage, and gradually, the percentage of 

multi-antibiotic resistant strains is rapidly increasing. Unrestrained use of antibiotics, in fact, 

inimically affects the normal microbiota of the gut leading to dysbiosis18. Additionally, antibiotics-

based therapies in toxin-producing bacteria may lead to further complications due to antibiotic-

induced toxin release in the patient, which causes septic shock19. Thus, methodologies for specific 

detection of the bacteria pathotype are essential to aid in correct and quick clinical diagnosis, 

especially in communicable diseases.  

1.2.2 Pathogenic E. coli 

In 1885, the German pediatrician Theodor Escherich discovered Bacterium coli commune (now 

called as Escherichia coli in his honor) in the feces of a child suffering diarrheal illness20,21.  Later 

in 1893, a Danish veterinarian suggested certain strains of E. coli are pathogenic in nature22. 

Although E. coli is part of the healthy flora of the intestinal tract, certain pathogenic strains harbor 

virulence factors23. Pathogenic E. coli predominately manifests diarrheal illness, urinary tract 

infections (UTI), and meningitis. These six significant E. coli pathotypes viz., enteropathogenic E. 

coli (EPEC), enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), enterotoxigenic E. 

coli (ETEC), diffusely adherent E. coli (DAEC), and enteroaggregative E. coli (EAEC) have been 

widely reported so far8,24.  

 The evolution of pathogenic E. coli strains has risen with the transfer of this genetic 

information from other pathogens, and numerous lineages have been described, which are still 

evolving. It is reportedly anticipated that pathogenic strains like O157:H7 diverged from a common 

ancestor of E. coli K-12 about 4.5 million years ago and that the natural selection has and is still 

favoring the development of virulence25,26. Another study comparing 186 E. coli genomes found 

approximately only 1,700 homologous gene clusters shared amongst each other in about 16,400 

gene clusters27. Figure 1.1 shows the evolutionary distance between various pathotypes of E. coli 

in a study using multi-locus enzyme electrophoresis at ten enzyme loci and verified with the help 

of sequencing of mdh housekeeping gene encoding for Malate dehydrogenase28. Thus, the evolution 
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of virulence determinants encoded on genes directly affects the immense mutational plasticity and 

transferrable nature of the microbial genome.  

 In the case of pathogenic E. coli species, this genetic information may include virulent genes 

(encoding adhesins), virulent plasmids (encoding pathogenicity islands like loci of enterocyte 

effacement and hemolysin), and viral DNA (encoding Shiga-like toxins)29. The two significant 

pathotypes ETEC (example of representative serotypes include- O6:H16, O8:H9, O11:H27, 

O78:H11, O128:H7, O148:H28, O172:NM) and EHEC (example of representative serotypes 

include- O26:H11, O55:H7, O111:H8, O117:H14, O157:H7) are responsible for chronic enteritis 

in addition to diarrhea and also affect organs other than GI tract with the secretion of enterotoxins30.  

The avirulent strains of these two serotypes were chosen for further study in the incoming chapters 

of this thesis. 

Figure 1.1: Relationship amongst different E. coli strains: Genetic map (mdh housekeeping gene 

sequencing data) denoting that pathogenic E. coli of various pathotypes arose during multiple evolutionary 

events28. Red arrow indicates the two serotypes chosen for detection in this thesis. 
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1.2.2.1 Pathogenesis  

The pathogenic bacteria enter the human body via an oral or fecal route, evading the primary host 

defense mechanisms. These pathogenic strains then enter the GI tract, attaching to the enterocytes 

via specific surface factors, and upon localization, these may manifest themselves by effacing the 

villi present on the surface of GI cells and disrupting Cl-/K+ ion channels leading to loss of nutrient 

uptake and result in persistent diarrhea (Figure 1.2). In the case of ETEC that produce heat-stable 

and heat-labile enterotoxins, the net increased Cl− secretion from secretory crypt cells is brought 

into effect by the permanent activation of adenylate cyclase in the host gut cells leading to increased 

levels of intracellular cyclic adenosine monophosphate, activating its dependent kinases, and the 

eventual activation of the main chloride channel of epithelial cells: the cystic fibrosis 

transmembrane conductance regulator.  

 In enterohemorrhagic species like E. coli O157:H11 upon cellular lysis, hemolytic Shiga-like 

toxins (Stx) are released, which may enter the blood circulation and result in Hemolytic Uremic 

Syndrome (HUS). Shiga toxin-producing E. coli (STEC) is a significant source of food poisoning 

& gastroenteritis, with a very low infectious dose of 100 cells enough for disease manifestation. 

Thus, it is associated with high morbidity worldwide, with more than 2.5 million cases annually2,31.  

Figure 1.2: Pathogenesis: A pictorial view of the various steps of pathogenic E. coli localization and 

infection inside the GI tract.  

The most severe STEC complication is typically manifested 5-13 days after the onset of preliminary 

symptoms. HUS entails hemolytic anemia, thrombocytopenia, nephron damage and persists in 5-

15% cases, with children and elders as significant target groups. This damage is due to the rRNA-

glycosidase activity of either Shiga toxin subtypes viz., Stx1, or Stx2. These AB5 ribosomal-

inactivating globular proteins bind via B5 subunit to glycolipids (Gb3/Gb4) abundantly present on 

microvascular glomeruli and proximal tubule cells of the nephron and microvascular endothelial 
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cells. Though similar in action, these subtypes are antigenically distinct, sharing only ~56% 

sequence identity amongst themselves.  

 Moreover, with a lethal dose (LD50) of 50 ng kg-1 for Stx2 in mice, the apparent lethality of 

Stx2 has been reported to be 100-fold compared to Stx132. Currently, no vaccines or therapies are 

present for this syndrome. The application of antibiotic treatment in STEC infection instead 

aggravates the condition leading to the systemic release of toxin affecting other organs also. Thus, 

specific and systematic identification of toxins in food and infected patients is necessary to contain 

any outbreak. Table 1.1 summarizes the various virulence factors that have been discovered to play 

prominent roles in ETEC and EHEC24.  

Table 1.1: Virulence factors: A few essential determinants of virulence in E. coli pathotypes. (CFA: 

Colonization Factor Antigen, Omp: Outer membrane protein, LPS: Lipopolysaccharide, LT: heat-Labile 

toxin, ST: heat-stable toxin, Stx: Shiga-toxin, Ehx: enterohemolysin, CdT: Cytolethal distending toxin, Esp: 

Extracellular serine protease)24 

1.2.2.2 Prevalence 

According to the World Health Organization (WHO), diarrheal diseases are listed in the top ten 

causes of death (Figure 1.3). A higher mortality rate in the Southeast Asian region is observed, 

which may be attributed to lower sanitation standards and ineffective patient treatment. However, 

Factor Pathotype Activity 

Intimin EHEC Adhesion 

CFA ETEC Adhesion 

OmpA EHEC Adhesion 

Curli EHEC Adhesion 

Flagellin All Motility  

LPS All Induce cytokine expression 

LT/ST ETEC Ion secretion 

Ehx EHEC Erythrocyte cell lysis 

Stx EHEC Inhibit protein synthesis and induce apoptosis 

CDT Various Dnase1 activity 

Urease EHEC Degrades urea to ammonia and carbon dioxide 

EspP EHEC Serine protease inducing ion secretion 

Figure 1.3: WHO report: The top causes of death in the World. Source: WHO, 

https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/ 

https://www.who.int/gho/mortality_burden_disease/causes_death/top_10/en/
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these are the most common cause of mortality after accidental deaths (due to road mishaps or 

drowning) in children aged 5-14 years, showing the vulnerability of youngsters to gastroenteritis, 

which undoubtedly, reflects on the weak physical and mental growth of the coming generation33.  

 Higher mortality is seen mainly in high-risk groups, i.e., under 5 year-old, elderly, and 

immunocompromised individuals who are susceptible to infections owing to weaker immune 

response (Figure 1.4). India, Bangladesh, and African countries seem like possible hotspots for 

diarrheal diseases, with a significant traveler advisory issued for people traveling to these regions 

for infections due to enterotoxigenic E. coli responsible for travelers' diarrhea colloquially known 

as ‘Montezuma's revenge’ or ‘Delhi belly’34–36. A correlation can be drawn from the fact that the 

Asian subcontinent is mostly an agrarian society dependent on cattle, which serve as the primary 

carrier and asymptomatic reservoir of pathogenic E. coli. Thus, bacterial transmission from animals 

to humans via direct or indirect exposure through the environment or food products and later 

community transfer is a high possibility scenario37. Food and water monitoring are essential at 

multiple checkpoints from production, preparation to consumption, lack of which renders the 

consumers increased morbidity or may lead to outbreaks.   

1.2.3 Microbiological standards & regulations 

The local municipalities and food industries must regularly detect and maintain zero bacterial 

content in drinking water and food items38. E. coli detection is necessary by many nations, 

especially for food product manufacturing companies. Nestle Ltd. affirms that E. coli is regarded 

as a hygiene indicator, and its presence should be low on raw produce but not present on processed 

or Ready-to-Eat foods39.  

Figure 1.4: Diarrheal disease mortality by age: Death rates measured per 100,000 individuals across age 

categories and (inset) country-wise mortality in the under-5s age group. Source: IHME, Global burden of 

disease (GBD), https://ourworldindata.org/ 

https://ourworldindata.org/
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1.2.2.3 Indian standards 

(A) Microbiological standards for drinking water 

The Indian standard drinking water specification issued by ‘Bureau of Indian Standards’ in Section 

4.1.1 states, ‘Ideally, all samples taken from the distribution system including consumers’ premises, 

should be free from coliform organisms…’40. Additionally, it has been tabulated that E. coli shall 

not be detectable in any 100 mL sample in: 

(i) All water intended for drinking  

(ii) Treated water entering the distribution system  

(iii) Treated water in the distribution system 

(B) Microbiological standards for food products 

The Food Safety and Standards (Food Products Standards and Food Additives) Regulations, 2011 

of the Government of India, states that E. coli should be absent in 0.1 g of milk food, 25 g of meat 

products, and other food products. The tests of microbiological analysis are listed as per 

IS1439741,42.  

1.2.2.4 Other international standards 

The three major standardizing and regulating international authorities are the European Union, the 

US Environmental Protection Agency, and the WHO. Both the WHO and IS 10500:2012 drinking 

water standards adopted by governments worldwide stress that the consumption is safe only if it 

contains no detectable E. coli per 100 mL water sample3. 

(A) Europe 

(i) Microbiological standards for drinking water 

The European Union Water Quality Directive (98/83/EC) and The Water Framework Directive 

(2006/60/EC) instructs no microorganisms in 1 mL for safe drinking water. The constituent member 

states follow similar directives with minor variations regionally.  

(ii) Microbiological standards for food products 

The European Union’s Commission regulation on microorganisms in foodstuff also lists E. coli as 

an indicator for fecal contamination and follows ISO16649-1/2 standards for E. coli presence in 

meat, fish, and Ready-to-Eat products with the minimum acceptable load as 500 colony forming 

units (cfu) per gram (g), 1 cfu per g and 100 cfu per g. Infant foods must maintain absence in 10 g, 

as per food safety regulations43,44.  

(B) United States of America 

(i) Microbiological standards for drinking water 

In the USA, water quality is monitored using ‘National Primary Drinking Water Regulations’ 

established in 2001 with the major microbial indicators’ total coliform, fecal coliform, and E. coli 
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are augmented by Cryptosporidium, Giardia, Legionella, and enteric virus, which are not common 

in other national standard listed. The presence of pathogenic E. coli should be zero in drinking water 

samples.  

(ii) Microbiological standards for food products  

The Food and Agriculture Organisation (FAO) and The International Commission 

on Microbiological Specifications for Foods (ICMSF) has a standard manual for food quality 

control which lists the presence of pathogenic E. coli with special reference to E. coli O157 as 

absent in food products45,46.  

(C) Australia & New Zealand 

(i) Microbiological Standards for drinking water 

In Australia, the drinking water standard maintains the none detectable per 100 mL standard, with 

the state regulations, require routine microbial tests per week47,48. 

(ii) Microbiological Standards for food products 

Australia and New Zealand Standard 1.6.1 regulates the microorganism presence and analysis in 

food samples which lists no pathogenic E. coli should be detectable in food samples. Additionally, 

the rule stresses upon the detection of Listeria monocytogenes, which is also a food pathogen49,50.  

1.3 Conventional microbial detection methods 
Conventionally, bacterial diagnosis is carried out mainly via culture-based or biochemical assays. 

Although they are slow and do not offer sufficient information to make timely decisions for 

treatment. These methods described below collectively may be considered ‘gold standards’ but are 

laborious, time taking and with significant overlapping qualitative parameters used for detection. 

The diagnostic tests currently available are based commonly on nucleic acid-based molecular 

techniques viz., specific PCR, DNA microarrays, 16S rRNA sequencing, and antibody-based assays 

or platforms. These are more specific compared to culture-based methods, but these require 

extensive sample preparation, expensive resources, and skilled personal trained on this 

sophisticated yet bulky instruments13. The major conventional methods utilized for detection of 

microbes are discussed in this section.  

1.3.1 Culture-based methods 
For the estimation of bacteria, the samples are enriched and grown on selective nutrient-rich 

mediums for 24 – 48 h before sensing their presence. Then a set of microscopic and biochemical 

assays is carried out to figure if the sample contains the target pathogen. Differential staining is a 

process that uses more than one chemical stain to differentiate between different microorganisms 

or their structures/cellular components. The most commonly recognizable differential staining is 

the Gram staining, which stains violet for Gram positive bacterial cells and pink (as in the case of 

all E. coli species) for Gram negative bacterial cells.  
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This easy to use methodology has several limitations: (i) smear might be too thick and hold dye, 

creating a false positive, (ii) old cultures and too strong decolorization can create a false negative. 

Besides, the preparation of gram stains using fecal samples is very tedious.  

 Alongside this, enriched bacterial samples are identified by streaking on selective media 

plates, and estimation of bacterial species is done by observation of growth and the morphological 

characteristics of the bacterial colonies. Selective media commonly used for fecal cultures include 

salmonella-shigella (SS), sorbitol-MacConkey (SMAC) agar, brilliant green (BG), or CHROMagar 

(a chromogenic medium designed for the recovery and detection of specific enteropathogens)14. 

Figure 1.5 (A-C) shows the streaked cultures showing colony characteristics in nutrient agar 

medium and (D-G) for selective SMAC media after 24 h growth at 35℃. A typical culture takes 

12-24 h on solidified agar media to show growth, which can be easily misjudged for other bacteria 

unless a trained microbiologist observes it. Typical E. coli strains can ferment sorbitol within 24 h 

and produce the enzyme β-glucuronidase, whereas the O157 serotype does not produce the enzyme. 

However, this differential mechanism is not universal, and certain O157 strains have been reported 

to be sorbitol positive51,52.  

Consequently, detection based solely on differential microbiological media or biochemical 

screening is not fool proof. Nonetheless, these media are relatively costly than conventional media 

and are not usually employed for in-vitro diagnostics. Cefixime and potassium tellurite may be 

added to the SMAC (CT-SMAC) to increase selectivity in heavily contaminated samples. This is 

the media of choice in the ISO standard protocol (ISO 16654) for E. coli O157, together with a 

second appropriate selective agar53. Table 1.2 gives a list of selective microbiological media used 

for pathogenic E. coli detection.  

Figure 1.5: Microbiological culture plates: Showing nutrient agar plate with (A) Uninoculated plate, (B) 

Colonies of E. coli (ATCC ® 25922) growing on Nutrient agar plates, (C) Staphylococcus 

epidermidis (ATCC ® 12228). Showing SMAC plate with (D) Uninoculated plate (E) E. coli O157:H7 

(ATCC ® 35150) showing translucent colonies (no sorbitol fermentation) and (F) E. coli (ATCC ® 25922) 

showing pink colonies (sorbitol fermentation) Source: Hardy Diagnostics Catalog. 
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Selective Microbiological Media Serotype 

SMAC O157 

SMAC+ Potassium Tellurite + Cefixime (CT-SMAC) O157 

5-bromo-4-chloro-3-indolyl-B-D-glucoronide (BCIG) Agar O157 

SMAC-BCIG O157 

4-methylumbelliferyl-B-D-glucoronide (MUG) O157 

Enterohemolysin Agar STEC 

Enterohemolysin Agar with Vancomycin + Cefixime + Cefsulodin STEC 

Phenol Red Sorbitol Agar +MUG O157 

Fluorocult E. coli O157 Agar O157 

CHROMagar O157 O157 

Chromocult O157, O111, O26, O103 

Rainbow Agar O157 O157, O26, O111, O48 

Rhamnose MacConkey Agar O26, O157 

Table 1.2: Microbiological media: Selective Agar types used for various pathogenic E. coli serotypes53. 

1.3.2 PCR based method 
Nucleic acid-specific screening using specific primers for LEE virulence genes viz., eae (intimin), 

bfp (bundle forming pilli), ehx4 (hemolysin), stx1 (Shiga like-toxin subtype1), stx2 (Shiga-like 

toxin subtype 2) are used for amplification and sensing23. It is accurate but requires extensive 

sample enrichment and purification before detection & analysis. In principle, polymerase chain 

reaction (PCR) allows focusing on a particular signature region in DNA and amplifies it 

exponentially for detection (Figure 1.6). Commercial platforms like RIDA®GENE real-time PCR 

for E. coli diagnostics, Qiagen® mericon E. coli O157 Screen Plus Kit, BIOFIRE® FILMARRAY® 

system, Hygiena BAX® System are also available which claim results in 60-90 minutes (min) with 

Figure 1.6: PCR-based sensing: Steps of PCR amplification and detection using specific biomarker gene 

primers. 
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bacterial samples54–57. Although PCR as a detection strategy is extensively employed for pathogenic 

E. coli sensing, it has several limitations, namely; (i) high probability of contamination in non-

purified samples, (ii) essential prior knowledge of the genome for identification (the presence or 

absence) of a specific DNA or RNA stretch and, (iii) process parameters optimization (sample 

volume, concentration, primer concentration, melting temperature, annealing temperature, number 

of cycles) is necessary without which non-specific sensing (false-positives or false-negatives) of 

unrelated targets may occur.58,59  

1.3.3 Pulsed-field gel electrophoresis 
Pulsed-field gel electrophoresis (PFGE) is currently considered as the ‘gold standard’ method for 

typing of E. coli O157. Herein, with specific restriction enzymes, the bacterial genome is cleaved 

to generate smaller fragments, and restriction profiles are generated for each different isolate, which 

is characteristic for a particular strain type. These cleaved products are separated in the alternated 

current field; hence electrophoresis is carried out. The PFGE technique has been vastly exploited 

in laboratory settings and has excellent value in epidemiological analysis, differentiation of 

pathogenic strains, and the monitoring of their spread among communities (Figure 1.7). This 

molecular fingerprinting technique is reliable and reproducible, but requires vastly technically 

expert workers for carrying the wet-lab work and statistical analysis 53,60,61.   

1.3.4 Bacterial phylogenic analysis 
The 16S rRNA gene is ideal for mapping genetic variations due to its conservation in similar species 

and dis-similarity in unrelated species. Thus, variability in the gene sequence allows making 

phylogenetic comparisons. Post PCR amplification, the gene is sequenced, and comparisons with 

other members are made. Also, whole-genome sequencing has become a standard tool for deducing 

phylogenic relationships amongst microbes62,63. Its limitations as a viable sensing tool are; (i) DNA 

extraction & isolation of every strain is a very time-consuming process, and (ii) the reagents and 

sequencing labor costs are high for routine sample analysis.  

Figure 1.7: Pulsed-field gel electrophoresis: Dendrogram showing the cluster analysis on the basis of XbaI 

pulsed-field gel electrophoresis of the seven sorbitol non-fermenting E. coli isolates.  
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1.3.5 Mass spectroscopy-based detection 
In matrix-assisted laser desorption ionization (MALDI)-mass spectroscopy (MS), the bacterial 

sample is mixed and crystalized with a matrix bombarded with a laser. The molecules are ionized 

and accelerated through a flight tube, where they are separated according to their time-of-flight 

creating an m/z spectrum64. The sample analysis can be carried out as a whole bacterium or its 

purified proteins to generate a proteomic profile65–67. The resultant spectrum is referenced with 

signature microbial spectra for identification. VITEK®MS is an automated commercial mass 

spectrometry microbial identification system famous for detection68. Though specific at the genus 

level, it has been reported that this technique shows overlapping results for Escherichia and Shigella 

species. However, the instrumentation and reagents are costly and require skilled individuals for 

processing and analyzing samples.  

1.3.6 DNA microarray-based assays 
A microarray is a 2D array on a glass slide or silicon cell that assays genetic material employing a 

high-throughput methodology. The array is miniaturized, multiplexed, and can carry out parallel 

processing and is used to measure the expression levels of large numbers of genes simultaneously.  

Each DNA spot contains a specific DNA sequence, known as probes (or reporters or oligos that are 

used to hybridize a complementary RNA or DNA extracted from the target. Probe-target 

hybridization is usually detected and quantified by detecting the fluorophore or 

chemiluminescence-labeled targets to determine the relative abundance of nucleic acid sequences 

in the target69–71. Out of the many studies for pathogenic bacteria detection, a DNA microarray for 

detecting and typing of ETEC using various genes encoding the enterotoxins LT and ST, and the 

serogroup-specific genes wzx and wzy were used for the typing of the 19 most common ETEC O 

serotypes showed significant results (Figure 1.8)72. Limitations of DNA microarray technology are 

Figure 1.8: Microarray: Microarray differentiation of some clinical isolates of E. coli. (A) E. coli O8, 

(B) E. coli O8, (C) E. coli O114, (D) E. coli O114, (5) E. coli O149, (6) E. coli O14972.  
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its high cost of gene-specific primers labeled with fluorophores for spotting and fluorescence signal 

response interpretation, especially in genetic cross-talk yielding false positives.  

1.3.7 Immunoassays 
An immunoassay is a biochemical test that measures the presence or concentration in a solution 

using a specific antibody raised against the target. Berson and Yalow described the first 

immunoassay in 1959, and their work won the Nobel Prize in Medicine in 1977. Enzyme 

immunoassay and enzyme-linked immunosorbent assay (ELISA) are widely used as diagnostic 

tools73. ELISA-based sensing formats are limited in accuracy since the enzyme-mediated color 

change reacts indefinitely, and over an extended period, the color strength inaccurately reflects the 

amount of primary antibody present, leading to false positives. Correspondingly, polyclonal 

antibodies show high cross-reactivity amongst closely related species, while specific monoclonal 

antibodies are expensive to raise (Figure 1.9). Another major disadvantage of traditional 

immunoassays is that they comprise a number of multiple sensitive steps viz., coating, blocking, 

washing, incubation of primary and secondary antibodies, and substrate development, which 

requires a lot of time and costly and temperature-sensitive reagents.  

1.4 The need for improved diagnostic platforms 
The conventional methods for bacterial diagnosis and their various limitations as rapid and sensitive 

platforms, the development of improved diagnostic platforms that provide minimal cross-reactivity 

amongst species, low detection limit, and wide range of detection in both water samples and food 

samples is critical. Furthermore, the clinical manifestation of gastrointestinal diseases usually 

shows overlapping symptoms of loose motions, vomiting, nausea, and which may or may not 

include fever or bloody stool. Gastroenteritis is thus challenging to diagnose symptomatically, and 

its clinical diagnosis is an essential step and an integral part of correct therapy74. However, a 

majority of clinicians owing to time-taking lab processes, bypass the ideal protocol to administer 

Figure 1.9: Immunoassay types: Various formats of antibody-based sensing assays. ELISA based tests 

require expensive, labeled specific antibodies for sensing. 
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broad range antibiotics even when they are not recommended for treatment of STEC. Antimicrobial 

agents though essential but their unwarranted abuse, has led pathogens to develop multidrug 

resistance leading to the emergence of superbugs75. In 2010, an epidemiology study in Lancet 

reported carbapenem resistance gene bla
NDM-1

 in Enterobacteriaceae isolates of E. coli 

and Klebsiella pneumoniae, which were highly resistant to all antibiotics except to tigecycline and 

colistin from patients with travel history to India and Pakistan76,77. Keeping in view the current state 

of globalization, international outbreaks associated with infectious diseases are a natural threat. 

Thus, timely, specific, and sensitive detection of bacterial pathogens, its associated antigen markers, 

and toxins is the need of the hour. Our ultimate focus is on the development of robust point-of-care 

(PoC) sensors for the detection of pathogenic E. coli species with application in both clinical 

diagnostics and as well as in food & environmental monitoring (Figure 1.10).  

Figure 1.10: Importance of improved diagnostics: Diagnostics play a significant role in clinical treatments 

and timely bacterial disease mitigation. 

1.5 Sensors 
A sensor is a compound system with the capability to respond to a target qualitatively or 

quantitatively. The target can be anything from a physical parameter, small inorganic molecules, 

gases, or biomolecules like proteins, DNA, or even whole cells.  

1.5.1 Classification of sensors 
Sensors measuring physical parameters like temperature, pressure, potential, mass, light intensity 

are simpler and operate by measuring the changes in the physical properties of a standard substance. 

In contrast, the sensors quantifying analytes require more sophisticated components to pertain to 

the sensor with the highest fidelity levels. The increased fidelity is provided by using a biological 

receptor moiety. Additionally, sensors may be classified as labeled and label-free sensors: 
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(i) A labeled sensor uses a label that is an extrinsic entity (usually optically active dye) and 

may be conjugated with the receptor moiety aiding in signal transduction or amplification. 

(ii) Label-free sensors can measure direct ligand-receptor interaction.  

 While label-free sensing technology (electrochemical, electrical, piezo sensors) holds a 

lucrative position in sensors, nanomaterials derived fluorescent labels with a high quantum yield at 

par of organic dyes, long shelf-life, stability, and tunable properties has also garnered much 

attention.  

1.6 Biosensor 
The first milestone in the history of sensors dates back to the beginning of the 20th century with the 

fabrication of a pH sensor by Søren Sørensen. However, the era of biosensors took off in 1962 by 

L.C. Clark with the development of glucose oxidase based amperometric oxygen electrode for 

sensing of glucose in blood samples. According to the 1992 IUPAC definition, 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 is 

called a ‘biosensor’. However, since then, it has been a vast multitude of other receptors viz., 

organic molecules, aptamers, antimicrobial peptides, lectins, phages also. A biosensor consists of:  

(i) Bio-receptor: The recognition moiety responsible for interacting with the target analyte.  

(ii) Transducer: A material that converts the bio-interaction signal from the receptor-analyte 

interaction to a readable optical or electrical or electrochemical or mechanical signal. 

(iii) Readout unit: Displays the signal generated via the transducer into a readable format. 

Figure 1.11: Biosensor: Three significant elements of biosensor viz., bio-receptor, transducer & signal 

reader. 
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 Thus, in a more elaborate sense, a biosensor comprises a biological element that interacts 

with the ligand resulting in a physical/chemical change that is amplified into a readable electrical 

or optical signal with the help of a transducer element (Figure 1.11). The molecular recognition via 

these bio-receptors takes place at epitope regions, which comprises of amino-acid rich binding 

pockets in antibodies & enzymes. Simultaneously, 3D folded nucleic acid structures that non-

covalently interact specifically with the target molecules in aptamers. Bio-receptors that specifically 

interact with antigenic sites (epitopes) present on the target instead of other non-targets, provide 

enhanced selectivity for sensing a narrow range of species. The response sensitivity of the bio-

interaction is further determined by the transducer material owing to their unique physio-chemical 

properties as well as the methodological approaches used to observe the bio-interaction. Thus, the 

significant parameters that govern biosensor performance are selectivity, sensitivity, and detection 

range.  

1.6.1 Aptamers as bio-receptors 
In August 1990, two significant publications appeared back-to-back in Science and, Nature journals 

discussing a similar concept of screening out RNA based receptors from a milieu of random RNA 

sequences. Tuerk & Gold reported high-affinity RNA based nucleic acid ligands for T4 DNA 

polymerase by alternate cycles of ligand selection from a calculated pool of 65,536 variant 

sequences and amplification of bound species, which were exponentially enriched for the highest 

affinity species that can be clonally isolated and characterized78. The discoverers named this new 

technology as ‘systematic evolution of ligands by exponential enrichment’, an in-vitro 

combinatorial chemistry method in which the compound library were single-stranded nucleic acids. 

They proposed that such bewildering structural diversity single-stranded nucleic acids could lead 

to ‘nucleic acid antibodies’ of equivalent richness to real antibodies. Ellington & Szostak appointed 

the term SELEX (Systemic Evolution of Ligands by EXponential enrichment) and discovered 

subpopulations of RNA molecules that bind specifically to a variety of organic dyes viz., Cibacron 

Blue 3GA, Reactive Red 120, Reactive Yellow, Reactive Brown 10, Reactive Green 19 and 

Reactive Blue 4 attached to crosslinked beaded agarose had been isolated from a population of 1010 

random sequence RNA molecules out of which a few folds in such a way as to create a specific 

binding site for small ligands79. They chose these molecules because they have many possible 

hydrogen-bond donor and acceptor groups and planar surfaces for stacking interactions. These 

receptors, called aptamers (word chimera composed of Latin aptus: fit and Greek suffix -meros: 

part), have shown unique selectivity for diverse target analytes in their native states.  

 Over 30 years, numerous publications on aptamers for their both synthesis and application 

have been reported. It has emerged as a reliable alternative to antibody/enzyme receptor-based 

diagnostic assays, especially after the approval of Macugen®, an aptamer-based anti-angiogenic 

medicine for age-related macular degeneration by FDA in 200480,81. Aptamer screening 
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methodologies have been modified by various research groups based on the feasibility of interaction 

with the target and rapid screening time, and avidity and affinity of the aptameric molecules. 

Various aptasensors have been developed using both RNA, DNA, and modified residues, which 

show remarkable flexibility, stability, and binding with the target of interest82–84. Besides, aptamer 

& ligand interaction studies highlight the conformation of the molecules, chemical bonding, or 

binding properties, a strong emphasis has been placed on the bioconjugation of these aptamers with 

functional groups, fluorophores, nanoparticles. A crucial step in the fabrication of aptasensors is 

the immobilization of the aptamer onto the sensor surface, which may be facilitated with the 

addition of polymers or site-directional functional groups helping in the formation of sensing layers 

and thus controlling the sensitivity of the platform. Our lab has explored this approach in the 

research article, Kumar et al. 201685. 

 Since the discovery of these aptamers, numerous studies have been conducted on the 

structural and interaction dynamics of these molecules for the generation of specific ligands for 

various targets ranging from small heavy metal ions to larger biomolecules and even whole cells86. 

In a diseased human being (non-infectious diseases like cancer & diabetes), multiple biomarkers 

are released at different stages of the disease, significantly different from the animal models 

currently used for antibody generation. Likewise, in the case of infectious diseases due to bacterial, 

fungal, or viral pathogens, multiple surface antigens adorn the outer membrane of these whole 

microbial cells which contain certain hidden trans-membrane regions and conformations in the 

diseased state which are not found in purified counterparts used to elicit response during generation 

& maturation of antibodies. In contrast, aptamers are generated against targets in their naturally 

occurring states due to their in-vitro generation route81,87. Though conventional labs and diagnostic 

platforms still gravitate on the superiority of antibodies and antibody fragments over aptamers in 

terms of specificity, it has been well reported over the past decade that high affinity (Kd ~ nanomolar 

to picomolar) aptamers are the most explored alternative for diagnostic & theranostic approach.  

1.6.2 Systemic evolution of ligands by exponential enrichment 
SELEX is an iterative method, which relies on the exposure of milieu of naïve oligomer molecules 

to target populations followed by the screening of binding oligomers, their amplification, and re-

exposure of these screened oligomers repetitively till the enrichment of high-affinity ligands to the 

exposed target analyte. These higher affinity oligomers with strong recognition & interaction 

capabilities are then aptly labeled ‘aptamer’ for that particular target. The selection cycle is 

repeated, leading to increased stringency of binding conditions to screen aptamers with affinities 

comparable to that of antibodies. Once the sequence of the aptamer has been identified, it can be 

re-synthesized with high purity for further applications. In early studies, RNA libraries were 

preferred over DNA due to better-folded structures and additional -OH group providing stronger 

molecular interactions with the target. However, RNA aptamers are generally reported to be 
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superior counterparts of DNA aptamers in terms of specificity but are highly susceptible to nuclease 

degradation. For application as a bioreceptor in in-vitro formats, nuclease resistance is not 

necessary, but an associated need during sampling of body fluids or in-vivo applications. Several 

studies revolving around aptamer selection, modification, and use in diagnosis and therapeutics 

have been reported88,89. The conventional process is affected by various environmental parameters, 

target features, and partitioning methods.  

 Recent developments have yielded several SELEX variants devised by researchers tailored 

according to the target or its application. To mention a few, AEGIS-SELEX (artificially expanded 

genetic information systems SELEX)90, CE-SELEX (capillary electrophoresis SELEX)91, ECEEM 

(equilibrium capillary electrophoresis of equilibrium mixtures)92, EMSA-SELEX (electrophoretic 

mobility shift assay SELEX)93, FACS-SELEX (fluorescence-activated cell sorting SELEX)94, GO-

SELEX (graphene oxide SELEX)95, LIGS (ligand-guided selection)96, MAI-SELEX (multivalent 

aptamer isolation)97, MARAS (magnetic-assisted rapid aptamer selection)98, MSD-SELEX 

(monoclonal surface display SELEX)99, NECEEM (non-equilibrium capillary electrophoresis of 

equilibrium mixture)100 have been reported in the literature. Several of these modified SELEX 

processes have been employed by other researchers for obtaining high affinity aptamers against 

multitude of target. Figure 1.12 shows a schematic representation depicting the necessary cell-

SELEX process. This combinatorial methodology is initiated by chemical synthesis of a single-

stranded nucleic acid library composed of a random region flanked with priming binding sites at 5' 

and 3' ends. It is believed that each individual ssDNA has a different random region sequence, and 

the diversity of the naïve library depends on the length of the random region. The initial naïve 

library pool comprises of various different sequences that are allowed to interact with the target. 

Figure 1.12: Conventional cell-SELEX: Various steps of a conventional cell-SELEX procedure. Single-

stranded DNA 81-nt naïve library used in our studies for aptamer selection against whole cells, toxins, and 

surface antigens was adapted from established protocol167. 
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1.6.2.1 Conventional SELEX protocol 

All the variants involve the necessary steps of a conventional SELEX protocol, which are as 

follows:  

(i) Binding: The random naïve library is exposed to the target molecules either free in 

the system or adhered to the substrate and allowed to interact. 

(ii) Selection: The binders are retained, and non-binders are washed off. This is the most 

crucial step for the isolation of high-affinity oligomers. The oligomers that bind to the 

target are eluted out via heating, ionic/pH variation, denaturant addition, or 

competitive binder. 

(iii) Amplification: The selected ss pool is amplified using PCR or related techniques. Too 

many PCR cycles lead to non-specific amplification and multiple sized amplicons. 

Thus, 10-15 cycles are usually sufficient or mostly optimized per every SELEX.  

(iv) Partitioning: After PCR, the oligomer exists as ds PCR amplicon which is partitioned 

to single strand again either through denaturation and filtration or biotin-streptavidin 

probe, wherein the biotin-labeled reverse primer is used for amplification which is 

incorporated in the double-stranded PCR amplicon, and this biotin-labeled ds DNA is 

then stripped off to ssDNA using streptavidin-coated nanoparticles or beads (Figure 

1.13).  

The separated sense strand is further exposed to target with increased stringency as in Step 1. With 

further iterations, the diversity in the pool is decreased, and the enrichment of higher affinity 

oligomers takes place, thus dominating the pool in each successive cycle. This process can be 

Figure 1.13: Amplification & partitioning steps of SELEX: Various stages of (A) PCR amplification of 

binder sequences using biotinylated antisense primer and (B) partitioning using streptavidin-coated gold 

nanoparticle probe. The single sense strand is used as a refined aptamer library for the next iterative rounds. 

Using fluorophore labeling is optional and best suited as per application. 
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monitored at each SELEX cycle, increasing nucleic acid concentration at λ280 nm. The process is 

repeated until a high-affinity aptamer pool with proper molecular recognition for the target is 

selected. In addition to these SELEX steps against the target molecule or cell, a counter-selection 

or counter selection is carried out to eliminate the non-specific oligomers binding to other related 

molecules or the substrate absence of target. Herein, the cross-related species are incubated with 

oligomers instead of the target, and those binding to these are washed off. The non-binder 

population partitioned off for the next positive selection round. This addition of a counter-selective 

step gives an edge over other receptor generation technologies and aids in the generation of highly 

specific aptamers. The final pool containing the aptamer for the target is selected and amplified 

using unmodified primers and cloned for sequencing.  

 The sequence of the aptamer helps in the prediction of the secondary structure, the binding 

pocket, and possible interaction sites with the target. Online available tools like ‘m-fold’ and ‘RNA 

composer’ are widely used to predict the secondary structure and thermodynamic properties and 

tertiary structure, respectively101,102. For a randomly generated sequence of length n, there are 4n 

possible sequences. Thus, a 45-nucleotide (nt) random region library theoretically contains 445 = 

1,23,79,40,03,92,85,38,02,74,89,91,24,224 different sequences. Unfortunately, this vast theoretical 

diversity of 1027 distinct sequences are not realized in real applications, and nanomoles of the initial 

naïve library containing around 1014-15 different sequences are used, which is assumed to generate 

different molecular interactions or structural recognition pockets for the target.  

1.6.2.2 Aptamer recognition motifs 

The molecular recognition of aptamer is due to a mix of many non-covalent intermolecular 

interactions viz., stacking of nitrogenous bases, electrostatic interactions, van der Waals 

interactions, hydrogen bonding. These interactions in supplementation to the induced-fit 

mechanism, which focuses the limelight on the unique 3D folded structures adopted by the aptamers 

to fit their cognate target103. Aptamer secondary structures typically consist of motifs of high 

complexity like k-turns, stem-loops, pseudoknots, or G-quadruplexes (G-quad) (Figure 1.14). The 

incomparable capacity of aptamers to bind to various targets is due to these folded secondary 

structures that oligomers can adopt other than Watson-Crick hydrogen bonding or mere base to base 

hybridization. The k-turn is a type of bulge of three nucleotides flanked by paired bases leading to 

the formation of a kink in the aptamer. Stem-loops are the most-common motifs stabilized by 

mismatched base pairing with long stretches of bases complementary to one another and form 

Watson-Crick base pairs104. Pseudoknots consist of two stem-loops wherein half of the stem 

intercalates between two halves of the other stem. Guanine-rich segments tend to form Hoogsteen-

paired tetrad, which stacks upon another guanine tetrad105. This G-quad is usually stabilized with 

the presence of mono or divalent cation, which provides spatial stability106. The molecular target 
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recognition is an interplay of all these various non-covalent molecular interactions. Expectedly, G-

quads have been mentioned as an integral motif in many published aptamers107–109.  

Figure 1.14: Aptamer structural motifs: Commonly reported complex tertiary structures attributed to the 

specific binding of ss-nucleic acid sequences. 

 

1.6.2.3 Characteristic parameters of a bioreceptor 

1.6.2.3.1 Affinity 

Affinity refers to the binding interaction existing between the aptamer and its target. It is evaluated 

by measuring at equilibrium the association constant (Ka) for the forward reaction or the 

dissociation constant (Kd) for the reverse reaction, which is inversely proportional to the Ka. 

Oligomers that have slow-off rates exhibit strong interactions with their target and are often known 

by dissociation constants for affinity denoted as Kd, which is the ratio of koff/kon equilibrium 

constants for reverse and forward reactions for:  

[A] + [T] ⇌ [AT] 

where A is an aptamer, and T is Target. 

1.6.2.3.2 Specificity & cross-reactivity 

Specificity is a measure of the degree to which the receptors differentiate between different 

antigens. Alongside, cross-reactivity is a measure of the extent to which different antigens appear 

similar to the receptor. Thus, a functional receptor shows high specificity and low cross-reactivity 

during bio-recognition. These high-affinity aptamers, therefore, consequently can bind even a few 

molecules of target present in samples. This sensitivity is advantageous in the detection of 

biomarkers that are present in a shallow concentration in the pathological state, especially during 

the onset of a disease. 

1.6.3 Aptamers vs. antibodies 
Since their discovery, aptamers have been purported as antibody mimetics due to similar application 

in diagnostics, but are instead very different in both structure and methodology of interaction with 
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the target analyte. Out of the various advantages of aptamers in comparison to antibodies, some are 

listed below as: 

(i) Ease of synthesis: Nucleic acid-based aptamers can be easily screened on a bench and 

amplified using PCR, unlike other receptors. 

(ii) Ease of scaling: Aptamers are produced chemically in a readily scalable process can be 

generated & is not prone to viral or bacterial contamination, and these show no batch-batch 

variation, and purified aptamers are way cheaper. 

(iii) Safer: No animals are harmed during the synthesis & selection of aptamers and have an 

added advantage in case of generation of receptors against toxic compounds or those that 

show structural similarity to molecules present in the model physiological environment. 

(iv) Faster production: Custom aptamers can be synthesized in under a week, which is 

significantly quicker than what antibody generation requires. 

(v) Non-immunogenic: There are no reported cases of immunogenicity when aptamers are 

used as in-vivo probes. 

(vi) Counter-selection: Able to select for and against specific targets and to select against cell-

surface targets. 

(vii) Thermostability: Retain functional ability even after denaturation and phosphodiester 

bond is exceptionally chemically stable, and this excellent flexibility helps confer 

thermostability. 

(viii) Ease of modification: Conjugation with fluorescent dyes or functional groups can be 

readily introduced during synthesis and also, they can be immobilized on different surfaces 

and substrates, retaining their specificity. 

(ix) Excellent bio-receptor element: High affinity, specificity, small size, high stability 

confers the ability to act as a functional receptor element in a biosensing platform. 

(x) Conformational flexibility: Single strands of nucleic acid can restructure themselves 

during target binding, while antibodies are rigid and bulky.  

1.6.4 Biosensors: Market & industry 
Biosensors have been able to find applications in multiple sectors, majorly and not limited to 

pharma, food, and environmental monitoring. The global biosensor market was valued at almost 20 

billion US$ in 2019 and is expected to have an annual growth rate of 7.9%. In recent times, the 

particular demand for biosensors is increasing due to various applications of biosensors in the 

medical field, rising diabetic population, high demand for miniature diagnostic devices, and rapid 

technological advancements. In 2020, with Covid-19 infections rising globally, there is a crucial 

need for development and manufacturing of a wide range of diagnostic test-kits (disposable, cost-

efficient, and user-friendly with fast response time) for early and precise disease diagnosis110. 

Various antibody-based platforms for bacterial detection based on various techniques have been 
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reported viz., amperometric, electrochemical impedance, quartz crystalline microbalance (QCM), 

surface plasmon resonance (SPR), and field-effect transistors (FET)111,112.  

 In the contest of these immune-platforms, aptasensors offer high stability, selectivity & 

sensitivity12. Since the discovery of SELEX, numerous labs worldwide have adopted the 

methodology and its variants to develop aptamer functionalized sensors, which can be observed by 

increasing the number of publications in this interdisciplinary field (Figure 1.15). However, still, 

aptasensing technologies have taken the research arena by storm, their market acceptance has been 

slower than anticipated, mainly due to well established standard procedures validated by 

governmental laws for antibody-based systems113. These lacunae can be overcome by only keeping 

in view the numerous pros of aptamers and cons of antibodies114.  

Figure 1.15: Aptasensor publication record: (A) A year-wise publication record with the term ‘Aptasensor’ 

and (B) with the term ‘Aptasensor and Pathogen’. Source: Web of Science  

1.7 Nanostructured sensing platforms 
In Richard Feynman’s famous 1959 speech There is plenty of room at the bottom, he emphasized 

on the miniaturization of the techniques for manipulation of matter at molecular or atomic 

subscale115. This vision was further expanded and explored in the subsequent years by material 

scientists worldwide. Nanoscience studies particles at a tiny scale in the range of 1-100 nanometers 

(10-9 m). It is an interdisciplinary domain, and the material properties are significantly different 

from bulk material due to quantum confinement, high surface area, and energy properties. These 

nanomaterials can be suitably modified by introducing functional groups or functionalized with 

chemo or bio-molecules that enhance their interaction and, subsequently, their sensing capability. 

Nanomaterials have recently been widely used for the fabrication of various biosensors for both 

clinical & environmental sensing116. These, along with aptamers (next-generation nucleic acid-

based antibody mimics), have improved the selectivity & sensitivity of the functionalized 

biosensors for a multitude of ligands, including whole cells present in water as well as complex 

matrices present in food samples. 
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1.7.1 Nanostructured materials  
The properties are drastically changed when a material enters nano-regime as rules of quantum 

science show more effect than classical Newtonian science. The following properties are conferred 

to nano-sized materials: 

(i) Wave-particle duality 

(ii) Particle penetration into forbidden energy barriers via quantum tunneling 

(iii) Size-tunable plasmonic properties due to quantum confinement 

(iv) Increased surface-to-volume ratio enhancing the physical and surface properties117. 

In nano-regime for a material, not only the elemental composition but also the structural and surface 

properties immensely alter their properties, not just from bulk to nanostructures, but also between 

different dimensions of the same nanomaterial. These alterations may lead to enhancement of 

specific features, like conductivity, reactivity, catalytic activity, plasmonic, which are then 

exploited for transducers in sensing platforms. The nanostructures can be synthesized in various 

dimensions and defined as follows: 

(i) Zero-Dimensional: Structures having all dimensional aspects (x,y,z) lesser than 100 

nanometer (nm), e.g., metal nanoparticles and those with dimensions lower than 5 nm, e.g., 

quantum dots (QDs) possess supreme electronic and optical properties.  

(ii) One-Dimensional: Structures having spatial dimensions of one of the two-axis in nano range 

(x,y), e.g., nanorods, nanotubes. 

(iii) Two-Dimensional: Structures having spatial dimensions of one of the three-axis in nano 

range (x,y,z), e.g., nanosheets like graphene and transition metal dichalcogenides (TMD). 

(iv) Three-Dimensional: Structures made out of nanostructures but themselves having all three 

axes (x,y,z) above the nano-regime. These exploit the features of the smaller units, e.g., 3D 

graphene. 

Figure 1.16: Nanostructure dimensions: Carbon-based nanomaterials with different form nanostructures 

ranging from 0D to 3D. The top panel shows the cartoon figures for carbon analogs and their date of 

discovery, and the bottom panel shows the electron micrographs of the respective structures118. 



26 

 

Figure 1.16 shows the various allotropic forms of carbon constituting the different dimensions. 

Carbon-based nanostructures dominate the current nanomaterial area. The first carbon nanotubes 

were synthesized by Iijima using arc discharge in 1991, the first prominent carbon-based 

nanostructure development after fullerenes119–121. In 2010, Andre Geim and Kostya Novoselov were 

awarded the Nobel Prize in Physics for groundbreaking experiments regarding the two-dimensional 

material graphene’ just six years after their seminal work article boosted graphene and 

nanotechnology research and development worldwide122,123. Graphene consists of a single layer of 

a honeycomb lattice of covalently bonded sp2 carbon atoms with fully conjugated π-electrons118. 

For transducer properties, the reduced form of free graphene easily oxidized to form graphene oxide 

(GO) is generated by chemical reduction using agents like hydrazine hydrate and/or sodium 

borohydride. Additionally, GO can be generated from graphite by a chemical method called 

Hummer’s method, whose several modifications have been carried out to optimize the reaction 

conditions124.  

 Since the discovery of graphene, many 2D nanomaterials have emerged which have been 

explored on basis of their band gap for various applications ranging from metals to insulators125–128. 

There has been a particular emphasis on transition metal dichalcogenides, which are 

semiconductors of the type MX2, where M is a transition metal (Mo, W,) and X is a chalcogen (such 

as S, Se or Te), which are also layered materials analogous to graphite. The fast-paced ongoing 

research, e.g., MoS2, WS2, MoSe2, and WSe2, point it as the hot-area of research to find better 

alternatives than graphene128,129. The stacked layers are relatively weakly bonded with each other 

by non-covalent interactions like van der Waals forces (Figure 1.17). This allows the material to be 

Figure 1.17: Crystal lattice & band structures: Various layered materials explored in order of increasing 

band gap (red shadowed area)168. 
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peeled out into individual layers with several routes of synthesis. These nanostructures are explored 

for biosensing approaches since they confer excellent electrical and/or optical properties, high 

surface area, abundant functional groups on the surface, which help in easy functionalization and 

develop high sensitivity biosensing platforms. 

1.7.2 Nanostructure fabrication  
For the synthesis of nanostructures, many techniques like ‘top-bottom’ nanofabrication 

methodologies, for example, ball milling, grinding, liquid exfoliation, laser/electron lithography, 

scotch-tape method, and ‘bottom-up’ approach like chemical vapor-phase deposition, 

electrodeposition, sol-gel assembly, hydrothermal synthesis has been extensively explored over due 

course of last two decades130,131. Table 1.3 tabulates the various methodologies conventionally 

approached for nanostructure synthesis supplemented with their merits and demerits132. The choice 

of fabrication technique depends on; (i) need of resolution, (ii) required 

optical/electrical/thermal/piezoelectric properties, (iii) surface groups for functionalization, and (iv) 

availability and cost-effectiveness. 

Table 1.3: Nanofabrication methods: List of primary commonly employed nanostructure fabrication 

methods along with their merits and demerits132. 

1.7.3 Transducer signaling methods 
The choice of nanomaterial employed for the sensor is dictated by the signal transduction method 

used, and hence, these are like opposite sides of the same coin. The nanosensors are mainly 

classified into optical & electrochemical nanosensors, mainly based on how the output of bio-

Top-down  Merits Demerits 

Optical 

lithography 

Long-standing, sufficient level of 

resolution at high throughputs 

Depends on resist process sensitivity and 

resolution, requiring expensive cleanroom  

E-beam 

lithography 

An extremely accurate method for 

< 20 nm nanostructure fabrication  

Expensive, low throughput and a slow 

process  

Soft & 

nanoimprint 

lithography 

Pattern transfer based simple, 

useful nanofabrication tool for 

fabricating < 10 nm features 

Difficult for large-scale production of 

densely packed nanostructures 

Block 

copolymer 

lithography 

High-throughput, low-cost 

method, suitable for diverse 

shapes of nanostructures 

Challenging to make self-assembled 

nanopatterns with variable periodicity 

Bottom-up  Merits Demerits 

Atomic layer 

deposition 

Allows the atomic level precision, 

and adhesion due to the formation 

of chemical bonds at the first 

atomic layer 

Slow and expensive method for large 

scale synthesis of complex nanostructures 

Sol-gel  Chemical synthesis method Difficult to control synthesis and the 

subsequent drying steps 

Molecular 

self-assembly 

Allows self-assembly of deep 

molecular nanopatterns < 20 nm  

Challenging to design and fabricate  

Chemical 

vapor-phase 

deposition 

Versatile, scalable, and controlled 

method deposition of materials 

Requires dedicated furnaces with a supply 

of toxic and corrosive gases  
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interaction between the target and analyte is measured. Nanoparticles-based platforms usually 

dominate visual signal transduction, while semiconducting 1D, 2D, and 3D nanomaterials dominate 

the electrochemical and electrical signal transduction methods.  

1.7.3.1 Optical transduction 
In 1996, Davis et al. published the first work using aptamers as bio-receptors for sensing133. The 

modulation of various radiations (absorption, reflectance, resonance) in the electromagnetic 

spectrum is used to indicate the presence/absence of target bacteria or biomolecules. Thus, optically 

active nanostructures like metal nanoparticles, harvest size-dependent property, and interact with 

light appearing colored. Colloidal gold nanoparticles (<20 nm) switch from red color (λmax=520 

nm) to purple to blue coloration as aggregation increases the particle size. This phenomenon can be 

visually observed or with the help of a spectrophotometer for quantification. Nanoparticles of 

various structures like rods, shells, and cages show different optical phenomena and colorations, as 

visible in Figure 1.18134. Noble metal (e.g., gold, 

silver, copper) nanoparticles are widely used as 

optical probes due to the existence of stable localized 

surface plasmon resonances (LSPR), which is the 

collective oscillation of conductive band electrons 

present on the surface of nanoparticle in response to 

electromagnetic radiation exposure. This LSPR of 

metal nanoparticles is sensitive to surface variations 

and inter-particle distance, and thus mostly positive 

recognition results in redshift, which is exploited for 

sensing. Regrettably, aggregation-based strategies 

prove non-beneficial in complex matrices or samples 

with a milieu of other competing molecules. 

Likewise, surface-enhanced Raman spectroscopy is a 

highly exploited optical phenomenon for sensing 

biomolecules135,136.  

  Quantum dots with excellent photoluminescent 

properties are used as fluorescent sensors, which in 

conjugation with other enhancing or quencher 

molecules, are heavily employed in nanosensing 

optical assays. QDs fluorescence emission is tunable 

according to the nanoparticle's size, i.e., larger QDs 

fluoresce at the longest wavelengths. In contrast, the 

smallest QDs fluoresces at shorter wavelengths, 

Figure 1.18: Gold nanostructures: (A) 

Nanorods, (B) nanoshells and (C) nanocages 

showing color variation with change in size 

and geometry. (D) Optical dark-field 

scattering of gold nanorods (electron 

micrograph in the inset) showing resonant 

scattering from their transverse plasmon 

mode (green) and their lower energy, 

longitudinal plasmon mode (red)136. 
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which visibly means large QDs emit red fluorescence and small QDs emit blue fluorescence, and 

medium-sized QDs producing green fluorescence, which emerges as the result of the quantum 

confinement effect. Their generation methods (microwave, hydrothermal, pyrolysis) for green 

synthesis as fluorescent tags with a wide range of excitation and emission bands is a hotspot of 

research. QDs based on noble metals and especially carbon dots (c-dots), have gained fame as 

nanoparticles that confer high quantum yield and show stability far beyond commonly used organic 

fluorophores137.  

1.7.3.2 Electrochemical transduction   
Electrochemical sensing is a rapid signal transduction methodology where bio-interactions are 

observed by changes in the electrochemical reduction-oxidation (redox) signals138. The sensing is 

dependent on the changes in the current/potential from faradaic processes at the electrode surface 

between a receptor on the surface and analyte, which is read by an oscilloscope or potentiometer. 

The most common techniques are voltammetric, which scan variable potentials and measure the 

current changes resulting in the electrode interface and impedance, which relies on the alterations 

in the charge-transfer or resistance of the system. Impedance observation known as electrochemical 

impedance spectroscopy (EIS) is a label-free technique, where the analyte itself facilitates 

conductance or residence on the electrode surface138,139. In this thesis, both these techniques are 

exploited for characterization of the nanostructures as well as for apta-assays using screen-printed 

electrodes (SPE) with working electrode (WE), the counter electrode (CE), and reference all on a 

small chip through the help of a sophisticated electrochemical workstation. SPE sensors were 

chosen as they are cost-effective, need low sample volume, and are easy to use, which is desirable 

in biosensing measurements for point-of-care diagnosis140. When designing an electrochemical 

biosensor, quite a few vital aspects must be considered: (i) the choice of bio-receptor concerning 

its size and electronic behavior, (ii) immobilization of the bio-receptor; (iii) functionalization ability 

of the transducer material and its (iv) sensitivity. The bio-interaction should occur close to the 

electrode interface to detect the redox reaction, thus requiring bio-receptors with a smaller size 

(aptamers overpower antibodies) and deployment of small-functional groups on the surface (long 

functionalization molecules dampen response) of the electrode. Thus, specific aptamers in the 

conjugation of functional conductive nanomaterials for modification of the working electrode, 

usually made of metals or carbon, are of immense interest. So, in a typical electrochemical apta-

nanosensor, the surface of the working electrode is modified with nanomaterial with enhanced 

conductive properties functionalized with aptamer and where the electrochemical circuit is 

mediated by the movement of electrons from the electrolyte (usually supplemented with a redox 

probe, e.g., [Fe(CN)6]3-/4-) to the surface of the electrode. The techniques mostly utilized in this 

thesis for sensing purposes are discussed briefly in this section (Figure 1.19). 
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Cyclic voltammetry (CV) is a well-known and 

prevalent electrochemical technique commonly used 

for monitoring the redox processes of molecular species 

present in the solution or WE surface. This is usually 

used to characterize the electrode surface, where the 

corresponding current for the potential sweep is 

recorded cyclically.   

  Alternatively, a more sensitive pulsed 

electrochemical technique called square wave 

voltammetry (SWV) is used for analytical sensing, a 

form of potential sweep voltammetry that combines 

square wave and staircase potential applied to an 

electrode. Here, the current response is recorded twice- 

firstly at the end of the forward potential pulse and 

again at the end of the reverse potential pulse, which 

reduces the current response from non-faradic 

processes. Thus, increasing the ratio of faradaic 

response to non-faradaic response, allowing for higher 

sensitivity. 

  EIS measures alternating current impedance 

and are mostly utilized for recognition of biomolecules 

or cells, which are resistive and hinder the flow of 

electrons to the sensor surface. By varying the intensity 

of the excitation potential through a frequency range, an 

impedance spectrum of the electrochemical system is 

acquired and analyzed. As in electrical analysis, the real 

component of impedance (Z′) corresponds to a 

resistance in-phase with the applied voltage. The 

imaginary part (Z′′) corresponds to a reactance 90° out-of-phase with the applied voltage, which 

provides information about the kinetic, capacitive, and mass transport properties of the 

electrochemical system. The total complex impedance of the cell is divided into real, Z″, and an 

imaginary, Z′ component. The Nyquist plot consisting of -Z′′ vs. Z′ is plotted to generate a semi-

circle curve. When a reaction occurs on the electrode surface at the electrode-electrolyte interface, 

a change either the charge transfer resistance (Rct) or the double-layer capacitance (Cdl), the 

Warburg impedance (ZW), which represents the diffusion of ions in the media are affected. This 

spectrum is fitted using the Randles-Sevcik circuit, which is the modified equivalent circuit model 

for, the SPE based electrochemical aptasensor as displayed in Figure 1.20.  

Figure 1.19: Electrochemical techniques: 

Waveforms for electrochemical techniques 

mostly used for sensing; CV, EIS and SWV. 
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Figure 1.20: Randles-Sevcik circuit fitting for aptasensor: SPE was modified with aptamer functionalized 

nanostructures for bio-sensing. 

1.8 Recent biosensing platforms 
Several advances in biosensing platforms based on variety of bio-receptors mentioned in section 

1.6 and transducer methodologies in section 1.7 have been reported in recent years. Majorly 

antibody, aptamer and antibody-aptamer hybrid platforms have come up as an area of extensive 

study141–143. These platforms have been widely studied for the detection of clinically and 

environmentally significant molecules viz., disease biomarkers, drugs and antibiotics, pathogens 

(including bacteria and virus), toxins (mycotoxins, phytotoxins), heavy metal contaminants, 

pesticides and herbicides, etc., in food and water sources144–152. Nanotechnology based biosensors 

have been technologically advanced for monitoring of organic compounds like aldehydes, 2,4,6-

trinitrotoluene, 2,4-dichlorophenoxyacetic acid, acetamiprid, chlorpyrifos, malathion, arsenic, 

mercury, radioactive waste, to name a few which have severe effects on the environment and 

dependent living organisms153–160. Biological contaminates in food products and water sources have 

been extensively studied for monitoring and optimal detection up to single cell level by super 

sophisticated technologies161. Salmonella sp., Listeria sp., Campylobacter sp., Staphylococcus sp., 

Pseudomonas sp., etc., have been detected in clinical blood and sera samples and advancements for 

non-invasive techniques are being rapidly developed by researchers worldwide162–165. Still, there 

lies a substantial challenge ahead for the implementation of sensors based on novel nanostructures 

and bio-receptors that retain high sensitivity, stability and reusability independent of costly reagents 

and instrumentations166.    

1.9 Our biosensing approach  
To battle out the current problem of infectious diseases at hand, as discussed in this chapter, we 

took an aptamer functionalized nanomaterial-based sensing technology as the first line of approach. 

The generation of aptamer-based bio-receptor against a pathogen gives an added advantage to 
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synthetically produced aptamers versus antibodies raised in animal models both physiologically 

and ethically. Additionally, our three-way approach for bio-receptor generation stems from 

alternative enhanced binding affinities for target in various environments (Figure 1.21). In our 

opinion, the presence of both whole-cell or its components is possible for monitoring targets. 

Therefore, multiple aptamers were screened against the whole-cell and its components and utilized 

for bio-sensing.  

Figure 1.21: Three-way approach for bioreceptor generation: Multiple strategies for producing high-

affinity aptamers for specific estimation of bacterial cells have been undertaken for aptamer screening using 

1) whole-cell bacteria, 2) surface antigens (O & H antigens), and 3) enterotoxins (Stx subtypes). 

 In summary, the overall aim of this thesis is the development of aptasensing platforms for 

bacterial detection of pathogenic E. coli and its surface antigen and toxins. The objective is to 

explore novel methods for aptamer generation and the simultaneous application of these aptamers 

as bio-recognition moieties onto nanostructured platforms. The thesis also aims at the synthesis of 

nanostructures relevant for aptasensing optically and electrochemically.  

1.9.1 Objectives  
The primary goals furnished to meet the requirements of our studies are: 

(i) Identification of potentially pathogenic enteric bacteria, surface markers, and toxins. 

(ii) Generation & characterization of specific bio-receptors against the selected targets and 

modeling studies to evaluate the best bio-receptor against the antigenic markers. 

(iii) Synthesis & characterization of novel nanostructures for transducer application. 

(iv) Bio-conjugation of generated bio-receptors with various modified nanostructures for assay 

development. 

(v) Design & fabrication of nanostructured sensing platform. 

(vi) Testing & validation of real food & environmental samples. 
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1.9.2 Outline of the thesis 

In this last section of the chapter, an outline of the thesis is presented.  

1.9.2.1 Chapter 1 overview 

It is the introductory chapter which details on five main topics viz., enteric pathogenic bacteria with 

a prime focus on pathogenic E. coli, conventional microbial detection methods and their limitations, 

our biosensor components – aptamers; their generation and characteristics and nanostructures; their 

features and prominently explored sensing techniques. 

1.9.2.2 Chapter 2 overview 

The chapter discusses the apta-sensing of E. coli O78:H11, an enterotoxigenic E. coli strain, which 

is a leading cause of diarrhea, especially in African & south-east Asian countries. For this, we 

generated a specific anti-E. coli O78:H11 aptamer via a novel in-situ developed SELEX method 

using phenylboronic acid as capture moiety on a microtiter plate. Simultaneously, we synthesized 

a 3D-hierarchical bridged rebar graphene nano-construct via un-scrolling of multiwall carbon 

nanotubes and subsequent bridging with terephthalaldehyde, which exhibited enhanced electrical 

properties. The specific aptamer was used to functionalize the BRG modified electrode for label-

free impedimetric sensing of E. coli O78:H11 in spiked water and juices samples. 

1.9.2.3 Chapter 3 overview 

The chapter accounts in detail the apta-sensing of enterohemorrhagic E. coli serotype O157:H7. 

This serotype is well documented as the leading cause of bacterial gastroenteritis and its associated 

hemolytic-uremic syndrome worldwide. Herein, we generated a specific anti-E. coli O157:H7 

aptamer via microtiter SELEX methodology. Subsequently, we fabricated nickel nanoparticle 

decorated boron infused carbon nanorods nanostructured platform, which was functionalized with 

a specific aptamer to develop a label-free impedimetric aptasensor for rapid & sensitive detection 

of E. coli O157:H7 in spiked water and juice samples. The thesis is supplemented with allied proof-

of-concept work in the development of microfluidic bacterial monitoring platform. 

1.9.2.4 Chapter 4 overview 

The chapter brings forth the studies related to optical apta-sensing of major bacterial surface 

antigens, O-antigen and H-antigen of E. coli O157:H7. These surface markers are potent 

superantigens in themselves, causing sepsis. This chapter details the selection of aptamers against 

these markers, and the synthesis of novel carbon dots for a sensitive nano-bioassay is based on the 

quenching of c-dots fluorescence by silver nanoparticles via fluorescence resonance energy 

transfer. In the presence of the target, the quenched fluorescence was significantly recovered. 
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1.9.2.5 Chapter 5 overview 

The chapter accounts for developing biolayer interferometry based in-vitro SELEX technique for 

fishing out specific aptamers against E. coli Shiga toxin subtypes viz., Stx1 & Stx2 via specific 

epitopically relevant peptides and its voltammetric detection using liquid-exfoliated chitosan WSe2 

nanosheets modified electrochemical sensor. 

1.9.2.6 Chapter 6 overview 

The chapter recapitulates the proposed platforms and experimental studies of the thesis and projects 

the future perspectives of the work.  
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Chapter 2 

Nanostructured aptasensor for enterotoxigenic  

E. coli 

The contents of this chapter are adapted from: Kaur, H.; Shorie, M.; Sharma, M.; Ganguli, A. K.; 

Sabherwal, P. Bridged rebar graphene functionalized aptasensor for pathogenic E. coli 

O78:K80:H11 detection. Biosens. Bioelectron. 2017, 98 (June), 486–493.  

2.1 Introduction 

Food and waterborne diseases caused due to pathogenic E. coli are a major cause of morbidity in 

developing nations. Enterotoxigenic E. coli (ETEC) is the eighth leading cause of diarrhea mortality 

among all age groups, accounting for the highest morbidity and mortality, significantly in Congo, 

Nigeria, India, and Pakistan1–3. These enteric bacteria initiate infections by crossing the stomach 

acid- barrier and further adhering to the villi of the intestinal epithelium causing gastroenteritis4. 

Although discovered 65 years ago, new ETEC virulence factors continue to emerge with still no 

vaccine developed against it.  

2.1.1 Target bacteria E. coli O78:H11 - A background 

E. coli O78:H11 is classified in phylogroup A as an enterotoxigenic strain isolated from Bangladesh 

and reported in 1973 as responsible for adult diarrhea with cholera-like symptoms and was found 

repeatedly from different geographical locations5–7. Further epidemiological and genetic analysis 

presented that the strain was probably a commensal that acquired plasmid encoding virulence 

genes8. The serotype O78:H11 expresses several colonization factors for adherence to the microvilli 

present on the enterocytes and enterotoxins, which induce water and electrolyte loss from the 

intestinal lumen9,10. These pose a serious environmental threat, thereby placing enteric diseases as 

a major albeit a substantially neglected public health problem11.  

2.1.2 The need of improved sensing platform 

Most of the diagnostic assays designed for its detection are based on multiplexed PCR, which 

require purified samples and the presence of non-target microorganisms hinders the sensitivity of 

the assay by a great magnitude12,13. A variety of antibody-based sensing platforms for E. coli 

detection have been studied viz., amperometric, electrochemical impedance, quartz crystalline 

microbalance, surface plasmon resonance and field-effect transistors14–18. However, the temperature 

instability, cost and associated ethical concerns of antibodies limit the market of these biosensors19. 

Regrettably, despite many conventionally availed techniques and molecular methods, no cost-

effective diagnostic is viable for local clinical labs, where routine microbiological testing is done. 
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The major bottlenecks in development of biosensors for pathogens is the complex yet overlapping 

nature of close species, temperature or pH instability of bio-receptor which is of grave importance 

in clinical or environmental samples and, signal saturation of the sensor due to bulky whole-cells. 

Keeping these issues in mind, an electrochemical platform using a specific low-cost bio-recognition 

element- ‘aptamer’ and graphene derived nanomaterial for enhanced platform sensitivity was 

devised.  

2.1.3 Objectives 

(i) Bio-receptor generation: Development of specific aptamer-based receptors against 

selected E. coli O78:H11 using whole-cell target approach. 

(ii) Transducer development: Synthesis of carbon-based nanostructured material for 

modification of electrochemical electrode surface. 

(iii) Aptasensor fabrication: Functionalization of generated high affinity aptamers onto 

electrically active nanostructures for apta-assay. 

(iv) Platform validation: Testing & validation of aptasensor in spiked food & water samples. 

2.1.4 Proposed biosensing platform for E. coli O78:H11 

2.1.4.1 Preface 

Biomolecular assays using specific aptamers offer a preferential alternate approach for bacteria 

detection in virtue of their high selectivity, sensitivity and rapidity. Nucleic-acid based aptamers 

have been utilized as antibody alternatives in a variety of diagnostic formats showing versatile 

applications20. Moreover, advances in nano-layered structures have facilitated the development of 

highly sensitive biosensing platforms. The development of 3D-hierarchical carbon-based 

nanostructures from interconnected nanoscale building blocks is intriguing because of their unique 

physical, chemical, and electrical properties21. However, covalent linkages between individual 

nano-blocks, without losing their distinctive properties still remains a challenge22. Recently, 

partially unzipped CNTs acting as a reinforcing bar (rebar) to form a seamless 2D conjoined hybrid 

through both π−π stacking domains and covalent bonding has been reported23,24. The excellent 

electronic and spin transport properties of this graphene make it an attractive material in wide range 

of biosensing applications25. 

2.1.4.2 Our aptasensing approach: Whole-cell bacteria 

As illustrated in Figure 2.1, an aptamer functionalized electrochemical nanosensing platform was 

developed wherein a synergistic approach with advancements in both nucleic acid-based aptamer 

& bridged rebar graphene modified electrochemical transducer were used. The present work 

demonstrates the unscrolling of multiwalled carbon nanotubes (MWCNT) in transverse and 
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longitudinal directions and the subsequent bridging with terephthalaldehyde (TPA) to form 3D 

bridged rebar graphene (BRG), which showed enhanced electrical properties and facile chemical 

functionality for the development of compatible bio-interface on sensing platform. In this chapter, 

we report novel fabrication method of functionalized BRG for our nanostructured aptasensor for 

pathogenic E. coli detection. Specific DNA aptamers were screened effectively on microtiter plate 

by in-situ developed phenylboronic acid (PBA) mediated SELEX method showing high affinity Kd 

~ 14 nM towards the selected strain. The newly developed aptasensing platform demonstrated a 

low limit of detection (LOD) of ~ 101 cells towards E. coli O78: H11 with a dynamic response range 

from 101 to 106 cells in spiked water, milk and juice samples. 

2.1.4.3 Novelty of experimental work  

(i) Bio-receptor: Aptamer selection using modified cell-SELEX for a whole bacterial cell using 

a phenylboronic acid-coated microtiter plater for immobilization and selection.  

(ii) Nanostructures: Bridged rebar graphene synthesized via un-scrolling of MWCNT in 

transverse and longitudinal directions and the subsequent bridging with TPA to form a 3D 

structure which showed enhanced electrical properties and a compatible bio-interface for 

bacterial sensing. 

Figure 2.1: Schematic Illustration: Showing the novel in-situ developed microtiter plate-based cell-SELEX 

methodology using phenylboronic acid as capturing agent for bacteria immobilization and naïve DNA 

aptamer library containing a random pool of oligomers which is exposed to bacteria immobilized bacteria. 

The selected anti-E. coli aptamer was used as a bio-receptor on BRG nanostructured screen-printed 

electrode using electrochemical impedance spectroscopy. 
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2.2 Experimental procedure 

The detailed procedures for the selection of nucleic-acid based aptamer for bacteria and its 

characterization, synthesis of BRG nanostructure and its characterization, nanostructure 

functionalization and assay development are described in the following respective sub-sections. 

2.2.1 Aptamer technology: Cell-SELEX 

2.2.1.1 Materials 

(A) Chemicals & reagents 

Phenylboronic acid 95% (PBA), 3-Aminophenylboronic acid monohydrate 98% (APBA), 4′,6-

diamidino-2-phenylindole (DAPI), 4-Morpholineethanesulfonic acid (MES) buffer, PCR 

mastermix (2x), PCR grade Dimethyl sulfoxide (DMSO), Streptavidin-Gold from Streptomyces 

avidinii and Poly-L-lysine solution 0.1% w/v in water (PLL) were procured from Sigma-Aldrich 

(India). N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-Hydroxy 

succinimide (NHS) were purchased from Merck (India). Glycine, Magnesium chloride, Tris base, 

Tris-HCl, Tryptone soya broth (TSB) and Luria Bertani agar (LB) were purchased from Himedia 

(India). Nunc Maxisorp F96 microtitre plates and InsTAclone PCR cloning kit from Thermo Fisher 

Scientific (India) and QIAprep spin miniprep kit from Qiagen (USA) were used. 

(B)  Aptamer library 

HPLC purified DNA library consisting of a central random region of 45 nt flanked by two 18 nt 

primer binding sequences at 5' and 3' ends (5'-ATCCAGAGTGACGCAGCA-(N45)-

TGGACACGGTGGCTTAGT-3’) and amplified with Fluorescein isothiocyanate (FITC) labeled 

forward primer (5'-FITC-ATCCAGAGTGACGCAGCA-3’), biotin-labeled reverse primer (5'-

biotin-ACTAAGCCACCGTGTCCA-3’) were procured from Sigma-Aldrich (India)26.  

(C) Bacterial culture 

The lyophilized bacterial strain of E. coli O78:K80:H11 (MTCC 726) was procured from MTCC, 

Chandigarh, India.  

(D) Optimized recipes 

(i) Microbiological media  

Prepared for 1 L as per manufacturers weight by volume ratio, autoclave at 121.5°C, 15 psi for 15 

min and cool to 37℃ before bacterial inoculation. 

(ii) Carbonate buffer 

Added 5.7 mM NaHCO3, 4.3 mM Na2HCO3 and made up to 500 mL volume with sterile water after 

adjusting to pH 9.8.  

(iii) Tris-HCl binding buffer  

Added 10 mM Tris-HCl, 150 mM NaCl, 5 mM MgCl2 and made up to 500 mL volume sterile 

nuclease free water after adjusting to pH 7.6. 
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(iv) Glycine-HCl elution buffer 

Added 10 mM glycine, 2 mM HCl and made up to 100 mL volume with sterile nuclease free water 

after adjusting to pH 3.0. 

(v) Tris neutralisation solution 

Prepared 100 mM Tris base in sterile nuclease free water and adjusted to pH 11. 

(vi) Phenylboronic acid coating solution  

Prepared a 1 mg mL-1 solution of PBA in Carbonate buffer (pH 9.5). 

(vii) Phosphate buffered saline (PBS) 

Mixed 109.9 mg Na2HPO4, 27.1 mg NaH2PO4, 900 mg NaCl and made up the volume to 100 mL 

with sterile water after adjusting to pH 7.4.  

2.2.1.2 Growth & optimization of E. coli O78:H11 culture 

Lyophilized E. coli O78:K80:H11 was grown on Luria-Bertani (LB) agar medium for culture 

revival 37°C for 24 h. A single colony was isolated and sub-cultured onto fresh Sorbitol 

MacConkey (SMAC) plates to ensure purity using identical growth conditions. The axenic culture 

was maintained on LB agar plates as well as SMAC agar plates with transfers every four weeks to 

fresh medium and stored at 4℃. To further optimize the bacterial growth conditions, the target 

bacterial strain E. coli O78:H11 was grown in 10 mL Tryptone Soya Broth (TSB) in 50 mL 

Erlenmeyer flask overnight. From the seed culture, 1 mL was used as an inoculum and was sub-

cultured into 100 mL fresh medium incubated (37°C at 2500×g) in shaker incubator. The OD600 

was measured after every 30 min and the growth curve was generated. The cultured cells were 

harvested down at 2500×g for 10 min, followed by washing with PBS (10 mM, pH 7.4) to remove 

residual media components. 

2.2.1.3 Aptamer generation for E. coli O78:H11 

Like a conventional SELEX, the microtiter plate-based cell-SELEX involves iterative rounds of 

binding, elution, amplification & ss-DNA partitioning. These steps were carried out on a PBA 

functionalized microtiter plate to capture bacteria for the generation of specific aptamers. It was 

used as a capture agent as it is well established that boronic acid derivatives show selective & stable 

interactions with cis-diols, which are abundantly present in glycans, present on the bacterial surface.  

2.2.1.3.1 Bacterial cell & boronic acid interaction  

To experimentally ascertain its binding with the bacteria, we set up a Biolayer interferometry (BLI) 

based binding assay, wherein we used amine-functionalized PBA (APBA) and attached it to 

carbodiimide modified amine-reactive sensor (AR2G biosensor, FortéBio) and allowed it to interact 

with the bacterial cells suspended in binding buffer (10 mM Tris-HCl (pH 7.5), 5 mM MgCl2,100 

mM NaCl) in a microtiter plate well for bio-interaction. Before this, for the activation of the AR2G 

sensor, it was exposed to an equimolar mixture of 400 mM EDC and 100 mM NHS in MES buffer 
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(50 mM) at pH 5.5, optimized as per BLI technical note27. The activated surface was then allowed 

to load with amino-phenylboronic acid till saturated, and then the activated sensor surface was 

exposed to 50 mM ethanolamine solution at pH 8.5 to quench any residual activated sites on the 

biosensor surface. The bio-interaction was carried out using this APBA modified AR2G biosensor, 

which showed functional association/dissociation kinetics between E. coli and PBA.  

2.2.1.3.2  Microtiter plate-based cell-SELEX 

(A) Naïve library preparation 

For the first SELEX selection round, ssDNA naive library (2 µL of 100 µM) was mixed with 198 

µL of binding buffer, followed by heating at 95°C for 10 min to denature DNA strands and then 

snap-cooled at 4°C to prevent inter-strand hybridization. The optimal volume for chosen to include 

at least 1015 molecules for library panning. This mixture was held at 4°C for 30 min and at 25°C for 

60 min to allow the DNA oligomers to fold into their respective 3D conformations. 

(B) Initial SELEX 

A sterile microtiter plate was coated with 100 µL of PBA prepared in carbonate buffer (pH 9.2) and 

incubated overnight at 4°C. This basic pH was preferred as it aids in higher hydrophobic 

interactions with the polystyrene microtiter plate. Subsequently, the plate was washed thrice with 

sterile water and 103 cells of E. coli O78:H11 was dispensed per well and incubated for one hour at 

25°C. The cell number was optimized, keeping in view the surface area of the well and of the cell 

(assumed to be a cylinder) for maximum coverage of the well, provided no crowding takes place. 

These bacteria immobilized wells were then exposed to 100 µL of folded ssDNA naive aptamer 

library for 1 h at 25°C, followed by washing with the wash buffer (10 mM Phosphate buffer) to 

Figure 2.2: Cell-SELEX: Microtiter plate-based cell-SELEX methodology employing phenylboronic acid 

(PBA) for immobilization of bacteria, naïve library exposure, elution and amplification of binder 

oligonucleotides, conversion to ssDNA using Strep-Gold probe and further iterations of this positive cycle 

are done to obtain aptamer populations with excellent specificity towards target bacteria. Furthermore, the 

introduction of counter-SELEX rounds with cross-reactive strains helps in the removal of aptamers that bind 

to other bacteria, thus aiding in obtaining an excellent binder fraction specific to the target, which is aptly 

called an ‘aptamer’. 
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remove any unbound oligomer. The binders on the microtiter plate were eluted using elution buffer 

(0.1 M Glycine-HCl buffer, pH 3.4) and the elute was pH neutralized to stop any acidic degradation 

of the DNA using neutralization buffer (1 M Tris, pH 12.0). The eluted samples were stored at -

20°C for amplification & partitioning steps. Herein, we performed 12 iterations, involving 1-5 

cycles of positive selection against target bacteria and 6-11 cycles of counter-selection against other 

enteric bacteria viz., Enterobacter aerogenes, Citrobacter braakii, E. coli DH5α, Proteus vulgaris, 

Listeria monocytogenes, and Bacillus subtilis. Further, to increase the selectivity of the aptamers, a 

final positive 12th selection cycle was performed to regenerate the depleted DNA binder pool 

concentration (Figure 2.2). The binders eluted were PCR amplified using optimized conditions, as 

mentioned in Figure 2.3. The FITC-labeled sense strand was separated from the anti-sense 

biotinylated strand by using a streptavidin coated gold nano-probe, as described in Chapter 1, 

Section 1.2.6.1. The PCR amplicon was heat-denatured by incubating at 95°C for 15 min, snap-

cooled on ice, the streptavidin-gold nano-bio probe was added to the PCR product in 1:10 ratio and 

incubated on ice for 30 min to have efficient binding. In final step, the concoction was centrifuged 

at 15,000×g for 30 min to pellet down the anti-sense strand bound with a strep-gold probe, and the 

FITC labeled ssDNA was eluted as the supernatant. This amplified binder fraction obtained from 

the nth round was further exposed to the (n+1)th round immobilized E. coli O78:H11 wells. With 

each passing round, an increment in the number of the exposed wells was done. 

Figure 2.3: Optimized PCR reaction conditions: (A) PCR reaction mixture components used in a typical 

SELEX amplification reaction and (B) the PCR steps used during the amplification protocol. 

2.2.1.3.3 Aptamer characterization 

(A) Spectrophotometric measurement 

During the SELEX process, the quantity and purity of the elutes was assessed after each SELEX 

round using nanodrop spectrophotometer, where the absorbance values at 260 nm, 260/280 and 

260/230 ratio were observed, which are a measure for amount of DNA present in the fraction, 

protein contamination and carbohydrates or phenol or contaminants that absorb at 230 nm.  

(B) Biolayer Interferometry (BLI) studies 

BLI bio-interaction studies were performed to confirm binding between the bacteria and the 

screened aptamer using the Octet Red96 system (FortéBio, USA). For this biotin-labeled reverse 

primer (100 µM), having complementarity with 3' end of aptamer was loaded onto Super 
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Streptavidin biosensor (SSA) after 600 s incubation for maximal binding. The modified sensor was 

dipped into stock aptamer solution till an association plateau was achieved, followed by washing 

with the binding buffer to remove unbound sequences. Subsequently, the aptamer loaded biosensor 

was allowed to interact with three-fold dilutions of bacterial cells (1×107, 3×106, 1×105), and the 

association/dissociation kinetics was carried out to determine the bio-interaction. These bacterial 

BLI studies were carried out with the help of Pall Lifesciences application scientists, Tao Chen & 

Sushil Vaidya. 

(C) Fluorescence binding assay 

Later on, since deduction of the dissociation coefficient (Kd) value for a cell (an entity which cannot 

be quantified in molarity) was not possible from the BLI binding studies, a fluorescence saturation 

plate binding assay was employed. To assess the binding and affinity of the aptamer to E. coli 

O78:H11, a binding assay was performed using PBA functionalized microtiter plate wherein; 103 

cells (similar conditions used in SELEX process) were incubated with an increasing amount of 

FITC-labelled ssDNA (0.05 - 5000 nM) in 100 µL of binding buffer for an hour at 25℃. The wells 

were washed twice with washing buffer, and the fluorescence signal intensity of FITC in each well 

was measured using a multimode microtiter plate reader (BioTek Synergy H1, USA) at λexcitation and 

λemission wavelengths of 485 and 525 nm, respectively28. The Kd of the aptamer to its target bacterium 

was estimated by plotting the fluorescence signal intensity vs. the DNA concentration via a non-

linear fit model of specific binding, using the GraphPad Prism 7.01 software. A saturation curve 

was obtained, and the Kd was calculated using the equation Y = BmaxX/(Kd + X), where Bmax is the 

maximal fluorescent intensity measured, X is the concentration of the aptamer added, and Y 

represents the mean fluorescent intensity29. 

(D) Confocal microscopy study 

For a visual understanding of the interaction of the whole with the aptamer, confocal microscopy 

studies were also carried out. In brief, the log-phase bacterial cells were washed three times solution 

and resuspended in PBS (10 mM, pH 7.4). Subsequently, equal volume of FITC labeled DNA is 

added to the cells and incubated at room temperature for two hours in the dark, followed by 

washings to remove unbound aptamer. The cells were then incubated with equal volume of DAPI 

dye (50 ng mL-1) in the dark for 30 min and washed. Finally, the labeled cells were drop cast onto 

a clean glass slide, gently heat-fixed, and mounted with 10% glycerol prepared in PBS. The slides 

were then observed under the laser scan confocal microscope (Zeiss LSM 800 Airyscan, Germany), 

and digital images were captured at 630× magnification using iPlan-Apochromat 63× objective 

with two channels of laser 488 nm and 405 nm. The confocal microscopy images were visualized 

with help of Sujoy Dey, Carl Zeiss (India).  

(E) Aptamer sequencing 

The selected aptamer pool was PCR amplified with an elongated extension of 20 min using 

unmodified primers. DNA was amplified using unlabelled forward and reverse primers with an 
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elongated extension step to increase adenylation at 3’ ends for efficient ligation in the cloning vector 

having T-overhangs. The oligomer fractions selected of the final SELEX round were purified using 

miniprep kit (QIAprep spin miniprep kit, Qiagen, USA) and were successfully inserted into 

pTZ57R/T vector and transformed into competent E. coli DH5α cells using InsTAclone PCR 

cloning kit (Thermo Scientific, USA) and screened using XGal/IPTG for positive white colonies, 

which were further outsourced for sequencing using Sanger method30–32. The deduced sequences 

were later evaluated using bioinformatic tools for putative structure formation. 

(F) Putative aptamer structure modelling  

The putative secondary structures of the obtained sequences along with their thermodynamic 

properties were predicted their using mfold web server 

(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form). The structures are calculated for 

linear DNA at 37°C with ionic conditions: [Na+] = 0.15 M, [Mg++] = 0.005 M with standard errors 

of ±5%, ±10%, ±11% and 2-4°C for free energy, enthalpy, entropy and Tm, respectively. Using the 

Vienna output format from the mfold result, the 3D structure was evaluated using available online 

RNA Composer, which operates on the RNA FRABASE database acting as the dictionary relating 

RNA secondary structure and tertiary structure elements (http://rnacomposer.cs.put.poznan.pl/). In 

the RNA structure, uracil to thymine residues mutated to DNA form and structure minimized using 

PyMOL33–35. G-quad prediction was carried using the Quadruplex forming G-rich Sequences 

(QGRS) analyzer (http://bioinformatics.ramapo.edu/QGRS/analyze.php). 

2.2.2 Nanostructured biosensing platform 

2.2.2.1 Materials 

Carboxyl-functionalized MWCNT and Graphene were procured from AD-Nano Technologies Pvt. 

Ltd. (India). Potassium permanganate (KMnO4), Hydrazine monohydrate 65% (N2H4), 

Terephthalaldehyde 99% (TPA), Potassium ferrocyanide (K4[Fe(CN)6]·3H2O), Potassium 

ferricyanide (K3[Fe(CN)6]) and were procured from Sigma-Aldrich (India). Sulphuric Acid 98% 

(H2SO4), Hydrogen Peroxide 30% (H2O2), N, N-Dimethylformamide (DMF), and Ortho-

Phosphoric Acid 85% (H3PO4) were procured from Merck (India). TE 100 screen-printed carbon 

electrodes (SPE) were products of CH Instruments (USA). 

2.2.2.2 Nanostructure synthesis: Bridged rebar graphene 

Coming to the other major element of our biosensing platform, a novel graphene-based 

nanostructured transducing platform capable of showing high sensitivity was fabricated. For this, 

BRG was synthesized from multiwalled carbon nanotubes (MWCNT) using a modified chemical 

facilitated un-scrolling method followed by intra-sheet bridging with terephthalaldehyde (TPA) to 

form a 3D hierarchical nanostructure as illustrated in Figure 2.4. TPA is used as a cross-linker 

molecule as it has two reactive hydroxyl groups which helps in bridging molecules, but never 

http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form
18%20Chapter%206%20Conclusion.docx
http://bioinformatics.ramapo.edu/QGRS/analyze.php
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employed before for graphene derivatization36. Also, TPA has inherent conductive properties, 

which would help further, when used for synthesis of nanomaterial for electrode modification. For 

its synthesis, MWCNT were vigorously stirred in H2SO4/H3PO4 (9:1) and KMnO4 for two hours at 

room temperature21. The solution vial was transferred to an ice bath, and H2O2 (30%) was added to 

the mixture. The resulting unzipped MWCNT solution was washed and centrifuged with HCl and 

water consecutively until the pH was neutralized. The synthesized rebar graphene oxide (Rebar 

GO) was filtered and dried. For bridging, Rebar GO and TPA ratio was optimized and sonicated to 

obtain bridged rebar graphene oxide (BRGO), which was followed by lyophilization. Further, the 

reduction of lyophilized BRGO was carried out overnight with hydrazine hydrate (N2H4), which 

provided a reducing environment for conversion of BRGO to BRG (Figure 2.4). 

2.2.2.3 Nanostructure & sensor characterization 

The synthesized BRG was characterized microscopically by SEM, spectrophotometrically by UV-

Vis, Raman, DLS techniques and, electrochemically by CV and EIS techniques.  

(A) Scanning electron microscopy 

For SEM sample preparation, silicon wafers were used as the substrate, and four samples were 

prepared by drop-casting BRG dispersion onto substrates followed by baking at 60℃. Onto this, 

PLL (0.001% w v-1) was drop casted on 2nd, 3rd, and 4th modified substrate, and subsequently, 

amplified screened aptamer was then used to functionalize 3rd and 4th substrate. The volumes were 

optimized to obtain images with clarity and in accordance with the working electrode preparation. 

Ethanol dehydrated E. coli were exposed to 4th substrate and kept for incubation at room 

temperature for an hour. The samples were gold spray-coated and visualized under JSM IT300 

Figure 2.4: BRG Synthesis: The step-by-step synthesis process illustrated. 
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(JEOL) with an acceleration voltage of 20 kV for clear morphological study of the nanostructures 

and bacteria without charging or charring of the sample.  

(B) UV-Vis spectroscopy 

The UV-Vis spectroscopic measurements of BRG, BRG coated with PLL, and; PLL coated BRG 

conjugate functionalized with aptamer was carried out using UV-2600 spectrophotometer 

(Shimadzu) to confirm the binding of DNA onto PLL functionalized BR-Graphene surface. For this 

10-fold dilutions of the samples prepared for SEM were used to get proper absorbance signals.  

(C) Raman spectroscopy 

Raman spectroscopic analysis was carried out with a WiTech Raman spectrophotometer (α300R) 

at integration time of 1s (to obtain good peak resolution) using 532 nm Nd:YAG laser source to 

characterize the MWCNTs, synthesized Rebar GO, BRGO, and BRG. Samples were prepared 

similar to those mentioned in sub-section A.  

(D) Zeta potential 

To understand the binding of PLL and subsequently the aptamer on to the BRG surface, zeta 

potential (ζ) measurements were further carried out using Zetasizer Nano ZSP (Malvern, UK). The 

sample solutions were prepared in binding buffer to minimize the effect of pH on the readings and 

to mimic the real experimental conditions of nanostructure, linker molecule and aptamer 

functionalization.  

(E) Cyclic voltammetry 

BRG was used to modify the working electrode of SPE. Cyclic voltammetry (CV) studies were 

carried out using the CHI660E electrochemical workstation (CH Instruments) as shown in Figure 

2.5. For bio-interface development, working electrode were modified with PLL (0.001% w v-1) to 

immobilize DNA wherein, aptamer was drop cast and incubated overnight at 4°C. Higher 

concentrations are PLL significantly dampened the current response and were thus avoided to 

minimize sensor saturation. CV experiments were conducted using a scan rate of 100 mV s-1 and 

sweeping potential ranging from -1 to +1 V using 1.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (100 mM 

Figure 2.5: Electrochemical workstation setup: Screen-printed electrode (SPE) were used in the study as 

sensors. 
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PBS). The potential change was chosen considering the redox peak current maxima of the redox 

probe and as well as the electrode material37. The amount of BRG deposited was optimized by CV 

measurements. The electrochemical performance of conventional graphene, unbridged rebar 

graphene, and BRG was also studied using similar optimal parameters. 

(F) Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) studies were recorded for the bare electrode surface 

and then with the modified electrode with increasing E. coli O78:H11 colony forming units (cfu) 

from 101 to 106 over the optimal wide frequency range (100 kHz to 0.1 Hz) using an alternative 

voltage of 0.25 V amplitude as per previous studies for bacterial electrochemical detection37. The 

different concentrations of E. coli O78:H11 (101 to 106 cfu) in water were incubated at room 

temperature for an hour, and then EIS measurements was performed at each concentration, 

sequentially. A modified Randles-Sevcik circuit was used to fit the electrical double layer (Cdl) 

between the electrode surface and the electrolyte using solution resistance (Rsol), charge transfer 

resistance (Rct), Warburg impedance (W) and constant phase element (Q) as parameters. The real 

and imaginary part of the EIS spectra is represented by Nyquist plots (Z' vs -Z'') for the modified 

nanostructured SPE.  

The cross-reactivity and interference studies of the fabricated aptasensor for E. coli O78:H11 

was also carried out using EIS with the closely related bacterial species viz., E. coli DH5α, P. 

vulgaris, L. monocytogenes, S. boydii, S. flexneri, E. aerogenes, C. braakii and B. subtilis by spiking 

1×101, 1×103, 1×106 cells of these bacteria individually in water and further exposed to the aptamer 

functionalized BRG nanostructured electrodes. 

2.2.2.4 Food sample pre-processing 

Furthermore, the efficacy of the aptasensor was evaluated in real samples by spiking E. coli 

O78:H11 at different concentrations (1×101,1×103,1×106 cells) in various fruit juices and milk 

samples. Prior to analysis, these juice and milk samples were pre-processed by centrifugation at 

2500×g for 10 min to remove the pulp/solids, and the pH of the resultant supernatant was adjusted 

to 7.2 using 1 M Tris base (pH 12.0), as required for optimal bacteria-aptamer interaction. 

2.3 Results & discussion 

2.3.1 Optimization of E. coli O78:H11 culture 

The pure culture of E. coli O78:H11 was revived on LB agar medium and sub-cultured onto 

selective SMAC medium to ensure purity.  Further, the bacterial growth conditions for harvesting 

the target bacterial strain were optimized in TSB and its OD600 was measured after every 30 min 

and the growth curve was generated and cells in early log phase after 90 min (encircled) were 

harvested and used for further experiments (Figure 2.6). The cell-surface differs in its composition 
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at varying growth stages, thus all the experiments were conducted used cells harvested at 

exponential phase only, to maintain continuity amongst experiments. 

2.3.2 Aptamer technology: Cell-SELEX 

2.3.2.1 BLI studies for bacteria-boronic acid interaction 

To experimentally ascertain its binding with the bacteria, we set up a BLI based binding assay, 

wherein we used amine modified PBA and attached it to carbodiimide modified AR2G sensor 

(FortéBio) and allowed it to interact with the bacterial cells suspended in binding buffer in a 

Figure 2.7: BLI Sensogram showing bacteria-PBA interaction: (A) Raw data showing step-by-step real-

time analysis of the entire method; the table in the right panel shows the processing parameters and time of 

each step. (B) Processed sensogram is showing association-dissociation kinetics with exposure to increasing 

bacterial concentrations. 

Figure 2.6: Bacterial growth curve: (A) Growth curve of E. coli O78:H11 in TSB media shown (inset). The 

bacterial cells in early log phase (encircled) were harvested & used in the study. (B) Culture plate showing 

pink colonies of pure culture maintained on SMAC media.  
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microtiter plate well for prolonged 600 s for bio-interaction, which showed functional 

association/dissociation kinetics between E. coli cells and PBA (Figure 2.7).  

2.3.2.2 Anti-E. coli O78:H11 aptamer characterization 

The quantity and purity of the eluted oligomer fractions after each SELEX round was quantified 

via nanodrop readings and the absorbance values at 260 nm, 260/280 and 260/230 ratio were 

measured (Figure 2.8).  

It was observed that the concentration of DNA increased gradually with the progression of SELEX 

rounds (1st - 5th), where the random pool oligomers were being exposed to target cells, amplified, 

partitioned to ssDNA and re-exposed to the target cells. However, during counter selection, binding 

was also observed and for this, the fraction of bound DNA was discarded, and the unbound enriched 

DNA pool was amplified, partitioned and used for further studies. The gradual increase in positive 

rounds is indicative of binding of DNA oligomers to a single target of interest, whereas each 

negative round includes the binding of screened and enriched DNA oligomers to respective 

different counter bacterial strains mentioned in Section 2.2.1.3.2. showing distinctive variation in 

binding. These screened sequences thus, bound specifically to the target only and not the cross-

reactive bacterial cells. Furthermore, a final positive round was carried out to enrich sequences 

binding to the target and confirm their interaction with our target bacteria. The sequences were 

purified, inserted into pTZ57R/T vector and transformed into competent E. coli DH5α cells and 

Figure 2.8: Cell-SELEX progression: Positive selection rounds (denoted in green) 1-5 and 12th are against 

E. coli O78:H11 and 6*-11* counter SELEX rounds (denoted in red) against different bacteria viz., P. 

vulgaris, L. monocytogenes, E. coli DH5α, E. aerogenes, C. braakii and B. subtilis, respectively. Also 

showing the DNA quality assessment and quantity of the elutes at each round.    
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were further outsourced for sequencing as mentioned earlier38. The deduced sequences were later 

evaluated using bioinformatic tools for putative structure formation.  

2.3.2.3 Aptamer bio-interaction studies 

2.3.2.3.1 BLI studies 

BLI bio-interaction studies were performed to confirm binding between the bacteria and the 

screened aptamer using the Octet Red96 system as per our designed protocol. The aptamer 

functionalized BLI streptavidin sensor was allowed to interact with three-fold dilutions of bacteria  

(1×107, 3×106, 1×105), and the association/dissociation kinetics was carried out to determine the 

bio-interaction (illustrated in Figure 2.9). The significant association and dissociation kinetics 

indicate active binding, as evident from the sensograms (Figure 2.9). Based on the literature survey, 

it was deduced that the bacterial cell envelope has a variety of surface antigens viz., flagellar 

proteins, glycoproteins, polysaccharides, and lipopolysaccharides which can act as targets for bio-

recognition. This bio-interaction between the surface molecules and the aptamer bio-receptor 

moieties takes places via an interplay of a multitude of intermolecular interactions viz., van der 

Waals forces, electrostatic interactions, three-dimensional shape, stacking and hydrogen bonds, 

which are thus supposedly responsible for the strong binding of the aptamer to its target analyte39. 

2.3.2.3.2 Fluorescence binding assay 

The Kd of the aptamer to its target bacterium was estimated by plotting the fluorescence signal 

intensity vs. the DNA concentration via a non-linear fit model of specific binding, using the 

Figure 2.9: Aptamer-bacteria interaction: BLI Sensograms (A) Raw data presenting a step-by-step real-time 

analysis of aptamer-bacteria association-dissociation kinetics; the table in the right panel shows individual 

step parameters and assay time. (B) An overlay of sensograms for three-fold dilutions of bacteria (1×107, 

3×106, 1×105) depicting the characteristic association-dissociation curve. 
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GraphPad Prism 7.01 software (Figure 2.10). This well-characterized aptamer with a Kd value of 

14 nM was used for further experiments in detecting the target E. coli O78:H11. 

2.3.2.3.3 Confocal microscopy studies 

Confocal microscopy supported the specific DNA-bacteria interactions, thereby confirming the 

precise bio-molecular interactions of FITC labeled aptamer with DAPI stained bacteria cells. The 

slides were then observed under the laser scan confocal microscope and digital images were 

Figure 2.12: Z-stack imaging: Sixteen Z-stack slicing images of the bacteria (blue) and DNA (green) 

interaction. 

Figure 2.11: Aptamer-bacteria interaction: Aptamer labelled bacteria at 630× using the filter for (A) DAPI 

(B) FITC (C) merge (D) orthographic view of z-stack images to confirm aptamer binding to cell surface; 

showing 3D view at the point of cross-section. 

Figure 2.10: Aptamer-bacteria interaction: Fluorescence binding assay using increasing concentrations of 

FITC labeled aptamer and E. coli cells. The fitting and Kd value estimation have been carried out using 

GraphPad Prism software. 
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captured at 630× magnification using iPlan-Apochromat 63× objective with two channels of laser 

488 nm and 405 nm (Figure 2.11). Z-stack imaging having 16 slices was also carried out and used 

to generate the orthographic view of the bacteria-aptamer interaction (Figure 2.12).  

2.3.2.3.4 Putative aptamer structure  

The putative secondary structures of the obtained sequences along with their thermodynamic 

properties were predicted their using ‘mfold’ web server. The sequence with the lowest ΔG was 

chosen, owing to its higher thermal stability (Figure 2.13). As mentioned in Section 1.6.2.2 guanine 

tetrads provide spatial stability and the propensity of the selected sequence to contain the G-quad 

region was mapped using QGRS mapper online tool, which confirmed a G-quad at N-54 of 22 nt 

region, with a G-score of 13. The G-score is evaluated on its likelihood to form a stable G-quad, 

where the scoring method used by the QGRS mapper is principled over: (i) shorter loops are more 

common, (ii) equality in size and (iii) number of tetrads.  

Figure 2.13: Putative aptamer structure: (Top) Sequence of selected aptamer and (A) mfold prediction of 

the structure. (B) 3D structure elucidated from the RNA composer modeling server and visualized using 

PyMOL. (Bottom) G-quadruplex prediction carried using the QGRS analyzer showed an excellent probability 

of G-quad formation between a 22-base stretch of nt (N-54 to N-76), which have been denoted in red. 

2.3.3 Bridged rebar graphene: Synthesis & characterization 

2.3.3.1 Synthesis of bridged rebar graphene 

The BRG was synthesized from chemically un-scrolling MWCNT, followed by bridging the rebar 

GO with TPA to form a 3D bridged rebar GO nanostructure, which was lyophilized and reduced to 

form BRG in presence of hydrazine. To alleviate the issues of other conventional crosslinkers such 

as glutaraldehyde, in our study, we have used TPA as it carries an aromatic π-conjugated ring which 

Figure 2.14: Bridged rebar graphene. (A) BRGO after lyophilization and (B) BRG after reduction. 



58 

 

is actively involved in the electron transfer process36. This fast electron kinetics was desirable on 

the fabricated aptasensor imparting rapidity and high sensitivity. During the synthesis of BRG, the 

chemical reduction of lyophilized BRGO showed a color change from brown to black attributed to 

the removal of intrinsic hydroxyl groups, as seen in Figure 2.14.  

2.3.3.2 Scanning electron microscopy 

The SEM micrographs depicted the unzipping of MWCNT and subsequent 3D cross-linkage of 

synthesized BRG. As visualized in Figure 2.15, the SEM micrographs clearly showed the unzipping 

of MWCNT and subsequent 3D cross-linkage of synthesized BRG. The functionalization of PLL 

and DNA aptamer over BRG did not alter the morphology of our synthesized nanomaterial.   

Figure 2.15: SEM microscopy: SEM micrographs of the nanomaterial at various steps of (A) synthesis, (B) 

functionalization, and sensing. The magnified view (10,000x) of the SEM micrograph shows cells immobilized 

on the BRG/PLL/Apta surface. 

2.3.3.3 Spectroscopic analysis 

(A) UV-Vis spectroscopy 

The UV-Vis spectroscopic characterization of the synthesized material demonstrated an increase in 

absorption by π–π* electron transition at 210 nm and 225 nm, respectively, due to the presence of 

abundant sp2-carbon atoms present in Rebar GO and BRG (Figure 2.16). After PLL 

functionalization, the formed BRG/PLL nanohybrid showed an absorption peak at 232 nm with a 

significant redshift, indicating the interaction of PLL side chains and carbonyl groups with n-π* 
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and π-π* electron transitions. Upon conjugation with DNA, an additional peak at 260 nm was 

observed, clearly indicating the presence of immobilized DNA over BRG/PLL nanohybrid.  

Figure 2.16: Spectroscopic characterization of BRG: (A) UV-Vis absorption and (B) Raman spectra. 

(B) Raman spectroscopy 

Raman spectroscopic analysis was carried out with a WiTech Raman spectrophotometer using a 

532 nm laser source to characterize the MWCNTs, synthesized Rebar GO, BRGO, and BRG 

(Figure 2.16). Raman spectroscopic studies further indicate the formation of BRG by showing 

characteristic D and G bands, at ~1350 cm-1 and ~1600 cm-1 corresponding to A1g and E2g mode of 

Graphene40. The Raman spectra suggested a remarkable shift in G band from 1596 cm-1 (MWCNT), 

1588 cm-1 (Rebar GO), 1592 cm-1 (BRGO) to 1600 cm-1 (BRG). The ratio of the integrated 

intensities of the D and G bands (ID/IG) ratio for Rebar GO, BRGO, and BRG were observed to be 

1.022, 1.005, 1.031, 1.066 respectively, indicating a high degree of order due to restoration of sp2 

network during the chemical reduction process.  

(C) Zeta potential studies 

To understand the binding of PLL and subsequently the aptamer on to the BRG surface, zeta 

potential (ζ) measurements were further carried out. The measurements suggested that BRG was 

negatively charged with a ζ value of -25.7 mV and increased to +8.4 mV upon PLL 

functionalization. After aptamer immobilization, ζ changed to -6.39 mV for BRG/PLL/Apta (Figure 

2.17). The positive ζ value of BRG/PLL is conferred by the presence of positively charged -NH3+ 

groups of PLL, which further helped in the binding of the negatively charged DNA aptamer to form 

BRG/PLL/Apta. This characterized anionic aptamer was conjugated to the cationic BRG/PLL by 

Figure 2.17: Zeta Potential measurements: Surface zeta potential measurements of BRG, BRG/PLL, and 

BRG/PLL/Apta. 
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coulombic interactions, thus creating a stable bio-interface of BRG/PLL/Apta. The target analyte 

E. coli interacts with anti-E. coli aptamer of BRG/PLL/Apta complex via non-covalent interactions 

viz., electrostatic interactions, van der Waals forces, and hydrogen bonding. 

2.3.4 Nanostructured biosensing platform 

2.3.4.1 Aptasensor fabrication & characterization 

Electrochemical performance of rebar graphene bridged with different % of TPA was analyzed 

electrochemically to optimize the best ratio showing good electrochemical performance using 1.5 

mM K3[Fe(CN)6]/K4[Fe(CN)6] (100 mM PBS) at a sweeping potential ranging from -1 to +1 V with 

a scan rate of 100 mV s-1 (Figure 2.18 A). It was observed that 0.5% TPA with rebar graphene 

showed highest increase in redox peak current, as opposed to higher concentrations. This 

concentration was chosen and optimized for synthesis of BRG for subsequent studies. Additionally, 

conventional graphene, unbridged rebar graphene, and BRG was studied to observe the 

enhancement of signal response with BRG (Figure 2.18 B). These were drop cast onto the SPE, and 

it was observed that the nanostructured electrode modified with conventional graphene showed a 

7.5-fold increase, unbridged rebar graphene showed 10-fold increase.   

The electrochemical characterization of aptamer functionalized BRG (BRG/PLL/Apta) showed 

good current response along with the specificity towards target bacteria. The amount of BRG 

deposited onto working electrode of SPE was optimized by CV measurements and the maximum 

current response was observed for 0.250 µg BRG, and this optimized concentration was used for 

further experiments. This surface modification is of grave importance that it will allow the change 

in current response to be monitored with high sensitivity.  

Figure 2.18: Optimization & comparative of nanomaterial performance: (A) CV response of rebar graphene 

bridged with different ratios of crosslinker TPA. (B) CV response curve of bare and modified SPE with 0.25 

µg Graphene, Rebar Graphene and BRG. 
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Figure 2.19: Sensing platform performance: CV response curves of (A) bare and modified SPE with 

increasing concentrations of drop cast BRG. (B) BRG and BRG/PLL modified electrodes using 1.5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] (100 mM PBS) at a sweeping potential ranging from -1 to +1 V with a scan rate 

of 100 mV s-1. (C) Twenty-five cycles scan of the BRG electrode showing the stability of the drop cast 

electrode. (D) Scans recorded at different scan rates. 

 In contrast, our selected nanomaterial showed eleven-fold increase in the current as 

compared to the bare electrode. Upon addition of PLL, there was a slight decrease in mobility of 

the redox-species due to the insulating effect imposed by the presence of organic moiety. The 

electrochemical stability of modified SPE was tested by repeated cycling (25 cycles), which showed 

insignificant change in the peak current. The nanostructured SPE showed a linear increase in the 

cathodic peak intensity with an increasing scan rate (0.1 V s-1 to 1.0 V s-1), indicating that the 

process is under diffusion control (Figure 2.19). The modification of bare SPE with BRG resulted 

in an enhanced electrochemical current response as indicated by a lower charge transfer resistance 

(Rct) value (Figure 2.20). The anti-E. coli aptamer was immobilized on PLL modified BRG 

nanostructured SPE electrodes. The modified electrode was functionalized with PLL linker 

molecules to enhance the binding of our aptamer onto the electrode surface for bacterial binding 

Figure 2.20: BRG EIS plot: The modification of bare SPE with BRG resulted in a steep increase in the 

electro-conductivity as indicated by a lower charge transfer resistance (Rct) value of 212.8 Ω. 
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and hence carry out the aptamer mediated sensing assay. However, the functionalization with PLL 

and the immobilization of anti-E. coli aptamer on the sensor surface showed an increase in Rct value 

due to the formation of an insulating biolayer.   

2.3.4.2 E. coli O78:H11 aptasensing assay 

The modified electrode was functionalized with PLL linker molecules to enhance the binding of 

our aptamer onto the electrode surface for bacterial binding and hence carry out the aptamer 

mediated sensing assay (Figure 2.21). 

Figure 2.21:  Nyquist plot for E. coli O78:H11: (A) EIS response recorded at anti-E. coli O78:H11 aptamer 

modified BRG electrode in the presence of increasing conc. of cells. (B) Randles-Sevcik equivalent circuit 

model is showing the fitted experimental data. The table shows the values of equivalent circuit elements. 

However, the functionalization with PLL and the immobilization of anti-E. coli aptamer on the 

sensor surface showed an increase in Rct value due to the formation of an insulating biolayer. The 

EIS studies were recorded for increasing E. coli O78:H11 cells from 101 to 106 over a frequency 

range (100 kHz to 0.1 Hz) using an alternative voltage of 0.25 V amplitude. The different 

concentrations of E. coli O78:H11 (101 to 106 cells) in water were incubated at room temperature 

for an hour, and then EIS measurements was performed at each concentration, sequentially. It was 

observed that the value of Rct increases linearly with an increase in the concentration from 101 to 

106 bacteria cells, showing a good regression coefficient of R2 = 0.983 (Figure 2.22). The increase 

Figure 2.22: Calibration plot: Multiple EIS studies were carried out on the fabricated aptasensor with 

increasing cfu showing excellent linearity. 
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in Rct value shows that the binding between anti-E. coli aptamer on the sensor surface and the target 

E. coli cells further blocked the electron transfer from the redox probe due to steric hindrance and 

insulating nature of the large bacteria cells onto the electrode surface. Further, exposure of bacteria 

on the surface leads to the fouling of the electrode surface, resulting in inconsistent current values. 

All the experiments were repeated thrice to check the reproducibility of the developed aptasensor. 

The sensor demonstrated a low detection limit of ~101 cells towards the target bacteria with a 

dynamic response range from 101 to 106 cells in water samples. 

2.3.4.3 Cross-reactivity & platform validation studies 

The cross-reactivity of our developed aptasensor for E. coli O78:H11 with the closely related 

bacterial species viz., E. coli DH5α, P. vulgaris, L. monocytogenes, S. boydii, S. flexneri, E. 

aerogenes, C. braakii and B. subtilis was checked by spiking 103 cells of these bacteria individually 

in water and further exposed to the BRG/PLL/Apta nanostructured electrodes (Figure 2.23).  It was 

observed that the aptasensor showed minimal interference in the presence of other bacterial species.   

 Moreover, to study the interference of cross-reactive strains in the presence of target 

analyte, three different concentrations (1×10
1
,1×10

3
,1×10

6
) of E. coli O78:H11 in water were 

exposed to the aptasensor surface with an equal concentration of different cross-reactive strains 

viz., E. coli DH5α, P. vulgaris, L. monocytogenes, S. boydii, S. flexneri, E. aerogenes, C. braakii 

and B. subtilis.  

Figure 2.23: Aptasensor cross-reactivity: Cross-reactivity profile of E. coli O78:H11 aptasensor against 

different bacterial species. 
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2.3.4.4 Validation in spiked real samples 

Furthermore, the efficacy of the aptasensor was evaluated in real samples by spiking E. coli 

O78:H11 at different concentrations (1×10
1
,1×10

3
,1×10

6
 cells) in various fruit juices and milk 

samples. In real-sample analysis, it is essential before estimation that excessive organic matter must 

be removed, which hinders the electrochemical response due to the presence of insulating bulk 

matter on the working electrode surface and it also needs to be considered that the interaction 

medium conditions are maintained closest to that of an ideal aptasensor. The results obtained in real 

Figure 2.24: Aptasensor interference studies: Nyquist plot showing results of exposure to target bacteria E. 

coli O78:H11 at different concentrations (A) 101, (B) 103, (C) 106 respectively with an equal concentration 

of various interfering cross-reactive bacterial species. (D) The bar graph showing cumulative results.  

Figure 2.25: Specificity of aptasensor in real spiked samples: Rct values after spiking E. coli O78:H11 in 

various food samples at three different cfu (101, 103, 106). 
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test samples were compared with a signal response deviation < 4% (at 106 cells) with respect to 

water which is without any interfering molecule such as sugars, carbohydrates, proteins, etc., 

present in juice and milk samples suggesting that the developed aptasensing platform is highly 

specific to the target analyte (Figure 2.25).  

2.4 Conclusion 

In conclusion, we successfully were able to fabricate a novel aptamer functionalized bridged rebar 

graphene based nanostructured aptasensor for label-free impedimetric sensing of pathogenic E. 

coli O78:H11. A novel methodology for cell-SELEX was devised for facile generation of high-

affinity aptamers against bacteria, and these specific bacteria-aptamer interactions were captured 

on BRG nanostructured electrodes. This developed aptasensor demonstrated a low detection limit 

and sensitivity of ~101 cells towards E. coli O78:H11 with a linear response range from 101 to 106 

cells in water, juice, and milk samples. 
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Chapter 3 

Nanostructured aptasensor for enterohemorrhagic 

E. coli 

This chapter's contents are adapted from: Kaur, H.; Shorie, M.; Sabherwal, P. Electrochemical 

aptasensor using boron-carbon nanorods decorated by nickel nanoparticles for detection of E. coli 

O157:H7. Microchim. Acta 2020, 187 (8), 461. 

3.1 Introduction 

Diarrheal disease alone is responsible for 1.5 million deaths every year, and enterohemorrhagic E. 

coli (EHEC) is responsible for the most frequent diarrheal outbreaks, worldwide1,2. EHEC 

includes > 100 serotypes that produce Shiga-like toxins (Stx), which show close identity to the 

enterotoxins produced by S. dysenteriae Type 1 and are classified as Shiga toxin-producing E. coli. 

These enteric bacteria are responsible for bloody diarrhea without fever, and thus since these 

common symptoms are suggestive of various noninfectious etiologies, an EHEC infection should 

be considered in suspected cases of ischemic colitis, or inflammatory bowel disease3. Bovine 

animals and farm animals are the main reservoirs of these EHEC bacteria, with significant outbreaks 

linked to the consumption of infected undercooked meat products or raw vegetables4.  

3.1.1 Target bacteria E. coli O157:H7 - A background 

The first case of E. coli serotype O157:H7 infection was reported in 1982 in the US and isolated 

from the stool5.  E. coli O157:H7 produces enterotoxin Stx and may lead to severe complications 

like hemorrhagic uremic syndrome in conjunction with thrombotic thrombocytopenic purpura, 

leading to permanent kidney damage. E. coli O15:H7 has been studied to emerge from three 

evolutionary events viz., (i) insertion of stx phage gene, (ii) acquisition of pO157 carrying various 

virulent genes like hemolysin and adhesins, (iii) deletion of the beta-glucuronidase gene or 

activity3,6. The most prevalent toxic strain of EHEC group - E. coli O157:H7 has infectious dose as 

low as 100 cells which can be transmitted via water bodies contaminated with fecal matter & 

raw/undercooked food items7,8. Currently, no vaccine or therapy is available for EHEC infections, 

and since the use of antibiotics worsens Shiga toxin-mediated systemic toxicity in humans, the 

mainstay treatment is supportive9. Considering the extent of potable water contamination, detection, 

and correct identification of pathogens at an early stage is critical to evade an epidemic.  

3.1.2 The need for improved sensing platform 

Conventionally used approaches for E. coli detection include culturing, biochemical analysis, 

enzyme-linked immunosorbent assay, and others mentioned in Chapter 1, Section 1.3, though are 
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routinely used by established clinical labs for detection of bacterial pathogens but require extensive 

sample enrichment to have a detectable bacterial load, and have long detection periods ranging in 

days. Thus, there is a dire need for the development of diagnostic methods with shorter detection 

times without compromising the selectivity of the sensors for cross-reactive bacteria in the present 

scenario. Motivated from our previous study, for the fabrication of a nanostructured aptasensor, we 

coupled highly specific aptamers generated using microtiter plate-based cell-SELEX with a good 

electroactive nanomaterial that assists in specific & sensitive recognition of the target pathogen. 

Voltammetric method for sensing has been chosen due to its highly sensitive nature and ease of 

operation in case of on-site monitoring with the aid of screen-printed electrodes (SPE). SPE sensors 

were chosen as they are cost effective, need low sample volume and are easy to use which is 

desirable in biosensing measurements for point-of care diagnosis.  Moreover, a microfluidics-based 

chip for on-site monitoring of E. coli O157 cells using aptamer functionalized channel was studied, 

which is detailed in Section 3.4 of this chapter.    

3.1.3 Objectives 

(i) Bio-receptor development: Development of specific aptamer-based receptors against 

selected E. coli O157:H7 using whole-cell target approach. 

(ii) Transducer synthesis: Synthesis of doped carbon nanostructured material for 

modification of the electrochemical electrode surface. 

(iii) Aptasensor fabrication: Functionalization of generated high-affinity aptamers onto 

electrically active nanostructures for apta-assay. 

(iv) Platform validation: Testing & validation of aptasensor in spiked food & environmental 

samples. 

3.1.4 Proposed biosensing platform for E. coli O157:H7 

3.1.4.1 Preface 

Aptamers confer high selectivity and sensitivity on electrochemical platforms and have been hailed 

as competitors to immunoassays in the past decade. The coupling of highly specific aptamers with 

electroactive materials assists in specific and sensitive target bacteria's recognition with prior 

enrichment from samples. Since the discovery of carbon nanotubes, many researchers have paid 

great attention to the synthesis & properties of similar one-dimension materials, such as BN 

nanotubes and BCN nanotubes enhanced electronic properties10–12. The thermal substitution of 

boron in carbon lattice has been successfully shown to confer better conductive & electrochemical 

properties13. Ni nanoparticle infusion with carbon confers faster charge transport and highly 

conductive structural support to the nanomaterial14–16.  
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3.1.4.2 Our aptasensing approach: Whole-cell  

Exploiting the excellent properties of these hybrid nanomaterials for detecting bacterial 

pathogenesis, we have synthesized boron-carbon nanorods decorated with nickel nanoparticles 

(BC-Ni nanorods) with excellent electrochemical ability to transduce the interaction of specific 

aptamer with E. coli O157:H7 effectively in water and juices samples (Figure 3.1). We have 

screened anti-E. coli O157:H7 DNA based aptamers selected by in-vitro microplate-based cell-

SELEX methodology explored in the previous chapter, which has been tuned to increase bio-

receptor specificity against the target pathogen by counter-screening against closely related 

bacterial species. Alongside the implementation of BC-Ni nanorods harboring superior transducing 

properties has been utilized to fabricate aptasensor, which assists in sensitive recognition. This 

synergistic approach allows rapid, sensitive and economical diagnosis of pathogenic bacteria, which 

can be tuned further to monitor other microbial infections.  

Figure 3.1: Schematic: Diagrammatic illustration showing the modification of the electrode with the 

developed nanomaterial accompanied by (A) HR-TEM image of BC-Ni nanorods, (B) SEM image of BC-Ni 

nanorods and (C) bacteria adhered to its surface upon exposure. 

3.1.4.3 The novelty of experimental work  

(i) Bio-receptor: Specific high-affinity aptamer for E. coli O157:H7 whole cell using a 

Phenylboronic acid-coated microtiter plate for immobilization and aptamer selection 

tuned to increase the specificity by counter-screening against closely related bacterial 

species.  
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(ii) Nanostructures: The implementation of 1D BC-Ni nanorods harboring superior 

transducing properties in the fabrication of aptasensor assists in sensitive and highly 

specific recognition. 

3.2 Experimental procedure 

3.2.1 Aptamer technology: Cell-SELEX for E. coli O157:H7 

3.2.1.1 Materials 

(A) Chemicals & reagents 

Phenylboronic acid 95% (PBA), 3-Aminophenylboronic acid monohydrate 98% (APBA), 4′,6-

diamidino-2-phenylindole (DAPI), 4-Morpholineethanesulfonic acid (MES) buffer, PCR 

mastermix (2x), PCR grade Dimethyl sulfoxide (DMSO), Streptavidin-Gold from Streptomyces 

avidinii and Poly-L-lysine solution 0.1% w/v in water (PLL) were procured from Sigma-Aldrich 

(India). N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-Hydroxy 

succinimide (NHS) were purchased from Merck (India). Glycine, Magnesium chloride, Tris base, 

Tris-HCl, Tryptone soya broth (TSB), and Luria Bertani agar (LB) were purchased from Himedia 

(India). Nunc Maxisorp F96 microtitre plates and InsTAclone PCR cloning kit from Thermo Fisher 

Scientific (India) and QIAprep spin miniprep kit from Qiagen (USA) were used the studies. All 

solutions were prepared with autoclave sterilized deionized Milli Q water (18 M Ω·cm) and used 

for rinsing steps to avoid any contamination. The DNA naïve library and primers for SELEX 

mentioned in Chapter 2, Section 2.2.1.1, were employed in this study also. 

(B) Bacterial culture 

An avirulent strain of E. coli serotype O157:H7 [E. coli (Migula) Castellani and Chalmers (ATCC® 

43888™)] was procured from HiMedia Laboratories (India).   

3.2.1.2 Growth & optimization of E. coli O157:H7 culture 

The conditions for the growth of the target organism E. coli O157:H7 were optimized at 37ºC in 

LB medium, and fresh bacteria were cultured before each experiment. The bacterial cells are 

harvested by centrifugation at 2500×g for 10 min to form a soft pellet and washed with sterile 

binding buffer thrice. The washed pellet is finally resuspended in buffer at the optical density 

(OD600nm) set close to ~1.0. Further desired dilutions for sensing experiments were made in the 

same. 

3.2.1.3 Aptamer selection & characterization for E. coli O157:H7 

The PBA mediated cell-SELEX methodology mentioned in Chapter 2, Section 2.2.1.3.2, was 

explored herein to select aptamers specific for E. coli O157:H7. The cell-SELEX iterative rounds 

consisting of binding, elution, amplification & partitioning were carried out using a facile approach 

previously developed by us, employing PBA functionalized microtiter plate to capture bacteria 
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generation of specific aptamers. For specific customized aptamer selection against our selected 

target pathogen, the ssDNA binder population obtained from the SELEX round was subsequently 

used for exposure to immobilized E. coli O157:H7 an increment in the number of wells in every 

round was done to increase the propensity of good binder sequences. For the positive iteration 

screening rounds, E. coli O157:H7 was immobilized onto the well surface and counter-screening 

rounds against other enteric bacteria viz., E. coli DH5α, E. coli O78:H11, E. aerogenes, C. freundii, 

S. sonnie, S. boydii, S. enterica, L. monocytogenes and L. sakei which is present are food matter17,18. 

In addition to these SELEX steps against the target cell, the counter-selection is carried out to 

eliminate the non-specific binders to other related bacterial species. Herein, the cross-related 

species are incubated with oligomers instead of the target, and those binding to these cross-related 

species are washed off and eliminated from the DNA pool used for next selection rounds. This 

addition of a counter-selective step gives an edge over other receptor generation technologies, 

eliminating DNA aptamers recognizing species other than the target, and aids in the generation of 

highly specific aptamers. A final positive screening round was performed to amplify and confirm 

the counter-screened binder population binding to target E. coli O157:H7. Similarly, as mentioned 

in Chapter 2, Section 2.2.1.3.3, the quantity and purity of the binder population after each SELEX 

round was assessed spectroscopically at 260 nm, and 260/280 and 260/230 ratio were measured to 

evaluate DNA quantity and quality.   

3.2.1.4 Aptamer-E. coli O157:H7 bio-interaction studies  

The affinity between the aptamer fraction screened and E. coli O157:H7 was validated with 

Biolayer Interferometry (BLI) kinetic studies and fluorescence saturation binding assay. The 

detailed protocol has been mentioned in Chapter 2, Section 2.2.1.3.3, while the optimizations were 

done, keeping into consideration the target pathogen.  

(A) BLI kinetic studies 

The binding of anti-E. coli O157 aptamer with E. coli O157:H7 was confirmed with BLI Octet 

system. For studying this interaction, biotin-labeled reverse primer (100 µM) having 

complementarity with 3' end of aptamer, acted as tethering DNA and was loaded onto streptavidin 

biosensor (SSA) after 600 s incubation to achieve maximum loading. This primer functionalized 

sensor was dipped into stock aptamer solution till a loading plateau was observed, followed by 

washing with the binding buffer to remove unbound sequences. This anti-E. coli O157 aptamer 

modified sensor was then made to interact with increasing dilutions of E. coli O157:H7 cells (0, 

1×103, 0.25×104, 1×104), and the respective association/dissociation kinetics was carried out to 

determine bio-interaction between the screened aptamer and E. coli O157:H7. 

(B) Fluorescence binding studies 

A binding fluorescence saturation assay was performed. E. coli O157:H7 was immobilized on the 

microtiter plate and was incubated with an increasing amount of FITC-labelled ssDNA (0, 0.01, 
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0.10, 1, 10, 100, 1000, 1000 nM) in 100 µL of binding buffer for an hour at 25℃. The wells were 

washed off to remove unbound aptamer molecules, and fluorescence signal intensity of FITC was 

measured using a microtiter plate reader (BioTek Synergy H1, USA) at λexcitation=485 and 

λemission=525 nm wavelengths. The dissociation coefficient (Kd) of aptamer was assessed by plotting 

fluorescence signal intensity against DNA concentration and fitted with a non-linear model of 

specific binding using GraphPad Prism 7.01 software.  The Kd was calculated using the equation Y 

= BmaxX/(Kd + X), where Bmax is maximal fluorescence intensity, X is the concentration of the 

aptamer, and Y is mean fluorescence intensity19.  

 The final elute fraction of the oligomer having the aptamer was inserted in pTZ57R/T vector 

and transformed into competent E. coli DH5α cells using the InsTAclone PCR cloning kit (Thermo 

Scientific, USA). The transformed cells were screened using XGal/IPTG for positive white colonies, 

further sub-cultured to eliminate false positives, and then the positive clones were outsourced for 

sequencing using the Sanger method20. The deduced sequences were later evaluated using online 

bioinformatics tools, as mentioned in Chapter 2, Section 2.2.1.3.3., for putative structural and 

thermodynamic properties. This well-characterized aptamer was used for further functionalization 

of the nanomaterial for the fabrication of electrochemical SPE based aptasensor for E. coli O157:H7 

detection.  

3.2.2 Nanostructured biosensing platform 

3.2.2.1 Materials 

NiCl2.6H2O, dimethylglyoxime (DMG), and phenylboronic acid 95% (PBA) were purchased from 

TCI Chemicals (India). Potassium ferrocyanide (K4[Fe(CN)6]·3H2O), potassium ferricyanide 

(K3[Fe(CN)6]), and poly-L-lysine solution 0.1% in water (PLL) were procured from Sigma-Aldrich 

(India). TE 100 screen-printed carbon electrodes (SPE) were products of CH Instruments (USA). 

3.2.2.2 Nanostructure synthesis: BC-Ni nanorods 

The nanostructure was developed for modification of the electrode surface for enhanced 

electrochemical response and as well as to facilitate optimal functionalization of the aptamer onto 

the sensor. BC-Ni nanorods were synthesized by modification of a previously reported method 21,22.  

This synthesis process was divided into two steps, as illustrated in Figure 3.2.  

Figure 3.2: Synthesis of BC-Ni nanomaterial: A schematic showing synthesis protocol of BC-Ni nanorod 

synthesis. 
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(i) Ni(II)-DMG complex synthesis 

Here, 500 mL aqueous solution of NiCl2-6H2O (2.5 mg mL-1) was prepared, and 10 mg mL-1 

ethanolic solution of dimethylglyoxime (DMG) (pH 13) was added slowing to it with constant 

sonication using a bath sonicator. The brick-red adduct was allowed to sonicate for an hour at 37°C 

and then filtered using Whatman paper No.1 and residue is dried at 65°C overnight.  

(ii) BC-Ni adduct synthesis 

Ni(II)-DMG complex was mixed boric acid in 1:10 w/w ratio and slowly heated at 65°C overnight. 

The ratio was optimized to maximize boron doping in the synthesized carbon nanotubes. The BC-

Ni mixture thus, formed was calcined in an inert atmosphere for an hour at 800°C under N2 

atmosphere. 

3.2.2.3 Nanostructures & modified sensor characterization 

These synthesized BC-Ni nanorods were characterized by various spectroscopic and microscopic 

analytical techniques viz., X-ray diffraction (XRD), Fourier transform infra-red (FT-IR) 

spectroscopy, Raman spectroscopy, Brunauer-Emmett-Teller (BET), scanning & transmission 

electron microscopy (SEM & TEM), and Zeta-potential (ζ) dynamic light scattering (DLS). The 

instrumental details have been mentioned in detail in previous Chapter 2, Section 2.2.2.3, which 

employ overlapping characterization techniques. These respective techniques are given in brief as 

follows: 

(A) X-ray diffraction  

XRD (Bruker; D8 Advance X-ray diffractometer) diffraction patterns using Cu Kα (λ = 1.54 Å) 

radiation covering a wide-angle range from 10–80º to elucidate the crystalline structure of the 

nanomaterial. 

(B) FT-IR and Raman spectroscopy 

FT-IR (Agilent; Cary660 FTIR) spectral scan from 400 - 4000 cm-1 with a resolution of 0.5 cm-1 to 

provide wide range of observation with distinct peaks for characteristic vibrational bonds and 

surface functional groups and Raman spectrum (WITEC; α300R) at an low integration time of 1s 

using 532 nm Nd:YAG laser source for observing vibrational bonds and functional groups in the 

nanomaterial. 

(C) Surface area and pore size distribution 

BET (Nova Quantachrome Autosorb iQ) employing Brunauer–Emmett–Teller & Barrett-Joyner-

Halenda (BJH) methods for studying surface area and pore size distribution using N2 at 77 K (liquid 

nitrogen as adsorbate) with prior degassing of a synthesized nanomaterial at 393 K (to remove other 

adsorbed gases) for prolonged 12 h. 

(D) Surface morphology 

SEM (JEOL; JSM IT300) with an acceleration voltage of 20 kV for morphological study of the 

nanomaterial, as well as bio-interface for bacterial attachment (gold alloy coating) which is 
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equipped with an energy-dispersive X-ray (EDX) for elemental mapping and TEM (JEOL; JEM 

2100) for high-resolution imaging at an acceleration voltage of 200 kV for high resolution 

nanomaterial visualization. 

(E) Nanostructure electrochemical characteristics 

The well-characterized nanomaterial was then further used to modify working electrode and 

electrochemical characterizations, i.e., voltammetry & impedance measurements carried out using 

the CHI760E electrochemical workstation. The CV experiments were conducted using a scan rate 

of 100 mV s-1 and full potential sweep from -1 to +1 V and the EIS measurements in the frequency 

range of 100 kHz-10 Hz using an alternative voltage of 0.25 V amplitude23. For EIS, the obtained 

Nyquist plot was fitted using a modified Randles–Sevcik circuit and Rct recorded for each 

concentration of target pathogen. All the electrochemical measurements were performed with thrice 

using 100 mM PBS buffer solution containing 2.5 mM K[Fe(CN)6]3−/4− redox pair (equimolar 

ratio)23. The concentration of redox pair was chosen to obtain high conduction response on the 

sensor surface in presence of large moieties like bacterial cell. For our sensor fabrication, the 

amount of BC-Ni nanorods deposited onto the working electrode of SPE was optimized by CV 

measurements, and the electrochemical stability of modified SPE was tested by repeated cycling 

(50 cycles). BC-Ni nanorods were used to modify the working electrode of SPE. The BC-Ni 

concentration was optimized via a gradual increase in the nanomaterial drop-casting quantity onto 

SPE and annealing at 60ºC for an hour. The EIS measurements of the modified electrode were 

recorded to characterize the impedance of the nanostructure modified electrode surface. 

(F) Nanosensor electrochemical assay  

For aptamer functionalization onto BC-Ni nanorods, the working electrode was first modified with 

optimized PLL concentration (0.001% w v-1) and subsequently with 200 µg mL-1 amplified aptamer 

stock for functionalization of the sensor surface, which was incubated overnight at 4ºC. The volume 

was optimized at 10 µL, which provided coverage for the working electrode, without leading to 

fouling. The sensor surface was rinsed to remove any loosely bound aptamer molecules, and this 

apta-modified nanosensor was used to assess the absence or presence of bacterial cells in subsequent 

studies. This aptamer functionalized nanostructured SPE was exposed to E. coli O157:H7 

concentrations ranging from 0 to 106 cfu to study the range of detection of the developed aptasensor. 

The experimental impedance spectra are plotted as a Nyquist plot (Z' vs. -Z"), leading to the 

formation of a partial semi-circle curve at high frequencies with the intercept with Z' axis on the 

right-side denoting Rct. To mitigate current response deviation from other instrumental faradic 

processes, Randles-Sevcik equivalent circuit model was used for fitting experimental data. For real 

spiked samples of water and juices, the similar pre-processing methodology employed in Chapter 

2, Section 2.2.2.4, was used.  
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3.3  Results & discussion 

3.3.1 Optimization of E. coli O157:H7 culture 

The conditions for the growth of the target organism E. coli O157:H7 were optimized at 37ºC in 

LB medium and prepared fresh bacteria culture before each experiment. The washed pellet is finally 

resuspended in buffer at the optical density (OD600nm) set close to ~1.0. Further desired dilutions for 

sensing experiments were made in the same buffer and visualized using SEM (Figure 3.3). The 

molecular composition of the bacterial cell surface is in constant dynamics with its growth phase. 

Thus, to optimize and maintain continuity amongst various studies, all the experiments were carried 

out using cells harvested at exponential phase. 

Figure 3.3: Growth curve: (A) Curve showing growth kinetics of E. coli O157:H11 and (inset) visual image 

of the pure culture grown on LB showing translucent white colonies and on SMAC showing transparent 

colonies. (B) SEM image of the pure culture harvested.  

3.3.2 Aptamer technology 

3.3.2.1 Anti-E. coli O157:H7 aptamer characterization 

(A) SELEX progression 

Anti-E. coli O157:H7 aptamer was screened using PBA coated microtiter plate following the 

methodology described in the previous Chapter, Section 2.2.1.3.2. The ssDNA library containing a 

45-nt random region flanked by an 18-nt fixed region (for PCR amplification) was exposed to the 

target STEC bacteria immobilized on PBA functionalized microtiter plate, and the binding oligomer 

fractions were pooled, amplified, and re-exposed till a good affinity oligomer fraction, aptly labeled 

as 'aptamer,' was screened out. The negative selection against closely related bacterial strains to the 

target species aids in countering cross-reactivity and hence increases the aptamer pool's selectivity 

for the target. The assessment of iterations of SELEX rounds shown in Figure 3.4 was done by 

measuring the quantity and quality of DNA after each SELEX round at 260 nm, which showed a 

gradual increase in the amount of DNA binding to target cells after each iteration (1 - 5th round) 

and during counter-selection (6 - 14th round) the bound oligomer fraction was discarded. The 

unbound pool was enriched and used for exposure to the next round. A positive selection round 

(15th) was carried after series of positive and negative iterations, to validate that the aptameric pool 
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is successfully interacting with our target STEC strain and deduce its binding affinity. Though the 

inclusion of multiple negative iterations in the SELEX, lengthens the process, but it significantly 

aids in eliminating oligomers that show abundant cross-reactivity with other microorganisms. As 

shown in Figure 3.4(A), many cross-reactive organisms showed binding with the aptamer pool 

during screening (denoted in red), which in the case of other selection methodologies, would have 

gone through without any filtering effect and resulted in broader non-specific sensing of the 

microbes present in the biological or environmental samples.  

(B) Fluorescence saturation assay 

As shown in Figure 3.4 (B), Kd of FITC labeled DNA aptamer was estimated by plotting the 

fluorescence signal intensity obtained from increasing concentration of aptamer bound to cells 

immobilized on a microtiter plate and using a non-linear fit model of specific binding. A 

fluorescence saturation curve was obtained, and the dissociation constant Kd was calculated to be 

69.73 nM24. This nanomolar affinity is at par with commercially available antibodies and other 

reported aptamers25,26. 

(C) BLI kinetics studies 

Alongside, the interaction of generated anti-E. coli aptamer with bacteria was gauged by BLI using 

biotinylated aptamer functionalized SSA sensors. An overlay of sensograms, as shown in Figure 

Figure 3.4: Aptamer characterization: (A) SELEX progression monitored by recording ssDNA 

concentration of elutes at positive (green) and negative (red) round. (B) Fluorescence binding curve of 

selected aptamer with EHEC bacteria and (C) using BLI platform showing good kinetics. 
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3(C), denotes a proportional increase in optical thickness at the biosensor tip surface with increasing 

concentrations of cells being exposed to aptamer coated tip and is indicative of sufficient binding 

between bacteria & aptamer. 

3.3.2.2 Aptamer sequence & structure  

The ligated pTZ57R/T plasmid with the aptamer insert was transformed into chemically competent 

E. coli DH5α cells, and the positive Amp-resistant white colonies obtained on X-gal/IPTG 

supplemented LB agar plates colonies as shown in Figure 3.5, further sub-cultured to eliminate 

false positives and then the positive clones were chosen, plasmid purified and outsourced to 

sequences were obtained via sanger sequencing20. 

Figure 3.5: Blue-white screening: Cells transformed with aptamer sequences were plated and (A) screened 

for positive (white) colonies and the positive clones (B) sub-cultured to remove false-positive sequences and 

then sent for sequencing.  

The aptamer sequences for clones were then used to predict the secondary structure of the same 

using free online webserver ‘mfold’ (Figure 3.6). Out of the clones deduced, the propensity of the 

sequences conforming to be G-quadruplex was analyzed using an online available software 

program- QGRS tool to predict the presence of G-quadruplex forming regions. The sequence: -

ATCCAGAGTGACGCAGCAGGGTGGCGAGACTGGGCGGGTGTCGGGAAGTGAACCGG

Figure 3.6: Mfold results: Putative secondary structures of E. coli DNA aptamer predicted using the mfold 

online tool along with their various thermodynamic parameters. 
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TGGCGTGTGGACACGGTGGCTTAGT- showing the best G-score of 33 (two or more G-tetrads) 

was chosen and its various secondary structures along with their thermodynamic stability of folding. 

The aptamer structure showed significant helical regions and loop-stem folding, particularly G-

quadruplex motifs starting from N-19 & N-58. Furthermore, the 3D rendering of the aptamer 

structure was done using an RNA composer modeling server and visualized using PyMOL, 

validating the aptamer's structural complexity (Figure 3.7).  

Figure 3.7: Putative aptamer structure: The secondary structure determined using mfold server having the 

lowest ΔG value, along with its structural motifs and the 3D structure determined using RNA composer, with 

red highlighted G-quad regions. 

3.3.3 Nanostructure synthesis & characterization 

3.3.3.1 Synthesis of nanomaterial: BC-Ni nanorods 

BC-Ni was synthesized by a two-step carbonization method using Ni(II)-DMG complex and boric  

acid as reaction precursors. The synthesis of Ni(II)-DMG complex from NiCl2 (pale green) and 

DMG (white translucent) resulted in the formation of a complex with red, flaky precipitates. As 

mentioned in Section 3.2.1.2, the complex admixture with boric acid was calcined in a tube furnace 

at 800°C resulting in a black colored BC-Ni compound, which was further characterized and used 

in studies. Change in the coloration of the precursor from brick red to a black product can be visually 

seen by the naked eye (Figure 3.8) 

Figure 3.8: Color change: (A) Ni(II)-DMG complex with a red brick appearance and (B) BC-Ni nanorods 

product after carbonization. 
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3.3.3.1.1 Scanning electron microscopy 

Figure 3.9 shows the SEM micrographs of nickel and boron infused nanorods with the lateral 

dimensions of 300 ± 150 nm and longitudinally ranging from 6 to 10 µm, and its further elemental 

analysis showed weight percentage distribution of boron, carbon, and nickel as 7.7%, 50.3%, and 

41%, respectively.  

3.3.3.1.2 Transmission electron microscopy 

In micrographs shown in Figure 3.10, it can be observed that the longitudinal rod-like 

morphological structure of BC-Ni had been inherited out of its spindle-shaped precursor Ni(II)-

DMG suggesting its role as a physical template.  

Figure 3.10: TEM micrographs: Showing low and high-resolution TEM images of the Ni-NPs infused 

bundled nanotube structures. 

Figure 3.9: Synthesis of BC-Ni nanomaterial: The SEM images of the calcinated nanomaterial along with 

its EDX spectrum. 
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 The carbonization at high temperatures of reactants resulted in the fabrication of bundles 

of interconnected carbon nanotubes and assisted the thermal substitution of boron. This hierarchical 

assembly further has metallic character by incorporating nickel nanoparticles (Ni NPs) entrapped 

in these entangled nanotubes. At high magnification (Figure 3.10 C-D), it was clarified that each 

nanorod is a bundle of CNTs, and a mesh of CNTs had Ni NPs (ranging from 25-100 nm) 

incorporated inside it. The presence of Ni (220) was evident from the d-spacing of 0.147 nm upon 

high-resolution magnification of Ni NPs, and also that of CNT (002) with d-spacing of ~0.34 nm 

and a slightly distorted 0.32 nm was observed (Figure 3.10 E-F). The interplanar spacing in CNTs 

impregnated with Ni NPs shows lattice distortion due to CNT crystal lattice's contraction upon the 

growth of metal nanoparticle. In our scientific opinion, these Ni-NPs metal clusters suggestively 

act as nodes with readily available free electrons for fast transmission through highly conductive 

nanotube bundles. 

3.3.3.2 BC-Ni nanorods characterization 

The as-synthesized nanomaterial was characterized using various spectroscopic techniques.  

(A) Raman spectroscopy 

Raman spectroscopic analysis was carried out with the WiTech Raman spectrophotometer at an 

integration time of 1s using 532 nm Nd:YAG laser source to characterize the BC-Ni nanorods 

(Figure 3.11 A). These spectroscopic studies indicate BC-Ni nanorods' formation by showing 

characteristic D & G bands of crystalline carbon, at ~1360 cm-1 and ~1510 cm-1 corresponding to 

A1g and E2g mode27,28. The ratios of normalized intensities of D & G bands for the nanomaterial 

Figure 3.11: Nanomaterial characterization: (A) Raman spectrum, (B) FT-IR spectrum, (C) XRD spectrum 

and (D) BET N2 adsorption desorption curve. 
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was observed to be 0.99, which shows high disorder associated with graphitic natured nanomaterial. 

This pattern is comparable to that of metallic SWNT, suggesting breathing of sp2 atoms in rings 

and bond stretching in both rings and chains29. Further characterizations were carried to ascertain 

this fact. 

(B) FT-IR spectroscopy 

The IR spectrum (Figure 3.11 B) recorded by Agilent Cary660 from 400 to 4000 cm-1 with a 

resolution of 0.5 cm-1 showed significant characteristic peaks denoting different vibrational modes 

for B-N stretching (815 cm-1, 2265 cm-1), B-N-O stretching (660 cm-1), C-N (2365 cm-1) and C=N 

(1015 cm-1,1380 cm-1) stretching, Ni-O (430 cm-1) and N-H (3215 cm-1) stretching. The abundance 

of these bonds, validate the presence of boron doping in the carbon based nanomaterial and as well 

as inclusion of nickel nanoparticles, which is in accordance with prior literature30. These functional 

groups further assist in the increased electroactive response of the nanomaterial during 

electrochemical studies. 

(C) X-Ray diffraction spectroscopy 

The XRD spectrum was recorded using Bruker D8 Advance X-ray diffractometer, and diffraction 

patterns generated using Cu Kα (λ = 1.54 Å) radiation in the wide-angle range (10 – 80º). The 

diffraction pattern, as observed in Figure 3.11(C), showed sharp peaks at 2θ of 28º, 43º, 51º, and 

76º corresponding to (002), (111), (200) and (220) planes respectively. The diffraction peaks at 28° 

and 43° are reflections of graphitic nature, while 51º and 76º are characteristic diffraction reflections 

of nickel particles. These are highly suggestive of the crystalline nature of the synthesized 

nanohybrid material. 

(D) BET analysis 

To analyze the surface area and pore size distribution BET (Nova Quantachrome Autosorb iQ) 

employing Brunauer–Emmett–Teller & Barrett-Joyner-Halenda (BJH) methods using N2 at 77 K 

with prior degassing of a synthesized nanomaterial at 393 K for 12 h was carried out (Figure 3.11 

D). Upon analysis and surveying reference literature, we deduced that the N2 adsorption-desorption 

isotherms features a Type IV isotherm associated with capillary condensation taking place in 

mesopores and a Type H3 hysteresis loop, which is a characteristic of aggregates with slit-shaped 

pores 31–33. The BET surface area of synthesized BC-Ni was calculated to be 59.313 m² g-1, the pore 

volume of 0.245 cc g-1, and pore radius of 19.080 Å, indicating high surface area & porosity. This 

enhancement in surface area and porosity is a highly desirable property for increasing the net 

electrochemical area on the electrode surface, providing wider range of detection and sensitivity to 

the bio-assays. 

(E) Electrochemical analysis 

The electrochemical impedance spectroscopy (EIS) studies were carried out using the CHI760E 

electrochemical workstation for aptasensor characterization. An initial comparative analysis, result 

detailed below, to check the electrochemical activity of the precursor, Ni(II)-DMG complex showed 
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a minimal two-fold increase in electrochemical response with up to 10 µg material drop-casted on 

the working electrode.  

(i) Precursor comparative 

The precursor's SEM images showed long flat spindles with sharp edges and the minimal 

electrochemical response with material drop-casted on the working electrode (up to 10 µg), as seen 

in the voltammogram (Figure 3.12). A comparative analysis to check the precursor's 

electrochemical activity, Ni(II)-DMG complex showed a minimal increase from 23 µA of bare 

carbon electrode to 45 µA in electrochemical response with up to 10 µg material drop-casted on the 

working electrode. 

(ii) BC-Ni modified SPE  

The nanostructured electrode showed a staggering seventeen-fold increase in current response 

cathodic (Ipc) and anodic (Ipa) peak current response (Ipc = 397 µA, Ipa = 432 µA) in comparison to 

that of the bare electrode (Ipc = 23 µA, Ipa = 25 µA) suggesting a valid modification of the sensor 

surface by the synthesized BC-Ni nanorods (Figure 3.13 A-B). The CV curves indicate that the 

electrochemical signals resulting from the redox probe are based on the nanomaterial's 

pseudocapacitive behavior. The modified electrode furthermore showed stable increase in current 

response with ramped scan rate (Figure 3.13 C). 

The electrochemical stability of modified SPE was tested by scan rate scanning and repeated cycling 

(50 cycles), which showed insignificant change in the peak current (Figure 3.13 D). This validates 

the necessity of the thermal carbonization step, which leads to the BC-Ni nanorod formation.  

Figure 3.12: Electrochemical characterization of C-Ni: (A) SEM images and (B) CV curves. 
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Figure 3.13: BC-Ni nanomaterial characterization: (A) Nanomaterial amount optimization, (B) increase in 

electrochemical activity vs. bare, (C) scan-rate dependent CV curves, and (D) multiple CV curves. 

The nanostructured SPE showed a linear response in Ipa & Ipc with the square root of increasing 

scan rate (10 mV s-1 to 100 mV s-1), suggesting good reversibility of fast charge-discharge response 

and also indicating that the process is under linear diffusion control, as clearly seen in Figure 3.14. 

Figure 3.15: Scan rate: Scan rate square root vs. anodic and cathodic peak current response.  
 

 

Figure 3.14: Nanosensor Characterization: (A) Comparative CV response curves with 10 µg of precursor 

N(II)-DMG, multiwalled CNT, C-Ni nanorods and boron doped C-Ni nanorods. (B) Nyquist Plot showing the 

response curve of bare SPE (black) and with BC-Ni nanorods (grey) drop cast on the working electrode. 
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Moreover, as shown in Figure 3.15, the synergistic effect of boron, carbon, and nickel nanoparticles 

is established by a comparative CV study of BC-Ni nanorods with bare carbon electrode by drop-

casting 10 µg of C-Ni nanorods, multiwalled CNTs, and precursor Ni(II)-DMG. Furthermore, the 

nanomaterial efficacy as an excellent impedimetric sensor was validated with EIS, and it was found 

that the Rct value of the modified sensor (320 Ω) had reduced to 10% of the non-modified sensor 

(7200 Ω) electrode. This nanomaterial property was exploited to our benefit, and further sensing 

assays were performed using this BC-Ni nanorod modified SPE. 

3.3.4 BC-Ni nanostructured aptasensing platform 

3.3.4.1 Electrode aptamer functionalization 

Besides the high electrochemical sensitivity of a nanostructured platform, specificity was provided 

to BC-Ni nanorod modified SPE with further functionalization with our screened anti-E. coli 

O157:H7 aptamer. This was achieved by modifying the electrode surface with a positively charged 

linker polymer PLL, which helps hold the aptamer moieties on the surface of the sensor via ionic 

charges. This was experimentally validating using spectroscopic and optimized via electrochemical 

studies.  

(A) UV-Vis spectroscopy studies 

UV-Vis spectroscopic measurements of BC-Ni nanomaterial and its PLL modified conjugate and 

the BC-Ni nanomaterial functionalized with PLL and aptamer were carried out to confirm the 

binding of DNA on the nanomaterial surface. The sample concentrations utilized to modify the 

sensor electrode were diluted 1:10 in DI water for spectroscopy evaluation. UV-Vis spectroscopic 

characterization of BC-Ni, as seen in Figure 3.16, showed an increase in absorption by π–π* 

electron transition at 210 nm, which may be attributed to the presence of abundant sp2-carbon atoms 

present in BC-Ni. After PLL functionalization, BC-Ni + PLL nanohybrid showed an absorption 

peak at 223 nm with a redshift, indicating the interaction of PLL side chains and carbonyl groups 

on BC-Ni. This, upon further conjugation with DNA, showed a bump at 260 nm, clearly indicating 

the presence of immobilized DNA over BC-Ni + PLL nanohybrid.  

Figure 3.16: UV-Vis spectra: Absorbance spectra of BC-Ni, its PLL conjugate and aptamer conjugate. 
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(B) Zeta potential studies 

For the validation of aptamer functionalization on to the surface of BC-Ni nanorods using PLL as 

an ionic linker molecule, zeta potential (ζ) measurements were carried out using Zetasizer Nano 

ZSP (Malvern, UK), which showed that BC-Ni nanorods themselves are negatively charged with ζ 

value of -12.13 mV, while the PLL modified BC-Ni was positively charged with a ζ value of -2.6 

mV, and 500 ng aptamer immobilization changed to -2.94 mV, and 5000 ng further reduced it to -

7.0 mV. This positive ζ charge of lysine molecules on the surface of BC-Ni nanorods helps in 

electrostatic interaction and binding with the DNA aptamers' negatively charged backbone. This 

conjugate formed on the working electrode's surface helps in capturing and subsequent detection of 

E. coli O157:H7. 

(C) Electrochemical studies  

For the efficient modification of the electrode surface with the aptamer, different aptamer 

concentrations were allowed to incubate on the PLL modified sensor surface overnight at 4℃ and 

gently rinsed with water to remove unbound molecules.  

Figure 3.18: Aptamer concentration optimization: CV curves showing the change in peak currents upon 

functionalization of the nanostructured sensor surface. Apta 1 depicts 500 ng aptamer and Apta 2 depicts 

5000 ng aptamer incubated for immobilization. 

Figure 3.17: Zeta potential studies: (A) Schematic showing a modification of nanomaterial surface and (B) 

corresponding apparent zeta potential values. 
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To analyze the effect of surface immobilization, CV scans from -1 V to +1 V at a scan rate of 100 

mV s-1 were carried out, and it was observed that the addition of PLL and overlaying with 500 ng 

of aptamer resulted in a minimal decrease in peak current (360 and 328 µA, respectively), which 

was expected due to the insulating effect of the biomolecules. However, further addition of aptamer 

(5000 ng) drastically reduced the cathodic peak current to 220 µA, resulting in an excessive 

dampening of the electrochemical signal (Figure 3.18). Thus, keeping the electrochemical 

sensitivity into consideration, 500 ng was optimal for further bacterial assays.  

3.3.4.2 E. coli O157:H7 aptasensing assay 

These aptamers functionalized nanostructured SPE were exposed to E. coli O157:H7 concentrations 

ranging from 0 to 106 cfu for studying the range of detection of the developed aptasensor over a 

frequency range of 100 kHz – 10 Hz using an alternative voltage of 0.25 V amplitude. The 

impedance response of the platform is fitted using an equivalent circuit shown in Figure 3.19. The 

experimental impedance spectra are plotted as a Nyquist plot (Z' vs. -Z"), leading to the formation 

of a partial semi-circle curve at high frequencies with the intercept with Z' axis on the right-side 

denoting Rct. To mitigate current response deviation from other instrumental faradic processes, 

Randles-Sevcik equivalent circuit model was used for fitting experimental data. Upon aptamer 

functionalization of the nanostructure, a minor increase in Rct is observed. A linear increase was 

observed till in Rct value from 455 ± 60 Ω at 100 cfu to 1016 ± 25 Ω at 105 cfu, while the sensor 

saturated at the next higher concentration of 106 cfu. Given this, a limit of detection of 10 cfu with 

a dynamic range of detection from 100 to 105 cfu has been verified on this EIS aptasensor.  

Figure 3.19: Fitted Nyquist plots: Increasing conc. of E. coli O157:H7 were subjected to the modified 

electrode surface and their EIS spectra recorded and fitted using Randles-Sevcik equivalent cell.  
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3.3.4.3 Aptasensing platform: validation studies 

A calibration plot using buffer spiked samples were generated for easy estimation in real samples 

(Figure 3.20A). The Rct value thus obtained can be used to estimate the number bacterial cells 

present in the sample, using the following equation:  

y = 103.27x + 260.69, 

where, x = positional value at x axis and y = observed Rct value 

Thus, from a given Rct value, the number of bacterial cells present in the sample can be easily 

extrapolated using the calibration plot. Similarly, to validate platform cross-reactivity upon 

exposure with 105 cells of previously mentioned related species, an insignificant response change 

was observed, except C. freundi showing a minor deviation from ideal (Figure 3.20 B-C). This 

deviation can be attributed to the fact that C. freundii surface antigens present structural mimicry 

to E. coli O157:H7, especially in the polysaccharide O-antigen abundantly present on the cell 

surface and acts as a significant receptor recognition site34,35. The real samples viz., tap water and 

juices extracts spiked with E. coli O157:H7 cells (101, 105) were analyzed; the aptasensor platform 

response showed a good ideal response at both lower and higher bacterial concentrations with intact 

reproducibility. A minute over-response was observed, majorly due to other biochemicals present 

in these spiked sample extracts (Figure 3.20D). The comparative analysis of various nanostructured 

Figure 3.20: Aptasensor validation: (A) Calibration plot (B) EIS plot of cross-reactive strains on platform 

and (C) cross-reactivity bar-graph. (D) Real samples spiked with E. coli O157:H7. 
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bio-sensing platforms for detecting E. coli O157:H7 has been tabulated in Table 3.1, which 

validates the superiority of the aptasensor for E. coli O157:H7 developed in this work. 

Conclusively, electrochemical characterization of aptamer functionalized BC-Ni nanorods showed  

a good impedimetric response and high specificity towards target bacteria E. coli O157:H7. 

3.4 Microfluidics- An introduction 

Scarcity of clean water for consumption is a massive issue worldwide, with several countries 

suffering from water shortage. This state is detrimental for both human health and socio-economic 

development of a country. Although much progress has been made in water purification and 

sanitation systems, access to clean drinking water, sanitation and hygiene maintenance are a 

challenge in rural areas. According to WHO, one in three people do not have access to safe drinking 

water and more than 673 million people still practice open defecation45. Municipal water and 

sewage treatment methodologies should be efficient for removal and monitoring of the faecal 

pathogenic microbial indicators in water. Pathogenic E. coli bacteria can enter the drinking water 

sources due to open defecation or leakage from septic tanks and result in diarrheal infections. Thus, 

monitoring of enteric pathogens especially E. coli O157:H7 which are resistant to standard water 

treatment methods and carry enterotoxins is crucial in wake of recent E. coli outbreaks. Far from 

being a sole problem of the developing world, waterborne bacterial diseases are also a threat to 

citizens of the developed world. The COVID-19 pandemic has established the grave importance of 

sanitation and necessity of clean purified water for preventing microbial diseases46. In recent years 

there have been numerous research advances in methods for monitoring waterborne pathogens. 

Nanomaterial Detection Method Limit of detection Range Ref. 

Single wall CNT Cyclic voltammetry 1.7×101 cfu 1.7×101 – 1.1×107 cfu 36 
3D-interdigitated 

electrode array 

Impedance 

spectroscopy 

2.9×102 cfu 101 – 105 cfu 37 
Dendrimer 

modified 

microfluidic chip 

Fluorescence 

spectroscopy 

102 cfu – 38 

Gold nanoparticles Impedance 

spectroscopy 

48 cfu 103-107 cfu 39 
Titanium dioxide 

nanoparticles 

I-V measurements 10-11 M E. coli O157 

DNA 

10-12 – 10-5 M DNA 40 
Gold nanoparticles Raman 

spectroscopy 

101 cfu 102 – 106 cfu 41 
Graphene 

quantum dots 

Fluorescence 

spectroscopy 

102 cfu - 42 
Gold nanoparticles Colorimetry 5.0 × 101 cfu 5.0 × 101 – 5.0 × 104 

cfu 

43 
Up-conversion 

nanoparticles and 

tungsten disulfide 

nanosheets 

Fluorescence 

spectroscopy 

17 cfu 85 -85 × 107 cfu 44 

BC-Ni nanorods Impedance 

spectroscopy 

10 cfu 100 – 105 cfu This 

study 

Table 3.1: Comparative table: Showing the various recent nanostructured biosensing platforms for E. coli 

O157:H7 detection along with their merits. 
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Monitoring plays several key roles in the design and implementation of water safety plans and can 

be applied for surveillance or investigation. Miniaturization, in particular using microfluidic 

systems, can play in the delivery of ‘lab-on-chip’ devices to perform monitoring procedures47,48. 

Microfluidic technology, i.e., liquid/fluid channeling technology with micron dimensions have been 

developed immensely worked upon by research labs during the past decade and has found many 

on-site applications, especially for chemical and biological assessment. The first miniaturized 

analytic system exploiting this technology was developed by Manz et al., in 199049–51. Since then, 

many platforms have been fabricated by researchers worldwide for analytical measurements using 

various fabrication methodologies, device materials and bioassay techniques. Several fabrication 

techniques are available for development and integration of microfluidics-based platforms such as 

molding, soft-lithography, chemical etching, laser ablation. Amongst these, soft-lithography 

technique developed by Whitesides et al., 1998 utilizing polydimethylsiloxane (PDMS) is a highly 

efficient and prevalent methodology52,53. Figure 3.21 shows a timeline of history of microfluidics-

based systems54.   

The advantages of performing on-chip monitoring are55,56:  

(i) Reduced sample volume resulting in a lower background noise signal. 

(ii) Small sample volume needed and control of flow enhancing binding kinetics. 

(iii) Reduced consumption of reagents. 

(iv) Automation reduces monitoring time and overall cost of application.  

In microfluidic flow, as the length of the channel and the fluidic flow is extensively reduced, the 

properties of the fluid at microscale become very important. Thus, having the correct viscosity and 

estimation of the shear force generated by fluid flow through microscale channels is essential. The 

Reynolds number (Re) is defined for microfluidic channel, as the ratio of fluid viscosity and the 

Figure 3.21: History: Timeline of development of microfluidics technology.54. 
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channel length and Re values of the channels should be modulated on basis of the microfluidic 

module applications. In the coming sections, we have explored soft-photolithography technique for 

fabrication of PDMS based aptamer functionalized platform for water filtration and monitoring of 

microorganisms in water samples.  

3.4.1 Proposed microfluidic platform 

For the early diagnosis of bacterial infections, the efficient capture and monitoring of bacteria from 

aqueous fluids is indispensable. In this section, we propose an aptamer integrated opto-

electrochemical microfluidic platform as a sensitive monitoring device (Figure 3.22). The multi-

channel device enables the enhanced capture of E. coli O157:H7 from water samples with the help 

of our anti-E. coli O157:H7 aptamer developed, and for further qualitative analyses of water 

samples for detection of bacteria in eluting water via electrochemical impedance spectroscopy, as 

widely explored in this thesis in previous chapters. For the fabrication of the microfluidic platform, 

Top-down photo-lithography based SU-8 molds were casted on silicon wafers and used for replica 

molding of PDMS molds bonded with gold electrodes deposited on glass or silicon substrates. A 

two-channel syringe pump was utilized for maintaining the flow of the bacteria spiked water 

samples and aptamer binding buffer (recipe as mentioned in Chapter 2, Section 2.2.1.1.1) and the 

water elutes verified for microbial presence with aid of impedance measurements using a CHI760E 

electrochemical workstation. As a proof-of-concept we successfully demonstrated the capture of 

pathogenic E. coli O157:H7 which maybe further explored for other bacterial pathogens and 

modulated as per requirement of the target of interest. This will aid in future studies for (i) 

continuous monitoring as well as filtration of water resources for specific pathogens, especially in 

case of emergent infectious agents.  

Figure 3.22: Schematic representation: An illustration showing the setup for water quality monitoring for 

E. coli O157 using a syringe pump, microfluidic platform and electrochemical impedance spectroscopy 

workstation along with the actual setup images.  
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3.4.2 Microfluidic experimental details 

(A)   Materials 

Silicon wafer (4 inches) and Silicon Dioxide wafer (4 inches) were obtained from in-house CeNSE 

Facility. Sylgard 184 PDMS and curing agent were procured from Dow Corning, US and SU 8-

2035 photoresist was procured from Microchem, US. The BD Intramedic Polyethylene Tubing (1 

mm outer diameter) was procured from Becton Dickinson, USA. Trichlorosilane and Amino-

phenylboronic acid were purchased from Sigma Aldrich, India. All steps of fabrication were carried 

out in clean room (class 100/1000) of CeNSE Facility, IISc Bengaluru as per normalized 

protocols57.  

(B)   Microfluidic chip design & fabrication 

(i) Designing of microfluidic pattern 

• The microfluidic channel patterns were designed in AutoCAD (.dxf /.dwg) with the 

respective dimensions (units: micron). A minimal inter-distance of 2.5 mm was kept between 

patterns and multiple patterns were aligned in four quadrants of a circle (different layers). 

• The pattern was designed to include a Y-shaped inlet (Inlet A and B) for the input of the 

water sample and the buffer solution into the mixer zone (Zone I) and then binding chamber zone 

(Zone II) which would be pre-functionalized with anti-E. coli aptamer with help of poly-lysine 

(PLL) alternatively via the Inlet C. To monitor impedimetrically the quality of eluted water, a 

window for included in the Zone III for incorporation of electrodes with the parameters described 

in Figure 3.23. Three different variations of the pattern were studied for optimization of the chamber 

area and height. Alongside, the pattern of the electrodes was also generated in a different file for its 

gold deposition.   

Figure 3.23: Microfluidic design: Schematic showing the pattern of the microfluidic design along with its 

specifics.  
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(ii) Fabrication of SU-8 microfluidic masters 

➢ Mask writing  

• The .dxf format extension files were used as input for Clewin 4 layout editor software. 

Mask size is set 1 inch more than pattern size during layout and this file is saved as. cif format, 

which is used as the format file for the Mask writer Heidelberg uPG-501. 

• A dark field mask was generated for negative photoresist (PR) of SU-8 series. Here, the 

colored blue portion in .cif file will be etched out to generate a transparent pattern on mask. 

• The pattern was etched out via the Mask writer onto a chrome coated soda-lime glass plate. 

This chrome mask plate was cleaned with Acetone/IPA for 8 min each and a final 10s rinse in 

freshly prepared Piranha solution. 

• A final rinse with de-ionized water (DI) was given and blow dried the mask plate using 

compressed nitrogen gas. This dark chrome mask plate was then used for designing the pattern onto 

SU-8 coated prime silicon wafer.  

➢ Photolithography 

The following steps were carried out in accordance with the optimized protocol set by Microchem 

for SU-8 2035 negative photoresist with full caution58. SU-8 is a high contrast epoxy-based 

photoresist, which provides high aspect ratio structures and is ideal for vertical sidewalls.  

• Wafer cleaning 

P-type silicon wafer (4 inch) was taken and cleaned using Piranha solution for 10 min. 

• Dehydration bake 

The wafer was dehydrated at 250℃ for 10 min using hot plate pre-set at the given temperature. 

• Cooling 

It was allowed to cool to room temperature for further processing. 

• Spin coating PR 

SU-8 2035 was spin coated onto the wafer as per the product application note of Microchem, to 

generate a thickness of 50 µm. In brief as per the standard company protocol58:  

(a) Dispense 1 mL of resist for each inch of substrate diameter. 

(b) Spin at 500 rpm for 5-10 seconds with acceleration of 100 rpm s-1. 

(c) Spin at 2500 rpm for 30 seconds with acceleration of 300 rpm s-1. 

(d) Remove the excess photoresist edge beads built up at the substrate edges with help of streaming 

solvent. 

(e) Soft-bake at 65℃ for 3 min and 95℃ for 9 min before photo exposure.  

• Mask alignment 

The mask and PR coated silicon wafer were aligned using Mask Aligner MJB-4 and photo exposed 

using 365 nm laser source with 180 mJ per cm2. 
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• Post-exposure bake and development 

(a) The coated wafer was bake at 65℃ for 2 min and 95℃ for 7 min before development. 

(b) The exposed patterns were developed using SU-8 developer for 7-10 min and finally washed 

with IPA till the undeveloped regions are removed. 

• Hard bake 

The microfluidic mold was hard baked at 150℃ for 10 min and stored in desiccator until further 

utilized for making PDMS molds. 

(iii) Fabrication of PDMS microfluidic chips 

➢ Development of PDMS replica molds 

• A 10:1 ratio of PDMS elastomer and curing agent (Sylgard 184) was made and desiccated 

to remove any gas bubbles. 

• The degassed PDMS was poured into the Petri dish containing SU-8 mold and allowed to 

solidify at 50℃ for 3-4 h. 

• The solidified patterns were extracted and individual patterns cut and inlets/outlets punched 

using a biopsy puncher (0.75 mm) and kept in desiccator till surface bonding and the tubing were 

inserted manually and checked for leakage prior to application. 

➢ Plasma bonding with glass substrates 

• The PDMS molds were bonded with cleaned gold electrode deposited glass slides or silicon 

wafers using oxygen plasma bonder. 

• The molds (channel side up) and glass slides were exposed to oxygen plasma for 3 min at 

0.300 mbar chamber pressure. 

• After exposure, the surfaces were placed immediately together for bonding. 

• The sandwiched cartridge was kept for baking in oven for 15 min at 80℃. 

(C) Microfluidic chip characterization & assessment 

(i) Computational analysis 

Computational simulation of microfluidics flow aids in prediction and design of microfluidic 

systems before actual fabrication. This in fact, helps understand the various dynamics of the 

designed microfluidic device and eliminates the need of fabricating prototypes at each step for 

optimization. We performed prior microfluidics analysis to understand the channel velocity and 

pressure flow and optimize the channel dimensions for various zones. For modelling a microfluidic 

device for simulation, the geometry is defined using AutoCAD software. The geometry is exported 

to Microfluidics module of COMSOL Multiphysics software. The initial conditions of the type of 

device material and fluid are setup, along with boundary conditions at the channel interface. The 

model is defined by a physics-dependent mesh modulated for microfluid platforms. This designed 
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platform is then solved by the module with application of laminar flow physics and the results 

analyzed, which help in further optimization of the microfluidic device.   

The finite element flow modelling was performed using COMSOL Multiphysics software using 

primitive elements for incompressible Newtonian fluid under steady state flow with the inlet 

velocity of 0.001 m s-1 along the length of the channel with wall height of 50 µm and no-slip 

boundary at the channel surface and zero pressure at the outlet. The Navier-Stokes equations and 

aqueous parameters used in the study were carried out in accordance with prior literature59. The 

channel layout and dimensions were taken from the AutoCAD generated design and mesh 

refinements were carried out to optimize the fluid mechanics. The velocity and pressure simulations 

were observed and analyzed for the various patterns.  

(ii) Morphological analysis 

The morphological visualization of the fabricated microfluidic platform was carried out with the 

help of Optical (Leica DM2500) and Fluorescence (Olympus BX-53F) microscopy, Surface 

Profiling (Bruker Dektak XT) and Scanning Electron Microscopy (Jeol JSM IT1300).  

(iii) Surface functionalization 

The surface functionalization of the microfluidic chamber with the aptamer after mixing of the 

sample with the binding buffer was carried out with the help of cationic linker PLL. In this method, 

the PLL concentration was optimized to 0.01 mg mL-1 and injected through Inlet C for 

functionalization of the microfluidic chamber. This was allowed to incubate for 30 min for efficient 

before flushing the channels with DI water to remove any excess linker. The aptamer stock solution 

was diluted 1:1 in nuclease free water to minimize residual salt artifacts in the channel and then 

injected into the microfluidic chamber and allowed for functionalization of the surface of the 

chamber for 20 min at least for cationic PLL interaction60,61. This was allowed to dry overnight and 

then finally rinsed with water, before application. All the processes were carried out with the aid of 

syringe pump (Harvard Apparatus, Pump 11Elite).   

(iv)  Bacterial assay & device assessment 

The E. coli O157:H7 cells were harvested as detailed in previous Chapter 3 and spiked in DI water. 

Platforms both without and with aptamer functionalized in the microfluidic chamber were primed 

by flushing with binding buffer at optimized flow rate of 1 µL min-1 for 15 min. This flow-rate was 

optimized to minimize the pressure generated on the walls of PDMS channels and give optimal 

time for mixing of the sample and buffer. Then the different concentrations of bacterial cells were 

injected in the system from Inlet B with simultaneous injection of the binding buffer from Inlet A. 

The flow-rate was controlled to maximize the interaction of the aptamer and bacterial cells and also 

maintaining positive efflux pressure for the outlet. The captured E. coli was imaged using 

fluorescence microscopy and elutes monitored by EIS using parameters optimized in previous 

chapters for whole cell bacteria. 
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3.4.3 Microfluidics - Results & discussion 

(i) Computational studies 

The microfluidic channel pattern was designed to incorporate a mixer design with ‘Y’ inlet junction 

for sample and buffer injection, serpentine Dean’s vortex mixer for dilution and mixing of water 

samples with buffer and further aptamer binding zone for the adherence of the bacterial cells to the 

functionalized surface and finally one outlet after an observation window. The velocity and pressure 

profiles were simulated for the different variations of the pattern labeled as (i),(ii) and (iii), as shown 

in Figure 3.24. These profiles in combination show high flow as well as stagnant regions in the 

channels. The serpentine staggered geometry of the mixer zone shows hot pockets in the middle 

lamella whereas cold pockets at the edges of the serpentine channels, projecting formation of 

turbulence in the channel as predicted62–64. The study helped decipher that pattern (ii) maintained a 

high velocity equivalent to the inlet velocity in the mixer and significantly dropped in the binding 

zone. Other patterns (i) and (iii) showed low velocity and higher pressures or very low-pressure 

regions throughout the pattern, respectively which are inimical for the device and fluid flow. It is 

imperative of the system to keep flowing to omit clogging or rupture of the bonded device; thus, 

the pattern (ii), was utilized for the bacterial assay assessment.   

Figure 3.24: Computational studies: (A) Velocity and (B) Pressure profiles of various microfluidic patterns.  
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(ii) Microfluidics chip characterization 

The microfluidic platform was fabricated by replica molding of silanized SU-8 Master device with 

PDMS epoxy bonded onto glass or silicon wafer substrate (Figure 3.25). The microfluidic mixing 

is an essential part of miniatured systems, which is incorporated in the platform with designing a 

serpentine geometry, consisting of recurring U-shaped units. In has been reported to enhance the 

performance of microfluidic biosensors by increasing the presence of eddies at bends and inducing 

stretching and folding of the fluid. The flow-rate was optimized via COMSOL computational 

studies at 1 µm min-1 to minimize laminar flow in the mixer zone while delivering homogenous 

buffer salt mixing and ensuring that the test water sample stream is mixed with the buffer fluid 

stream before interaction with the aptamer.  

This was validated by introduction of dyes in the two channels that merge to form a coloured front 

as clearly seen in Figure 3.25 (C). In the next step, the capture of the bacteria on the aptamer 

functionalized microfluidic chamber was visually validated with aid of FITC-labelled aptamer 

sequences, which were coated onto the substrate surface with aid of cationic polymer PLL (Figure 

3.26). The interaction between PLL and DNA aptamer has earlier been verified by zeta-potential 

based studies in this chapter, Section 3.3.4.1.  

Figure 3.25: Optical images of device: Green dye flushed PDMS molds of two patterns bonded onto glass 

surface (A-B) and (C) intermixing of red and green dye in the microfluidic channel. (D) An early prototype 

PDMS device bonded onto silicon wafer with deposited gold electrodes.  
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The surface morphology of the SU8 Master was analysed with optical microscopy inline of the clean 

room, to ascertain the geometry and dimensions of the various microstructures lithographed onto the 

silicon wafer. Figure 3.27 shows the various surface morphology observations carried out and 

validated the width (250 µm) and height (50 µm) of the channels with good periodicity. Next, the 

electron micrography of PDMS mould was also carried out to observe the final device channels, 

which showed well-formed structures with dimensions equivalent to SU8 master.  

(iii) Bacterial assay and impedimetric monitoring  

The bacterial monitoring experiments were carried out between two streams containing E. coli 

spiked water test samples and binding buffer, which were exposed to aptamer functionalized 

Figure 3.26: Surface characterization of microfluidic master & device: (A) A PDMS fabricated microfluidic 

device (B) Optical imaging of the SU-8 master pattern showing the channel dimensions. (C) SEM image of the 

PDMS mold replicated from the master and (D) Surface profiling of the master showing the height profile of 

the serpentine channel.  

Figure 3.27: Fluorescence imaging: FITC labelled aptamer visualized in the Zone II of the microfluidic 

chamber after functionalization. 
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chamber. The binding was detected using DAPI dye labelled bacterial cells (methodology adopted 

from Chapter 2) the increase in the adherence visualized using fluorescence microscopy (Figure 

3.28).  

The impedance spectroscopy of the elutes for monitoring the bacterial presence in microfluidic chip 

was carried out utilizing gold (Au) electrodes coated onto the bonded substrate of the microfluidic 

platform and results fitted using Randles-Sevcik circuit. Figure 3.29(A) shows the generalized 

lamellar architecture of the platforms. The bare impedance of the electrodes was recorded in 1:1 

diluted binding buffer which showed characteristic high conductive response as seen in Figure 

Figure 3.29: EIS Studies: (A) Layer-by-layer scheme of a microfluidic device pattern, (B) Nyquist plot 

showing the impedance spectra of bare gold (Au) electrode, (C) E. coli O157:H7 concentrations flushed 

through unfunctionalized channel showing control values onto PLL modified electrode and (D) E. coli 

O157:H7 flushed through aptamer functionalized device.   

Figure 3.28: Microscopic evaluation: Micrographs of the channel (20X) showing bacteria contaminated 

water (A) 1×10
4
 cfu (B) 1×10

2
 cfu flushed from the aptamer functionalized zone and corresponding DAPI 

labeled (blue emission) fluorescence imaging of the same area, ascertaining retention of bacteria. 
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3.29(B). Furthermore, prior to aptamer based capture of bacterial cells, a control assessment 

impedance spectroscopy assay was carried out on unfunctionalized microfluidic chip which showed 

increasing high Rct values in response to increasing bacterial cell presence in the elutes, Figure 

3.29(C). In the test assay, similar bacterial concentrations were injected into the PDMS chip and 

allowed to interact with the aptamer zone for capture and adherence onto the chip surface. This was 

also monitored impedimetrically and it was observed that the chip pattern showed good capture 

capability till 1×104 cfu, after which the platform developed clogging. Thus, this platform presents 

a proof-of-concept of bacterial capture and monitoring with the aid of aptamer functionalized 

microfluidic platform, which can be further enhanced for other bacterial species suspended in water 

samples and aid in real-time detection for microbial load in water bodies.  

3.5 Conclusion 

An electrochemical sensing platform using aptamer functionalized boron-carbon nanorods 

decorated by nickel nanoparticles is demonstrated for the specific detection of STEC strain E. coli 

O157:H7. A novel high affinity & specificity aptamer (Kd ~ 69 nM) was screened via microtiter 

plate-based SELEX, which can be used to functionalize detection platforms for specific E. coli 

O157:H7 monitoring & diagnostics. The established BC-Ni nanorods modified aptasensor 

successfully sensed target O157:H7 serotype as low as ~10 cfu with a response range from 100 – 

105 cfu in water and with minor pre-processing steps in food samples. Alongside, we presented a 

proof-of-concept for the fabrication of a simple microfluidic platform (10 mm × 5 mm) for 

visualization and monitoring of aqueous suspension of pathogenic bacteria (E. coli O157:H7) in a 

microfluidic chamber. The microfluidic platform was functionalized with aptamers that acted as 

capture moieties for removal of bacteria from the water sample and further coupled with an 

impedimetric system for water quality analysis. This platform can currently capture and detect up 

to 104 cells in water samples and further multiple arrays of these chips may increase the potential 

of these platforms. 
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Chapter 4 

Aptasensing optical assay for E. coli surface 

antigens  

The contents of this chapter are adapted from: Kaur, H.; Shorie, M.; Sabherwal, P. Aptamer 

functionalized carbon dots mediated fluorescence turn-on assay for endotoxin detection. (Under 

revision).   

4.1 Introduction 

All gram-negative bacteria including E. coli are serologically categorized on the basis of membrane 

polysaccharides and flagellar protein. These antigens are highly polymorphic in nature and the 

multitude of variations in their molecular structure facilitate the evolution of species.    

Lipopolysaccharides (LPS) and flagellin are prominent bacterial surface markers used for 

serological determination and denoted as O-antigen and H-antigen, respectively. This terminology 

has been used interchangeably in the chapter. These moieties present on the bacterial surface place 

a significant role as antigens in the development of an immune response upon infection. Usually 

serology techniques employing rabbit sera against these surface antigens, PCR based loci 

identification analysis and mass spectrometry techniques1,2. These surface-exposed molecules are 

an ideal choice as biomarkers given their distinct role in pathogenesis. Therefore, the development 

of a specific and rapid diagnostic assay is the need of the hour, which is explored in this chapter. 

4.1.1 Target E. coli surface antigens – A background 

4.1.1.1 O-antigen 

LPS is a major structural tri-partite component of the cell of Gram negative bacteria, comprising of 

variable polysaccharide region (O-antigen), and conserved regions- core oligosaccharide and Lipid-

A (endotoxin). Upon infection, this may enter the bloodstream, which is recognized via the Toll-

like receptor 5 and promotes increased expression of inflammatory molecules like interleukins and 

tumor necrosis factors, which initiate an immune cascade, resulting in fatal septic shock. 

Additionally, endotoxin which is synonymous with LPS is one of the most dangerous pyrogenic 

(fever-inducing) contaminants of pharmaceutical products and equipment, as they are pervasive due 

to the ability of bacteria proliferating even in water, highly stable even under extreme temperatures 

& thus, may be retained even after sterilization, and has high toxicity3. As per cGMP guidelines, it 

is mandatory that all injectables be dually checked for the presence of endotoxin and labelled 

pyrogen-free, to negate any clinical mishap, especially in intensive care4,5.  



 

104 

 

The currently availed methods employed by companies for testing for LPS presence gravitate 

around (i) rabbit pyrogen test, which requires animal testing; (ii) limulus amoebocyte lysate test, 

and (iii) monocyte activation test, which are based on aqueous extract of amoebocyte cells found 

in Limulus polyphemus, the Atlantic horseshoe crab, threatening the already depleting horseshoe 

crab populations6. The significant lacunae in LPS sensing are that no rapid detection systems are 

available, which may aid in timely sensing and subsequent therapeutic support.  

Figure 4.1: Surface antigens: Structural components of (A) LPS (B) flagella7,8. 

4.1.1.2 H-antigen 

Additionally, pathogenic E. coli species produce flagella, which plays a significant role as 

mediators in pathogenesis, i.e., invasion, adhesion, and modulation of virulence factors via Type 

III secretion (Figure 4.1)8,9. E. coli flagella, called the H-antigen in classical bacteriology, are fine 

long tubular structures, the walls of which consist of flagellin subunits whose immunological 

specificities are determined by surface exposed epitopes displayed upon the outer flagellar 

surface. The genetic diversity of H-antigens varies distinctly in various strains of E. coli subtypes 

and though numerous flagellar antigens are known, fliC loci on the bacterial chromosome is the 

most significant10,11.  It has been well-noted that these flagellar proteins act as adhesins, responsible 

for specific adhesion to the mucosa of the GI tract and subsequently resulting in disease 

manifestation12. Similar to LPS, the mammalian host cells detect the conserved domain on flagellin 

monomers through TLR-5, which triggers pro-inflammatory responses, resulting in immune 

shock13,14.   

4.1.2 Objectives 

(i) Bio-receptor generation: Development of specific aptamer against surface antigens of E. 

coli O157:H7 using selective purified targets with help of competitive microtiter plate-based 

SELEX.  



105 

 

(ii) Transducer development: Synthesis of carbon quantum dots using green sustainable 

chemistry and silver nanoparticles as an energy transfer pair as fluorophore and quencher for 

‘turn-on’ fluorescence assay. 

(iii) Aptasensor fabrication: Functionalization of generated high-affinity aptamers onto carbon-

based quantum dots via charge-based chemistry and application as ‘turn-on’ fluorescence 

sensor. 

(iv) Platform validation: Testing & validation of aptasensor in spiked water & sera samples. 

4.1.3 Proposed biosensing platform for surface antigens 

4.1.3.1 Preface 

Recently, aptamers (single-stranded nucleic acids) have been employed as bio-recognition elements 

and have shown advantages over other capture moieties in terms of affinity, low-cross-reactivity, 

and stability. Coupling of these specific aptamers with sensitive nanostructures derives the 

synergistic potential to develop biosensing platforms for monitoring bacterial antigens. 

Nanostructures for biosensing of endotoxins have been widely explored owing to the enhanced 

transducer properties15. Quantum sized nanoparticles (1 – 10 nm), primarily carbon dots (c-dots), 

have received tremendous attention as optical probes due to their significantly high 

photoluminescent properties, stability, tunability, and low toxicity with varied applications in 

sensing16,17. Numerous reports of their synthesis by a wide variety of organic materials and 

molecular precursors spanning the visible spectrum have been reported 18,19. In another study (not 

included in this thesis), we have also successfully reported the synthesis of gCN based quantum 

dots, which were applied for the detection of heavy metal ions. Therein, the quantum dots showed 

high specificity for palladium and mercury ions even without the presence of a bioreceptor when 

screened for a milieu of heavy metal ions, which pose an immense threat as pollutants from 

industrial effluents. Using these agarose-gCN conjugates were applied for the development of a 

flow-through cartridge, that helped in both visual detection and removal of heavy metals from 

various water sources19.  

4.1.3.2 Our aptasensing approach: Surface antigens  

This chapter brings into light the first report of the development of carbon dots from tris-base, which 

acts as both carbon and nitrogen source and its surface passivation with ss-DNA aptamers directed 

against lipopolysaccharides from E. coli. These conjugated probes show emission intensity loss in 

the presence of silver nanoparticles due to energy transfer, which is restored upon exposure of target 

LPS molecules. Using this concept, a similar study was used to evaluate the presence of flagellar 

protein extracted from E. coli O157:H7 cells, and the detection methodology is schematically 

illustrated in Figure 4.2. 
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Figure 4.2: Schematic: Schematic showing step-by-step assay of detection of LPS/flagellin via aptamer 

mediated c-dot ‘turn-on’ assay. 

As schematically illustrated, we synthesized Tris(hydroxymethyl)aminomethane derived water-

soluble bright cyan carbon-dots via the simple solvothermal method and their high-affinity aptamer 

conjugates were used for sensitive fluorometric detection of surface antigens from E. coli. Besides, 

we have selected aptamers against O-antigen of E. coli O157:H7 using competitive microtiter-plate 

based SELEX having high affinity to the target molecules (Kd ~5.3 nM). This ‘turn-on’ fluorescence 

assay was based on the quenching of the fluorescence of hybrid aptamer c-dots by silver 

nanoparticles (AgNPs) via fluorescence resonance energy transfer. However, in the presence of the 

target endotoxin (0.001 – 10 ng mL-1), the specific aptamer mediated interaction releases the hybrid 

aptamer-carbon dots away from the quencher nanoparticles, and the dampened fluorescence was 

recovered. This aptamer mediated assay showed a wide endotoxin target range and strong response 

even in unbuffered pure water & sera samples. Using a similar methodology, an anti-flagellin apt/c-

dot conjugate assay was carried out for the flagellar protein (H-antigen) of E. coli O157:H7 showing 

significant fluorescence restoration from 0.001 – 1 ng mL-1 with a LOD of 0.1 pg mL-1 . 

4.1.3.3 The novelty of experimental work  

(i) Bio-receptor generation: We have screened anti-O and anti-H E. coli O157:H7 aptamers 

generated by a competitive microtiter plate-based in-vitro route of selection with increasing 

stringency by the inclusion of competitive ligand molecules. 

(ii) Nanostructure fabrication: Synthesis of novel 0D quantum sized carbon dots from tris-base 

via hydrothermal approach, showing excellent optical properties, which are dispersive in 

aqueous medium and which can be efficiently applied as fluorescent tags in biological systems.  
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4.2 Experimental procedure 

4.2.1 Materials 

Silver nitrate, tris(Hydroxymethyl)aminomethane (Tris-base), NaBH4, ethanolamine, bovine serum 

albumin (BSA), 2-Keto-3-deoxyoctonate (Kdo) ammonium salt was procured from Merck Sigma-

Aldrich (India). Amino-Phenylboronic acid 95% (PBA) and Poly-vinyl-Pyrrolidone (PVP) were 

purchased from TCI Chemicals (India). All solutions were prepared with autoclave sterilized MilliQ 

water (18 M Ω·cm) inside a Class II Type A2 Biosafety Cabinet to avoid any contamination. All 

spectroscopic measurements were carried out in Nunc MaxiSorp, or Nunc FluoroNunc 96-Well 

Plates using 200 µL sample per well and monitored & recorded using BioTek Synergy H1 

Multimode plate reader unless specified otherwise. The DNA naïve library & primers and buffers 

for SELEX and avirulent bacterial strains mentioned in Chapter 2, Section 2.2.1.1., were employed 

in this study also. 

4.2.2 Isolation of surface antigens 

4.2.2.1 O-antigen from E. coli O157:H7   

4.2.2.1.1 Extraction & purification 

(A)  Modified hot-phenol method 

The LPS was isolated using modified hot-aqueous-phenol extraction from freshly harvested E. coli 

O157:H7 cells. The methodology relies on the separation of LPS molecules in hot aqueous phenol 

based on their lipophilicity from other biomolecules like nucleic acids and proteins. Briefly, to the 

harvested cell pellet (5 g), 50 mL of 100 mM NaCl were added and heated to 68 °C in a water bath. 

Subsequently, an equal volume of hot phenol (68°C) was added, stirred for one hour, and later 

chilled on ice. The organic phase was separated by centrifugation at 12,000× g for 15 min at 4°C. 

The upper (water) layer was transferred and dialyzed (3.5 KDa) against the water until all residual 

phenol was removed. To this fully dialyzed extract, MgCl2 (5 mM), DNase (20 µg mL-1) & RNase 

(20 µg mL-1) were added, and nuclear degradation was allowed for two hours at 37°C, and later on, 

proteinase-K (30 µg mL-1) was added, incubated for two hours at 55°C and then centrifuged to 

obtain crude LPS20. The crude LPS was then subjected to chloroform: methanol extraction using 

1mL chloroform and 2 mL methanol added to 0.8 mL of extract for separation of any residual 

protein matter. 

(B) Size-exclusion chromatography 

Furthermore, the crude LPS was filtered by a 0.45 µm sterile syringe filters, degassed, and was 

subjected to purification using Fast-Protein Liquid Chromatography (FPLC) with the help a SEC80 

column stabilized at physiological pH 7.5 in PB buffer at flow rate of 0.5 mL min-1 (maintained to 

get good resolution) connected to a DuoLogic system (Bio‐Rad). The fractions having maxima 

absorbance at 206 nm for polysaccharide presence were eluted and further characterized21,22.  
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4.2.2.1.2 Quantification & visualization 

(A) Kdo colorimetric assay 

The purified LPS fractions were then quantified using standardized Kdo assay23. Herein, the LPS 

is hydrolyzed under mild acidic conditions (such as 1 % acetic acid) to release the Kdo sugar and 

then oxidized with periodic acid (HIO4) and sodium arsenite (NaAsO2) forming formyl pyruvic acid 

which reacts with thiobarbituric acid (TBA) to give a chromophore with an absorption maximum 

at 552 nm. For the estimation of LPS, the Kdo standard (0, 40, 80, 120, 160 μg Kdo) was added to 

0.5 N H2SO4 for 100 μL total volume and agitated using a vortex. These were then heated at 100 

°C for 8 min, and subsequently brought to room temperature. To this 50 μL periodic acid (22.8 mg 

mL-1) was added, mixed and incubated for 10 min at room temperature. Further, 200 μL arsenite 

reagent (40 mg mL-1 in 0.5 N HCl) was added and mixed using a vortex. Next, 800 μL TBA reagent 

(6 mg mL-1) was added, and samples are placed in a 100 °C heating block for 10 min. Finally, 1.5 

mL butanol reagent (5.0 % v/v concentrated HCl; 95 % v/v n-butanol) was added for extraction of 

the chromophore, and the absorbance was measured at 552 nm. 

(B) Modified LPS-PAGE gel electrophoresis 

The purified LPS was characterized using polyacrylamide gel electrophoresis (on 12% separating 

gel to obtain high resolution amongst LPS molecules with minute molecular weight differences) 

and visualized using a modified silver staining procedure24. In brief, the gel was submerged in 0.7% 

periodic acid in 40% ethanol, 5% acetic acid at for 20 min in the dark. After extensive rinsing with 

water 4 mL of ammonium hydroxide, 56 mL of 0.1 M sodium hydroxide, 200 mL water was added 

along with 10 mL of 20% (w/v) silver nitrate (added in drops while stirring). The gel was developed 

using 10 mg citric acid, 0.1 mL of 37% formaldehyde in aqueous solution, and the bands visualized 

using the gel-documentation system (Bio-Rad, USA). 

4.2.2.2 H-antigen from E. coli O157:H7   

4.2.2.2.1 Extraction & purification 

The extraction was carried out using a reported methodology using overnight grown culture of 

bacteria, which were centrifuged at 4500×g, and the pellet gently washed with 0.9% saline (sterile) 

thrice and cells collected and finally resuspended in sterile petri dish plate25. The inoculum 

suspension was lifted from the sterile petri dish plate with a sterile Luer lock tip and ejected back 

in the petri dish. This process was repeated ten times with the same material to shear off cell-

associated flagella. The sheared off cells and flagella were transferred to a centrifuge tube and 

centrifuged at 17000×g for 10 min at 4℃. The supernatant containing sheared-off flagella was 

additionally concentrated by the addition of 250 mL of cold trichloroacetic acid solution (20%) for 

one hour on ice and centrifuged for 40 min at 4℃ at 17000 ×g to remove the supernatant. The TCA 

was washed off by using cold ethanol washings, and finally, a dialysis using a 3.5 kDa membrane 
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was carried out. This sheared flagellar protein was injected into the FPLC system as mentioned in 

earlier section, and the elutes at 280 nm were collected.  

4.2.2.2.2 Quantification 

Of the purified elutes, the protein concentration measurement was carried out using Bradford's 

reagent. A standard curve with BSA (2 - 10 µg per 100 µL) was plotted with the addition of 500 µl 

of Bradford's reagent to each vial and mix and incubated at 30℃ for 10 min as per standardized 

Himedia protocol26. When the protein in the test sample binds to Bradford’s reagent, the color of 

the solution turns from brown to blue visibly and the coloration was observed and the absorbance 

maxima at 595 nm measured for the complex.  

4.2.3 Aptamer technology for target antigens 

4.2.3.1 Competitive microtiter-SELEX 

The microtiter-SELEX iterative rounds are consisting of binding, elution, amplification & 

partitioning, which were carried out per our previous Chapter 2 with modifications to include 

competitive counter screening for the oligomers with already known molecules having binding 

affinity. Briefly, a naïve library consisting of a random pool of oligomers was exposed to purified 

O-antigen (1 µg well-1) coated on microtiter well. The positive binder fraction eluted, amplified, 

partitioned to single-strand, and re-exposed to target. In case of LPS, this was done in the presence 

of increasing concentrations of competing ligands (0 - 25 µM) viz., phenylboronic acid (PBA) and 

polymyxin B (PMB) in each subsequent SELEX round to increase stringency and the counter 

rounds were carried out against albumin and flagellar protein from E. coli O157:H7 & O78:H11, to 

minimize cross-reactivity due to other cellular moieties which may be present in biological samples. 

As shown in Figure 4.3, PBA and PMB are both selective molecules that bind to the two distinct 

regions of LPS, i.e., polysaccharides and lipid regions, respectively.  

Figure 4.3: Competitive ligands of LPS: Illustrating the binding sites of competing molecules. 

The quantity and purity of the binder population after each SELEX round was assessed 

spectroscopically at 260 nm to evaluate DNA quantity and quality. Similarly, the aptamers were 

selected for H-antigen, with increasing stringency with the inclusion of albumin and counter-

selection against albumin, flagellar protein from E. coli O157:H7 & O78:H11. The binder fractions 
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were then purified, cloned & sequenced to elucidate the individual aptamer's putative primary, 

secondary, and tertiary structure following our previous detailed procedures in Chapters 2, Section 

2.2.1.3.3.  

4.2.3.2 Aptamer characterization 

(A) Binding affinity 

The binding affinity of the selected aptamers was investigated using BLI. For the bio-interaction, 

using the similar biotin-labelled primer technique explored in previous chapters, the anti-LPS 

aptamer was attached to the SSA sensor and allowed to associate and dissociate with three different 

concentration of LPS. On a similar note, the studies for aptamer-protein bio interaction and aptamer-

whole cell interaction for flagellar protein was carried out. Furthermore, to verify the binding of the 

aptamer to whole-cell, various dilutions of E. coli O157:H7 were also exposed to an aptamer 

modified sensor.  

(B) Aptamer structure 

The secondary & tertiary structures were elucidated using online bioinformatic tools; ‘mfold’ & 

‘RNA composer’ as in mentioned in previous chapters. Briefly, ‘the mfold’ was employed to predict 

secondary structures of the ss-DNA aptamers from the deduced sequence. Using the Vienna bracket 

format, a 3D model was constructed for selected aptamer using the RNAComposer, which were 

later manually altered and energy minimized into ssDNA structures using the PyMOL mutation 

tool27,28.  

4.2.3.3 Interaction studies for flagellar protein- A bioinformatic study 

The bio-interaction between the anti-flagellin aptamer and flagellin was studied with the help of 

Zdock 3.0.229. Zdock is an automated online bioinformatic tool which assists in protein-protein and 

protein-nucleic acid interactions. It evaluates the various binding modes in the translational and 

rotational space between the two molecules and evaluates each pose using an energy-based scoring 

function30. For this study, the sequence was retrieved for flagellin E. coli O157:H7 (accession ID. 

Q7AD06_ECO57) and modeled using Swiss-Modeler (https://swissmodel.expasy.org/). 

Furthermore, the protein structure was energy minimized using YASARA31. Using the energy 

minimized 3D structure of the flagellin monomer and that of aptamer, the Zdock server was used 

for predicting the interactions between the two. The pre-automated 192×1.2×1 grid was used for 

performing the docking function, denoting the spacing between grid cells (1.2Å) and where the 

protein-ligand (being the larger molecule) was kept stationary and allowed to interact with the DNA 

aptamer sequence.  

 Furthermore, to simulate the interaction between flagella and the aptamer, this flagellin 

protofilament was restructured by symmetric multimerization of the FliC sequence using a free-

online protein docking tool M-Zdock (http://zdock.umassmed.edu/m-zdock/)32. For predicting the 

structure of cyclically symmetric multimers based on the structure of a flagella filament, the 

https://swissmodel.expasy.org/
http://zdock.umassmed.edu/m-zdock/
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monomers were cyclically arranged in pre-automated 200×1.2×1 grid with an inter-grid spacing of 

1.2 Å for the docking of 11 monomeric units. The finalized structure was energy minimized using 

Swiss-Modeler, and was allowed to interact with the aptamer DNA using Zdock. A similar study 

for LPS and aptamer was attempted but no bioinformatic tools in public access domain were found 

currently available to simulate interactions between complex lipid and polysaccharide units. 

Simulations regarding the same will be addressed in future works.   

4.2.4 Fabrication of nanostructured optical platform 

4.2.4.1 Synthesis of c-dots 

The c-dots were synthesized via a one-step hydrothermal pyrolysis approach using Tris-base as 

carbon and nitrogen source (Figure 4.4). Briefly, 10 g tris-base was added to 25 mL of deionized 

water and transferred to a 50 mL teflon-lined stainless-steel autoclave and kept at 180°C for varied 

time periods. The obtained carbonized solution was centrifuged at 25,000×g to remove larger 

charred particles and the supernatant collected & filtered with 0.45 µm filter paper to remove any 

aggregates. Finally, the c-dots were dialyzed using a 3.5 KDa dialysis membrane overnight to 

remove any non-reactant precursor molecules. These were then concentrated in a vacuum 

concentrator and a stock solution of 10 µg mL-1 prepared and diluted to 1% for further assays. The 

silver nanoparticles (AgNPs) were synthesized with PVP & NaBH4 using an optimized method33.  

4.2.4.2 C-dots mediated optical assay development  

4.2.4.2.1 Characterization of nanostructures 

The synthesized c-dots were characterized by various spectroscopic techniques (UV-Vis, DLS, 

XRD, FT-IR & confocal Raman) and electron microscopy with specifications as mentioned in 

Chapter 2. Furthermore, to evaluate the excitation λmax and emission λmax, an excitation-emission 

matrix (EEM) was generated to record the wavelength range with the highest fluorescence intensity 

and as well as the spectrum overlap with that of silver nanoparticles necessary for energy transfer. 

4.2.4.2.2 Optimization of synthesis parameters 

To further optimize the amount of time needed to generate highly fluorescent c-dots, the 

hydrothermal time of the reaction was varied from 0 - 210 min at a constant temperature of 180℃. 

Also, the effect of pH variation on the fluorescence was evaluated and the fully characterized water 

dispersed c-dots were then used for conjugation with specific aptamers for the optical assay.  

Figure 4.4: Synthesis schematic: Showing in brief c-dot synthesis and its optical activity. 
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4.2.4.2.3 Bio-conjugation of c-dots 

The aptamers (200 µg mL-1) & c-dots were incubated overnight at 4ºC to allow conjugation via 

ionic interactions. The free-molecules were removed via dialysis and vacuum concentrated at 4°C. 

The conjugation was spectroscopically observed via UV-Vis & DLS techniques. and to 

experimentally validate if the conjugation had taken place, zeta potential (ζ) measurements were 

carried out. 

4.2.4.2.4 Assay optimizations 

Further optimization of assay parameters was carried out to study binding interaction of LPS and 

aptamer functionalized c-dots. Here, the microtiter well coated with overnight with different 

concentrations of LPS (0- 2 µg mL-1) was exposed to increasing concentrations of apt/c-dots and 

the fluorescence signal recorded.  Also, the fluorescence quenching behavior of AgNPs on prepared 

c-dots was studied when increasing volumes of AgNPs (1 OD stock) was titered to apt/c-dots. This 

optimized conjugate was used for the bio-assay of our target molecules, O-antigen and H-antigen 

of E. coli O157:H7.  

4.3 Results & discussion 

4.3.1 Quantification & visualization of surface antigens 

4.3.1.1 O-antigen from E. coli O157:H7  

The LPS was isolated using modified hot-aqueous-phenol extraction from freshly harvested E. coli 

O157:H7 cells and then subjected to chloroform: methanol extraction for separation of any residual 

protein matter. The crude LPS was subjected to purification using liquid chromatography using 

SEC80 column, Figure 4.5A shows the fractions having maxima absorbance at 206 nm for 

polysaccharide presence, and which were eluted for further characterization. The purified LPS 

fractions were then quantified using Kdo assay, and the absorbance was measured at 552 nm. The 

Figure 4.5: O-antigen purification & characterization: (A) FPLC spectrum showing the peak intensity of 

LPS monitored and eluted at 206 nm. (B) The Kdo assay standard curve, along with optical images showing 

the colorimetric change and presence of Kdo in various elutes. (C) The elute with the highest intensity was 

visualized using modified silver staining to obtain the characteristic ladder type pattern of purified LPS. 
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sample concentration was determined from the standard curve for each batch of LPS extracted for 

the studies. The test samples (fractions I, II, III, IV) showed a chromogenic change from colorless 

to reddish pink with an increasing concentration of Kdo in the elutes (Figure 4.5 B). The elute with 

highest concentration was taken and the purified LPS was run on a PAGE gel and visualized using 

a modified silver staining procedure and the characteristic ladder-type pattern observed for smooth 

LPS (Figure 4.5C). 

4.3.1.2 H-antigen from E. coli O157:H7  

The H-antigen was extracted by shearing-off technique and purified via FPLC and the extracted 

flagellar protein was quantified by Bradford’s reagent. The change of color from brown to blue 

gives a qualitative visual clue for protein presence. The samples were transferred to a microtiter 

well plate, and the absorbance maxima at 595 nm measured for quantitative measurement. Finally, 

the purified H-antigen protein was visualized via polyacrylamide gel electrophoresis using 10% 

separating gel which is apt for resolving 35-100 kDa proteins. This was then visualized with help 

of Coomassie dye which stains the protein bands blue. 

4.3.2 Anti-O and anti-H aptamer selection 

Respective aptamers for the somatic and flagellar antigens were selected using 45-nt DNA oligomer 

library via a competitive ligand induced microtiter plate-based SELEX technology. As observed in 

Figure 4.7, the SELEX process was monitored by measuring the ssDNA concentration eluted after 

each SELEX round at λ260 nm, which showed a gradual increase in binder population after each 

positive round (1 – 5th rounds) where the target binder fractions were amplified, single-stranded and 

re-introduced into the next selection iterative round. During counter-selection (6-8th rounds), the 

binder oligomer fractions were discarded, and the non-binder pool against non-target molecules 

was similarly processed and exposed in the subsequent round. A final positive selection round (9th) 

Figure 4.6: H-antigen purification & quantification: (A) FPLC spectrum showing significant peaks alongside 

the Bradford standard curve and test samples. (B) The Coomassie-stained native-PAGE gel visualized using 

gel-doc. Green arrow showing the stained band at ~65 kDa.  
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was necessary to validate that the selected aptamer pool was efficaciously interacting with our target 

molecule and proved so with high concentration (5 ng µL-1) of DNA binders in the elute. 

Figure 4.7: Competitive microtiter-SELEX: Schematic and spectrophotometric progression of competitive 

microtiter plate-based SELEX of purified (A) O-antigen and (B) H-antigen of E. coli O157:H7.  

4.3.3 Kd estimation – BLI studies 

The binding affinity of the selected aptamers was investigated using BLI. For the bio-interaction, 

using the similar biotin-labelled primer technique explored in previous chapters, the anti-LPS 

aptamer was attached to the SSA sensor and allowed to associate and dissociate with three different 

concentration of purified O-antigen. The Kd was estimated to be ~5.3 nM for anti-O antigen specific 

aptamer (Figure 4.8A). Furthermore, to verify the binding of the aptamer to whole-cell, various 

dilutions of E. coli O157:H7 were also exposed to another Anti-O antigen aptamer modified sensor, 

which showed that the aptamer had good association/dissociation kinetics with whole cell also. 

(Figure 4.8B). On a similar note, the studies for aptamer-protein interaction and aptamer-whole cell 

interaction for H-antigen was carried out, showing functional kinetics and a Kd value of ~4.6 nM 

for anti-H antigen specific aptamer and affinity kinetics for whole-cell (Figure 4.8C-D).  
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Figure 4.8: BLI bio-interaction studies: (A) O-antigen and aptamer interaction and (B) Anti-O aptamer-

whole cell interaction. (C) H-antigen and aptamer interaction and (D) Anti-O aptamer and whole cell 

interaction. 

4.3.4 Aptamer binding site 

In the comparison of study undertaken in Chapter 3, where the whole cell aptamer showed Kd ~ 69 

nM, the current anti-O antigen aptamer showed a higher affinity to its target. Moreover, to improve 

our knowledge of the bio-interaction between the aptamer and target LPS, a fluorescence assay 

between LPS blocked with an excess of LPS ligands (PBA and PMB) and FITC labeled anti-LPS 

aptamer were carried out (Figure 4.9). Possible scenarios were investigated viz., the aptamer 

binding to whole LPS moiety without specificity; with PBA pre-blocking sugar region, the aptamer 

must be binding to lipid region, and; with PMB blocking lipid region the aptamer must be 

preferentially binding to saccharide region. The fluorescence interaction assay showed maximum 

fluorescence counts when FITC-labelled aptamer was allowed to interact with whole LPS, followed 

Figure 4.9: Anti-O aptamer interaction site: (Left) (A) PBA binds & blocks saccharide binding, while PMB 

binds & blocks lipid A binding in LPS. Possible scenarios were investigated viz., (B) the aptamer binding to 

whole LPS moiety without specificity; (C) with PBA pre-blocking sugar region, the aptamer must be binding 

to lipid region, and; (D) with PMB blocking lipid region the aptamer must be preferentially binding to 

saccharide region. (Right) The fluorescence binding assay showed maximum FITC counts when FITC-

labelled aptamer was allowed to interact with whole LPS and then PMB and PBA pre-blocked LPS. 
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by PMB and PBA pre-blocked LPS, respectively. Thus, denoting that the anti-O antigen aptamer 

showed more significant interaction towards saccharide (PMB blocked LPS) than lipid region (PBA 

blocked LPS) in the LPS.  

4.3.5 Modelling studies  

4.3.5.1 Aptamer structure  

The final aptamers were inserted in pTZ57R/T vector and transformed into competent E. coli DH5α 

cells using the InsTAclone PCR cloning kit and were outsourced for sequencing as per protocols 

mentioned in Chapter 2, Section 2.2.1.3.3. and further analyzed for the secondary & tertiary 

structures using online bioinformatic tools; ‘mfold’ & ‘RNA composer’ as in previous studies. The 

sequence clones were analysed using the QGRS tool to predict the presence of quadruplex forming 

G rich sequences, and those conforming to G-quadruplex structure were chosen and further 

analysed. Figure 4.9 shows the structural and thermodynamic results for anti-O antigen and anti-H 

antigen aptamer, respectively.  

Here, the optimal anti-O antigen aptamer sequence was found to be: 

This sequence showing two G-quadruplex motifs starting from position N21 & N50 was selected. 

Secondary structures, along with the thermodynamic stability of folding (ΔG = -8.6 kcal mol-1) and 

melting temperature (Tm = 61.4 ℃) using mfold bioinformatic tool were predicted assuming a 2-

state model for linear DNA folding (Figure 4.10 A). The aptamer structure showed significant 

helical and loop-stem folding, particularly three hairpin loops from G10-C17, G30-C35, T52-A67, and 

internal loops from G49-C70 and G46-T73.  

The optimal anti-H antigen aptamer sequence was found to be: 

This sequence showing two G-quad motifs from N26 & N55 was chosen, which was computed to 

have minimal ΔG = -3.7 kcal mol-1 and melting temperature Tm = 56.4 ℃ amongst the others (Figure 

4.10 B). The aptamer also showed loop-stem folding giving distinct structure to the aptamer from 

A11 -T23 and A40 -T77. Furthermore, the 3D rendering of the aptamer structure was done using an 

RNA composer modeling server and validating the structural complexity of the aforementioned 

aptamer sequences. 

5’-ATCCAGAGTGACGCAGCACAGGGGAATCGGCGCCCCGATTATGCTG 

GCGGGTGAGACGGGATGTGGACACGGTGGCTTAGT-3’ 

5’ATCCAGAGTGACGCAGCATGTGTTCGGTGTCTGACGTCGAGGTGCTGTGGGGG

CGGATGAGGCTGGACACGGTGGCTTAGT-3’ 
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Figure 4.10: Aptamer structures: The sequences of the aptamers along with their 2D and 3D structure and 

QGRS results are listed (A) Anti-O antigen aptamer and (B) Anti-H antigen aptamer.  

4.3.5.2 Z-dock interaction studies for H-antigen 

The bio-interaction between the anti-flagellin aptamer and flagellin was studied with the help of 

Zdock 3.0.234. Zdock evaluates the various binding modes in the translational and rotational space 

between the two molecules and evaluates each pose using an energy-based scoring function. For 

this study, the sequence was retrieved for flagellin E. coli O157:H7 (accession ID. 

Q7AD06_ECO57) and modeled using Swiss-Modeler (Figure 4.11): 

>tr|Q7AD06|Q7AD06_ECO57 Flagellin OS=Escherichia coli O157:H7 OX=83334 GN=fliC PE=3 SV=1 

MAQVINTNSLSLITQNNINKNQSALSSSIERLSSGLRINSAKDDAAGQAIANRFTSNIKGLTQAARNA

NDGISVAQTTEGALSEINNNLQRIRELTVQATTGTNSDSDLDSIQDEIKSRLDEIDRVSGQTQFNGV

NVLAKDGSMKIQVGANDGETITIDLKKIDSDTLGLNGFNVNGKGTITNKAATVSDLTSAGAKLNTT

TGLYDLKTENTLLTTDAAFDKLGNGDKVTVGGVDYTYNAKSGDFTTTKSTAGTGVDAAAQAAD

SASKRDALAATLHADVGKSVNGSYTTKDGTVSFETDSAGNITIGGSQAYVDDAGNLTTNNAGSAA

Figure 4.11: Flagellin monomer: The sequence optimized 3D structure of FliC using the Swiss-model, along 

with its Ramachandran plot and quality check of the structure generated out of homology modeling. 
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KADMKALLKAASEGSDGASLTFNGTEYTIAKATPATTTPVAPLIPGGITYQATVSKDVVLSETKAA

AATSSITFNSGVLSKTIGFTAGESSDAAKSYVDDKGGITNVADYTVSYSVNKDNGSVTVAGYASAT

DTNKDYAPAIGTAVNVNSAGKITTETTSAGSATTNPLAALDDAISSIDKFRSSLGAIQNRLDSAVTN

LNNTTTNLSEAQSRIQDADYATEVSNMSKAQIIQQAGNSVLAKANQVPQQVLSLLQG 

Using the energy minimized 3D structure of the flagellin monomer and that of aptamer, the Zdock 

online server was used for predicting the interactions between the two and out of the numerous 

results, the interaction showing the highest Zdock score 1215.283 was analyzed, and the blue 

denoted regions depicting the DNA molecules interacting with the protein were seen. Zdock score 

is a docking scoring function that includes shape complementarity, electrostatics, and a pairwise 

atomic statistical potential developed using contact propensities of transient complexes35. Three 

significant binding pockets of the aptamer with the monomer were observed, showing the 

interaction of the aptamer with the protein monomer (Figure 4.12).  

Furthermore, to simulate the interaction between flagella and the aptamer, this flagellin 

protofilament was restructured by symmetric multimerization of the FliC sequence using a free-

online protein docking tool M-Zdock. For predicting the structure of cyclically symmetric 

multimers based on the structure of a flagella filament, the monomers were cyclically arranged in 

a pre-automated 200×1.2×1 grid for the docking of 11 monomeric units with an inter-grid spacing 

of 1.2 Å. The finalized structure was energy minimized using Swiss-Modeler, as shown in Figure 

4.13. This minimized multimer was allowed to interact with the aptamer DNA using Zdock server 

as in previous study. The visualization of the docking results showed four major interacting sites 

Figure 4.13: Z-dock interaction studies: Aptamer-flagellin monomer interaction, showing the various 

interaction points (highlighted in cyan) and non-covalent interactions (highlighted in purple).  

Figure 4.12: Flagellin multimer: Flagellin multimer generated with help of M-Zdock and energy optimized by 

Swiss-Modeler.  
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(denoted in blue) with the multimer having a high Z-dock score of 1247.5 (Figure 4.14). Thus, it 

was ascertained that the aptamer did interact with the H-antigen in-silico via abundant non-covalent 

interacts as well as structural induced fitting.  

4.3.6 Nanostructured platform characterization 

4.3.6.1 Synthesis & characterization of C-dots 

The c-dots were synthesized via a one-step hydrothermal pyrolysis approach using Tris-base as 

carbon and nitrogen source.  These were characterized by various spectroscopic techniques (UV-

vis, DLS, XRD, FT-IR & confocal Raman) and electron microscopy. The prepared c-dot dilution 

showed bright blue color upon UV light exposure suggesting its excellent fluorescence properties 

(Figure 4.15 A). This optical fluorescence was supported by UV–Vis extinction spectra showing an 

absorption at 337 nm and upon excitation showed fluorescence in the range of 425-475 nm. Also, 

the extinction spectra of AgNPs were obtained, which showed significant overlapping with the 

fluorescence emission of c-dots. Thus, this gave us an insight that these can act as energy transfer 

couple, with c-dots acting as donor and AgNPs as quencher unit.  

Furthermore, to evaluate the excitation λmax and emission λmax, an EEM was generated (Figure 4.15 

B). Here, the c-dots were excited from 300-410 nm at a pitch of 10 nm and the emission recorded 

at each step. The EEM plotted revealed that the fluorescence pattern showed two high-intensity 

emissions, with the highest fluorescence intensity recorded at excitation λmax of 364 nm and 

emission λmax of 426 nm. Using this information, all the latter studies were recorded at these 

wavelengths.  

Figure 4.14: M-Zdock studies for multimer interaction: Flagellin multimer generated with help of M-Zdock 

and DNA aptamer interaction showing zoomed in points of contact.   
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Figure 4.15: Spectrophotometric characterization: (A) Spectra showing the extinction spectra of the 

synthesized c-dots and the fluorescence spectra, extinction spectra of AgNPs overlapping with it and the 

optical images under white and UV light (inset). (B)The excitation-emission matrix of c-dots. 

4.3.6.2 C-dots optimization & characterization studies 

The amount of time needed to generate highly fluorescent c-dots; the hydrothermal time of the 

reaction was varied from 0 - 210 min at a constant temperature of 180℃. It was observed that the 

fluorescence intensity shoots after 120 min of reaction but doesn't show any significant increase 

after 180 min (Figure 4.16A). Thus, this time was optimized and used for the synthesis of 

nanomaterial used in further studies. Also, the effect of pH variation on the fluorescence was 

Figure 4.16: C-dot characterization: (A) Hydrothermal time optimization (B) shift in fluorescence emission 

and intensity with pH variation and optical images (inset). (C) TEM image showing the dispersed c-dots 

with an average diameter of 4 nm. (D) Raman spectrum showing the carbon signature D and G peaks. (E) 

XRD spectrum showing the amorphous nature of the c-dots. (F) FT-IR spectrum showing major surface 

functionalization with -CO, CN and -OH vibrations. 
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evaluated, and it was observed that it was most enhanced in an alkaline environment, but showed a 

decrease in intensity as well as a blue shift with a decrease in pH (Figure 4.16B).  

(A) TEM microscopy 

The TEM micrographs shown in Figure 4.16 (C) supported the generation of c-dots, which appeared 

quasi-spherical in nature with an average diameter of 4 nm.  

(B)  Raman spectroscopy 

However, Raman spectroscopic analysis showed characteristic D and G bands of carbon at 1345 

cm-1and 1575 cm-1, hinting that although highly disordered, the carbon dots are graphitic in nature36 

(Figure 4.16 D).  

(C)  XRD spectroscopy 

Furthermore, the crystal structure of the prepared C-dots was studied using X-ray diffraction, and 

it became evident from the broad peak at around 25° which represents the (002) plane of graphite 

and at 45° corresponding to (100) plane originated due to the in-plane diffraction of graphitic c-

dots37 (Figure 4.16 E).  

(D)  FT-IR spectroscopy 

The FT-IR analysis showed prominent peaks at 750, 1260, 1650, 2115, and 3490 cm−1 as indicated 

in Figure 4.16 (F) arising due to C-H bending, C-N stretching, C=O stretching, C≡C stretching and 

-OH stretching, respectively confirming surface functionalization of these quantum dots38. These 

functional groups impart admirable properties to c-dots rendering them highly dispersible and stable 

in aqueous medium.  

4.3.6.3 C-dots quantum yield estimation 

The quantum yield (Φ) of the c-dot was estimated using quinine sulfate (QS) as reference 

fluorophore (Figure 4.17). To calculate the quantum yield, multiple dilutions of each sample and 

reference were made having absorbance less than 0.1 at 344 nm, which is the excitation λ
maxima 

of 

QS. The dilutions of QS were made in 0.05M H
2
SO

4 
(Φ

QS
 = 0.54, η

QS
= 1.33) and the c-dots was 

diluted in pure water (Φ
c-dot

 = unknown, η
c-dot

 = 1.33) and their corresponding fluorescence spectra 

recorded at λ
344 nm

. The data was plotted and the slopes of the plots were determined using formula:  

Φ
c-dot

 = Φ
QS

 (b
c-dot

 /b
QS

) (η
c-dot 

2
/η

QS 

2
) 

Φ
c-dot

 = 0.54 (166999.475 /604532.330) (1.33
 

2
/1.33

 

2
) 

Φ
c-dot

 = 0.149 

Φ
c-dot

 % = 14.9 % 

where, Φ is the quantum yield, b is slope and η is the refractive index of the solvent (water) 

The quantum efficiency for our developed c-dots was found to be 14.9% in reference of QS.  
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4.3.6.4  Aptamer functionalization of C-dots 

The apt/c-dot nanoconjugates were spectroscopically validated via UV-Vis & DLS studies. Figure 

4.18 (A) shows the before and after conjugation spectra of the aptamer functionalized c-dots 

displaying the presence of DNA at 260 nm. Furthermore, to experimentally validate if the 

conjugation had taken place, zeta potential (ζ) measurements were carried out, which showed a shift 

from -18.4 mV to -45.8 mV in ζ value after DNA functionalization (Figure 4.18 B). This also points 

to the excellent stability of the dispersion in the aqueous medium due to the presence of a highly 

charged surface. Additionally, it was observed that the hydrodynamic size of the nanoparticles 

increased from 30 to 38 nm upon conjugation, proving adherence of aptamer molecules on the 

surface of synthesized carbon dots.  

Figure 4.17: Quantum yield plot: Absorbance vs. fluorescence signal intensity plot of reference quinine 

sulfate and test c-dots. 

Figure 4.18: C-dot functionalization: (A) Spectrophotometric evaluation of conjugation, showing a hump at 

260 nm denoting the presence of DNA in the dialyzed hybrid apt/c-dot. (B) zeta potential (C) size before and 

after aptamer coating of the c-dots. 
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4.3.7 Aptamer mediated ‘turn-on’ fluorescence assay 

4.3.7.1 Assay optimizations 

For studying the interaction between LPS and the hybrid probe, the microtiter well was coated 

overnight with LPS (1 µg) and was exposed to increasing concentrations of apt/c-dots (0.01 – 2 µg 

mL-1) and allowed to interact for an hour at room temperature, rinsed thoroughly and the 

fluorescence intensity recorded. As observed in Figure 4.19 (A), a corresponding increase in 

fluorescence was recorded with increasing amounts of nanostructure denoting efficient interaction 

between the two. The fluorescence quenching behavior of AgNPs on prepared c-dots was studied, 

and a strong quenching effect was observed when increasing volumes of AgNPs were titered against 

apt/c-dots (Figure 4.19 B). Also, PVP coated AgNPs were chosen as PVP prevented unwanted 

adhesion of LPS molecules onto their surface during the assay, to analyze this LPS-APBA 

conjugate (APBA binds to the polysaccharide region and shows intrinsic fluorescence at 372 nm) 

was allowed to bind on PVP modified and non-modified microtiter well surfaces39. APBA showed 

high fluorescence signal which aided in monitoring the binding as shown in Figure 4.19 (C). The 

fluorescence kinetics with 1 ng of target analytes into the apt/c-dot system was measured for over 

20 min with an interval of 5 s, which in Figure 4.19 (D) showed that within 20 s of target addition 

the fluorescence was stabilized. 

Figure 4.19: Assay optimizations: (A) Apt/c-dot binding to LPS (1µg per well), (B) different volumes of 

AgNPs (1 OD stock) titered to analyze quenching of apt/c-dots, (C) binding of LPS onto microtiter well coated 

and non-coated, (D) Response time upon addition of 1 ng target analytes into the respective apt/c-dot system. 

4.3.8 Aptasensing ‘turn-on’ assay 

4.3.8.1 O-antigen assay 

We initially used O-antigen for the development of the assay, which employed apt/c-dots 

fluorescence quenched via colloidal silver, was restored upon exposure of the target. However, in 

the presence of non-specific molecules, the apt/c-dot probe failed to show any fluorescence. The 

apt/c-dot probe was optimized at ~10k counts for the assay study with dilution in 1 mM Tris-HCl 

and was added to AgNPs present in well which was exposed to a series of increasing concentrations 

of LPS and the fluorescence of the system recorded at λexcitation= 364 nm and λemission= 426 nm. Figure 

4.20 A shows the increase in fluorescence recorded from 0-10 ng mL-1, showing a show ‘turn on’ 

in the initial range of 0.1 – 10 pg mL-1 but was exponentially increase in range of 0.1 – 10 ng mL-1 

and above this range, the saturated system showed a drop in fluorescence. LPS are amphiphilic 
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molecules that tend to form micelles in solution above a critical concentration, which may affect 

the linearity of range of detection for particular species and as well as of those extracted from other 

bacterial species. A calibration plot for the same was generated (Figure 4.20 B) and also the assay 

tested with other moieties viz., ethanolamine, Kdo, BSA, and LPS from E. coli DH5a and O78:H11. 

As seen in Figure 4.20 C&D, though the system showed negligible variation in the presence of 

ethanolamine, Kdo, and BSA but showed an increase in fluorescence in the presence of other LPS 

fractions also. Thus, from the results, we concluded that the aptamer generated showed a wide range 

of specificity for LPS of E. coli species. This may be attributed to the fact that the core 

oligosaccharide and the Lipid A, which forms a significant part of the LPS moiety is conserved 

amongst the genus.  

For comparison, a summary of the recent relevant studies with their merits has been listed in Table 

4.1. Thus, proving the efficacy of this methodology for bioassay development and clinical 

application. 

 

 

 

Figure 4.20: O-antigen assay: (A) Target concentration dependent ‘turn-on’ spectra, (B) calibration plot 

(C) specificity of the assay (D) bar-graph showing fluorescence restoration upon interaction other molecules. 
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Receptor Detection 

Method 
Limit of 

Detection 
Range Ref. 

Living cells Optical 0.01 ng mL
-1
 > 0.01 ng mL

-1
 40 

Aptamers Fluorescence 35 ng mL
-1
 50 ng – 10 µg mL

-1
 41 

Aptamers Voltammetry 0.033 pg mL
-1
 0.05 – 10 pg mL

-1
 42 

Aptamers Fluorescence 8.7 ng mL
-1
 10 – 500 ng mL

-1
 43 

Synthetic peptides SPR 32.5 ng mL
-1
 50 ng – 1 µg mL

-1
 44 

Polymyxin B Fiber optics 0.4 ng mL
-1
 0.1 – 100 ng mL

-1
 45 

Concanavalin A Impedance 2 µg mL
-1
 1 – 50 µg mL

-1
 46 

Chloro-platinum (II) complex Fluorescence 5.7 nM 0.33 – 6.65 µM 47 
Imprinted polymers SPR 0.4 ng mL

-1
 1 – 200 ng mL

-1
 48 

Aptamers Fluorescence 0.12 pg mL
-1
 0.001 – 10 ng mL

-1
 This 

study 

Table 4.1: Comparative platforms: Table showing the comparison between our developed assay and LPS 

sensing platforms. 

4.3.8.2 H-antigen assay 

Using a similar methodology (Figure 4.21), an anti-H antigen apt/c-dot conjugate assay was carried 

out for the flagellar protein of E. coli O157:H7 from 0 – 1 ng mL-1. However, unlike the O-antigen 

assay, a low fluorescence ‘turn on’ was observed with a mere ~30 % restoration even at the highest 

concentration of 10 ng mL-1, after which a decline was observed. This variability in the platform 

for lipopolysaccharides vs. protein can be ascribed to the large oligomeric structures that provide 

spatial distancing of apt/c-dot bio-probe from the quencher molecules. 

4.4 Conclusion 

In this chapter, we report the development of a fluorescence aptasensor for sensitive detection of O 

and H antigens from E. coli O157:H7 using aptamer conjugated tris-base derived carbon dots. These 

novel carbon-dots showed quenching in the presence of metal nanoparticles, which, when subjected 

to the target molecules, was restored significantly. These specific anti-O and anti-H aptamers (Kd 

~ 5.3 and 4.5 nM), used as bio-recognition moieties in the studies, were screened using a highly 

Figure 4.21: H-antigen assay: (A) Target concentration-dependent ‘turn-on’ assay spectra, (B) histogram 

showing variation in counts upon exposure.  
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selective microtiter plate-based SELEX, in the presence of competing ligands to increase the 

stringency of the methodology. This ‘turn-on’ aptasensing assay demonstrated to detect targeted 

surface antigens with a detection limit of 0.1 pg mL-1 for LPS and wide detection range from 0.1 

pg mL-1 to 10 ng mL-1. Thus, this cost-effective alternative apta-assay, along with high sensitivity, 

promises routine assessment of laboratory reagents and biological samples for bacterial and 

endotoxin contamination. 
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Chapter 5 

Nanostructured aptasensor for E. coli Stx subtypes 

The contents of this chapter are adapted from: Kaur, H.; Shorie, M.; Sabherwal, P. Biolayer 

Interferometry-SELEX for shiga toxin antigenic-peptide aptamers & detection via chitosan-WSe2 

aptasensor. Biosens. Bioelectron. 2020, 167, 112498.  

5.1 Introduction 

The chapter accounts for the development of a BLI based in-vitro SELEX technique for fishing out 

specific aptamers against E. coli shiga toxin subtypes viz., Stx1 & Stx2 via specific epitopically 

relevant peptides. Since the inception of, systematic evolution of ligands by exponential enrichment 

(SELEX), 'aptamers' with the ability to bind specific ligands with high affinities have been 

purported as next-generation antibody mimics1,2. These single-stranded nucleic acid molecules 

screened in-vitro via iterated alternate rounds of selection & amplification, harbor pico-nanomolar 

affinities & high target selectivity3,4. These strikingly appreciable recognition moieties arise out of 

a milieu of random & unique sequences, binding to their target of interest via non-covalent 

interactions5. Over the last three decades, although numerous labs have reported SELEX variants, 

a majority of these are modulations of traditional multiple iteration technique, thus rendering them 

relatively slow & cumbersome6. Especially in urgent global scenarios, these are impractical beyond 

basic research in lab settings7.  

5.1.1 Target enterotoxins- A background 

As introduced in Chapter 1 and later in Chapter 3, STEC are a major source of food poisoning 

associated with 2.5 million cases annually, has a low infectious dose of 100 cells enough for disease 

manifestation and alongside, development of HUS in 5-15% cases8. This damage is a direct result 

of hemolytic & rRNA-glycosidase activity of Shiga-like toxins (Stx). These are proteinous toxins, 

which bind via B5 subunit to specific glycolipids (Gb3/Gb4) abundantly present on microvascular 

cells of the kidney, colon, and central nervous system 9. Though similar in action, its subtypes (Stx1 

& Stx2) are non-homologous, sharing only ~56% sequence identity amongst themselves. It has 

been reported that Stx2 (LD50 of 50 ng kg-1) is 100 times more lethal than Stx110.  

 Moreover, lack of vaccines, neutralizing drugs & unjustified antibiotic therapy further 

aggravates the condition leading to the systemic release of toxins. Therefore, specific identification 

in clinical samples is essential.  
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5.1.2 The need for improved sensing platform 

The current detection techniques revolve around culture identification or PCR based screening 

using stx1/stx2 specific primers requiring extensive sampling, expensive machinery & skilled 

personnel for analyses11. So far, only a few studies of polyclonal antibodies, a camelid antibody, 

and two low-affinity aptamers have been reported12–14. Thus, a niche is promised for aptamers as 

recognition moiety for Stx subtypes. Correspondingly, conventionally employed diagnostics 

platforms are antibody-based, which are costly, suspectable to denaturation, and show cross-talk 

amongst subtypes.  

5.1.3 Objectives 

(i) Bio-receptor development: Development of specific aptamer-based receptors against 

selected Shiga-like toxin subtypes using enterotoxin targeting approach. 

(ii) Transducer synthesis: Synthesis of Tungsten diselenide (WSe2) nanostructured material for 

modification of the electrochemical electrode surface. 

(iii) Aptasensor fabrication: Functionalization of generated high-affinity aptamers onto 

electrically active nanostructures for voltammetric apta-assay. 

(iv) Platform validation: Testing & validation of aptasensor in spiked complex matrix samples. 

5.1.4 Proposed biosensing platform 

5.1.4.1 Preface 

Aptamers conferred with high selectivity & binding affinities have been lately exploited for 

diagnostic & therapeutic applications15. Needless to say, the integration of specific aptamers with 

2D nanomaterials has opened avenues for the development of high sensitivity low-cost 

electrochemical diagnostic platforms16. Recent advances in TMDs are focused on tungsten 

dichalcogenide due to their unique physical & chemical properties particularly, tunable direct 

bandgap corresponding to atomic layers17,18.  Exploiting the semi-conductive nature of WSe2, we 

employed a green exfoliating method using an aqueous suspension of chitosan for simultaneous 

exfoliation & functionalization of layered WSe2 and subsequent immobilization of our selected 

aptamers for sensing application. For the electrochemical studies, square‐wave voltammetry (SWV) 

was used for analytical measurements, which is a rapid & reliable electrochemical technique 

capable of generating sensing results in a short time19–21. This voltammetric detection method is 

widely used for sensitive detection of biomolecules and allows quantitative sensing of Shiga toxin 

subtypes in a simplified, cost-effective chip format. This platform gives an edge over immunoassays 

as label-free technology with high sensitivity to the presence of target antigens in real samples and, 

thus, is explored in this study as the detection technique.  
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5.1.4.2 Our aptasensing approach: Toxins  

Hence, a pragmatic approach towards the development of a robust alternative, BLI based SELEX 

has been successfully achieved, enabling rapid selection of aptamers against protein biomarkers in 

a single microplate format eliminating the need of enrichment iterations and concomitantly 

allowing real-time monitoring of SELEX progression & binding affinity. Using this methodology, 

we targeted Shiga toxin subtypes for the selection of novel high-affinity aptamers and demonstrated 

its detection over voltammetric sensors. As illustrated in Figure 5.1, our current study revolves 

around two major aspects of an efficient biosensor: 

(i) Facile selection of novel aptamers against protein toxins, herein exploiting antigenically 

distinct peptide epitopes of Stx1 & Stx2 using a single microplate format screening and 

monitoring via BLI platform. 

(ii) Voltammetric sensing of the toxins using individual-specific aptamer functionalized onto 

chito-WSe2 electrochemical platforms.   

Figure 5.1: Schematic: An illustration of (A) step-by-step BLI based SELEX and sensogram showing the 

characteristic real-time kinetics (B) chito-WSe2 modified electrochemical nanosensor for the detection of 

Stx1 & Stx2, along with TEM images of chito-WSe2 showing (i) layered nanosheet morphology, (ii) distinct 

few layers & (inset) high-resolution image showing hexagonal lattice structure. 

5.1.4.3 The novelty of experimental work  

(i) Bio-receptor: Specific high-affinity aptamers for Stx1b and Stx2b using a biolayer-

interferometry based aptamer selection. 

(ii) Nanostructures: The green exfoliation of 2D WSe2 exfoliated with chitosan to yield layered 

nanomaterial with excellent conductive properties.  
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5.2 Experimental procedure 

5.2.1 Aptamer technology: BLI-SELEX 

5.2.1.1 Materials 

NaCl, KCl, Na2HPO4, KH2PO4, MgCl2, potassium ferrocyanide (K4[Fe(CN)6]·3H2O), potassium 

ferricyanide (K3[Fe(CN)6]), anhydrous acetic acid, EDC, sulfo-NHS, MES sodium salt, and 

ethanolamine were purchased from Merck (India). Purified & characterized custom peptides were 

synthesized from Xcelris Genomics (India), purified E. coli Stx1b and Stx2b were purchased from 

MyBioSource, Inc (USA). The DNA naïve library and primers for SELEX mentioned in Chapter 

2, Section 2.2.1.1 were employed in this study also. Optimized binding buffer: Phosphate buffer 

(PB) 10 mM, pH 7.2 supplemented with 100 mM NaCl, 2.5 mM KCl, 5 mM MgCl2. Here, PB was 

preferred over Tris based binding buffers used in earlier Chapters, to limit non-specific amine group 

interactions with the BLI sensors.  

5.2.1.2 Peptide epitope screening 

5.2.1.2.1 Background 

A biomolecule like protein, forms various folded conformations based on its primary sequence 

along with interplay of inter & intra molecular interactions, which provide three-dimensional 

stability. These collectively form various structures, where each different motif or subunit may have 

many different surface exposed antigen determinants. Therefore, immune responses are directed 

against the various exposed antigenic sites of the protein, with antibodies binding to different 

regions with varied preference or binding efficiency. It is well known that bio-receptors are 

generated against particular stretches known as antigen determinants or epitopes rather than the 

whole protein. Thus, exploiting this notion, the toxin subtypes were screened for surface exposed 

epitopes lying in non-homologous regions to impart selectivity to the receptors that would be 

generated against them.  

5.2.1.2.2 Bioinformatic analysis 

The protein sequences of Stx1b and Stx2b (accession no. NP_311000.1, NP_309233.1) retrieved 

from GenPept (NCBI database) were used to screen antigenic sites. These epitopes were processed 

using an online immunogenicity tool (http://imed.med.ucm.es/Tools/antigenic.pl), which predicts 

antigenic segments from within a protein sequence based on the propensity of amino acid residues 

in experimentally known epitopes. The surface accessibility of the selected antigenic sites was 

determined using the NetsurfP server22. The tertiary structure of the energy minimized epitopes 

were analyzed using the PEPstr tool & Yasara view23,24. The selected antigenic peptides of the two 

toxin subtypes were custom synthesized and utilized in studies without further modification for 

aptamer selection. 

http://imed.med.ucm.es/Tools/antigenic.pl


133 

 

5.2.1.3 Biolayer interferometry-based SELEX  

5.2.1.3.1 BLI principle 

The BLI-SELEX based aptamer selection was carried out on BLI instrument, Octet® Red96 system 

(FortéBio) using 96-well plate in kinetics mode. In principle, the Octet system provide dip sensors 

with real time monitoring of the bio-interactions. The binding event on sensor surface led to change 

in thickness of bio-molecular layer which results in a wavelength shift of interference patterns from 

internal reference. This shift is real-time monitored to show the process kinetics. 

5.2.1.3.2 BLI-SELEX protocol 

The BLI-SELEX based aptamer selection was carried out on Octet® Red96 system in kinetics mode 

as per company application note, which emphasizes on proprietary BLI sensors and specific black 

microtiter plates for BLI studies. Prior to the loading of the target peptide onto the amine-reactive 

2nd generation (AR2G) sensors, the sensors were hydrated for 15 min in biosensor tray inside the 

Octet instrument set at 30°C for optimum kinetics as per the instrument manual. The hydration time 

is necessary for subsequent steps. The AR2G sensors have amine-reactive groups present on the 

surface, which can be conjugated with carboxyl groups on the binding ligand using carbodiimide 

chemistry. Also, each test sensor is supplemented with a reference sensor for normalizing the raw 

data to remove blank sensor interactions with the sample buffers. The essential SELEX steps are as 

following:  

(A)   Target immobilization 

The AR2G sensors were activated using carbodiimide chemistry (EDC/NHS) that generate reactive 

NHS esters. The peptides prepared in MES buffer (pH 5.5) were allowed to couple with NHS esters 

resulting in surface immobilization. This step should be carried out using fresh peptide solution to 

minimize any chances of peptide hydrolysis in acidic environment. The unreacted free groups of 

NHS esters were quenched by dipping in 0.5 M ethanolamine (pH 8) and the baseline is set to zero. 

Table 5.1 details the optimal loading parameters used in the study.  

(B) Selection 

For the preparation of the naïve library, 1 μL of 100 μM ssDNA library was added to 99 μL of 

selection buffer, mixed and incubated at 95°C for 10 min and snap-chilled on ice immediately to 

prevent rehybridization of the single stranded sequences. This was transferred to 30°C and allowed 

to take their respective tertiary conformations. This conditioned naïve library (1 µM) diluted in 

Table 5.1: Optimized loading parameters: The steps are carried out in different wells in microplate. 
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selection buffer (>1014 oligomers) was exposed to AR2G sensor loaded with target peptide. The 

optimal kinetic parameters are listed in Table 5.2. 

(C) Elution 

The binders that associate with target were fished out of the random pool of oligomers & 

sequentially dissociated into different microtiter wells containing dissociation buffer of increasing 

ionic strength in accordance to binding affinity (0.1-1M). This is schematically explained in Figure 

5.2. The progression of SELEX was monitored real-time and the elutes were collected, 

spectrophotometrically quantified, purified & PCR amplified as per optimized protocols mentioned 

in previous Chapter 2, Section 2.2.1.3.2. Similarly, this process was carried out for all the epitope 

peptides of the two toxins, result datasets normalized against reference sensor and globally fitted 

using 1:1 binding model using FortéBio Data analysis 8. Similar studies were carried out for other 

epitopes of Stx1 & Stx2. 

5.2.1.4 Aptamer characterization 

(A) BLI interaction studies 

The positive aptamer pools selected against each epitope peptide were analyzed to confirm their 

affinity against peptides using BLI. For these aptamer-epitope interaction studies, the individual 

peptide-loaded sensors were dipped into the selected pool solution (2.5 µg peptide per BLI sensor 

Table 5.2: Optimized SELEX kinetics parameters: The steps are carried out in different wells in microplate 

viz., baseline: selection buffer, association: selection buffer, dissociation: selection buffers with increasing 

ionic conc. (0.1-1M NaCl). 

Figure 5.2: BLI SELEX: Schematic representation showing the step-by-step protocol carried out in different 

wells in sample microplate. The bottom panel shows a pictorial representation of the real-time kinetics 

sensogram during a BLI-SELEX. 
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was recommended as per the FortéBio technical note25) and the association/dissociation kinetics 

was observed. The pools with the best binding affinity to each target epitope were chosen, and 

further, their interaction with the toxin was also confirmed. BLI kinetics at various concentrations 

of the individual champion aptamers ranging from 0, 25, 50 to 100 nM were carried out, and the 

average Kd value determined.  

(B) Fluorescence studies 

The champion aptamer for each of the toxin subtypes was further scrutinized to corroborate the 

binding results using plate-binding assays. Herein, Stx1 and Stx2 were individually coated on a 

microtiter plate (up to 10 µg mL-1) in carbonate buffer (pH 9.5, favors high hydrophobic interactions 

between protein and polystyrene microtiter plate26) overnight, washed and then incubated with an 

increasing concentration of FITC-labelled aptamers (0, 0.1, 0.5, 1, 5, 10, 50, 100 nM), diluted in 

binding buffer for an hour at room temperature. The non-binder fraction was washed off, and the 

FITC fluorescence signal intensity of binders was measured using a microtiter plate reader (BioTek 

Synergy H1, USA) at λexcitation=485 nm and λemission=525 nm27. The binding was assessed by plotting 

signal intensity vs. aptamer concentration and fitted using a non-linear model in GraphPad Prism 

7.01 software. The selected aptamers with the highest affinity for the toxin subtypes were cloned & 

sequenced and the obtained sequences were characterized by structure modeling & docking studies 

using various bioinformatic tools as per previous Chapter 4, Section 4.2.3.3.  

5.2.2 Nanostructured biosensing platform 

5.2.2.1 Materials 

Tungsten (IV) Selenide 99.8% from Alfa Aesar (India), chitosan (Low MW) extra pure was 

purchased from SRL (India), and fetal bovine serum (FBS) from Gibco (India). TE 100 screen-

printed carbon electrodes (SPE) were products of CH Instruments (USA). 

5.2.2.2 Synthesis of nanomaterial: chito-WSe2 nanosheets 

The exfoliation of layered WSe2 flakes was carried out via a modified liquid exfoliation protocol 

28. The concentration of exfoliant chitosan was optimized, and finally, 2.5 mg mL-1 was dissolved 

in 2 mL aqueous acetic acid (0.5 % v/v, pH 6.5), along with bulk WSe2 powder (1 mg mL-1) and 

thoroughly vortexed. This dispersion was then probe sonicated (30% amplitude, 5 s pulsated on/off 

cycles) and the time was optimized to obtain high yield of exfoliated nanosheets. The unexfoliated 

bulk was removed by centrifugation (1000×g for 10 min) and the supernatant siphoned out. Further, 

extensive rinsing of dispersions with distilled water was carried out to remove excess unused 

chitosan. The exfoliated nanomaterial was vacuum dried & re-dispersed in water for further studies. 

These chitosan exfoliated & functionalized WSe2 nanosheets were characterized using various 

spectrophotometric (UV-Vis, Raman, XRD) and microscopic (AFM, TEM) tools. 
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5.2.2.2.1 Electrochemical characterization 

The CV and EIS studies were carried out as mentioned in previous Chapter 2, Section 2.3.4.1 using 

PBS (100 mM, pH 7) containing 2.5 mM K[Fe(CN)6]3−/4− redox probe. The Stx1 and Stx2 sensing 

assay was carried out using square wave voltammetry (SWV) with a potential sweep from -0.1 to 

+0.4 V with an increment rate of 0.005 V, the amplitude of 0.025 V and 10 Hz frequency29. The 

potential sweep window was optimized to include the redox peak of the redox probe and minimize 

the time required to take the readings. Figure 5.3 provides a glimpse into the overall strategy 

adopted for from exfoliation, electrode modification to sensing technique used on SPE. 

5.2.2.2.2 Sensor modification 

As starting electrode modification nanomaterial, 1 mg mL-1 of chito-WSe2 nanosheets dispersed in 

aqueous media, were used to modify the working electrode of the screen-printed electrode (SPE) 

and the concentration was optimized by a stepwise increase in the volume of drop-casted 

nanomaterial & subsequent drying at 40°C. For bio-receptor functionalization, the selected 

aptamers were diluted in binding buffer (pH 7), drop-casted on the modified sensor surface, and 

incubated overnight at 4°C. The sensor surface was rinsed with distilled water to remove any un-

immobilized molecules and stored at 4°C when not in use. 

5.2.2.3 Apta-sensing assay 

(A) Nanosensor electrochemical assay  

The sensing bioassay was carried out using SWV, wherein varying amounts of Stx1 & Stx2 (0.01-

1000 ng mL-1) were subjected to the sensor, followed by washing & voltammetric scanning. The 

voltammograms were recorded, and the current maxima vs. toxin concentration plotted to analyze 

the range of detection & limit of detection. The cross-reactivity of the individual apta-nanosensors 

Figure 5.3: Synthesis & fabrication of chito-WSe2 nanostructured platform: Overview of exfoliation 

of nanomaterial and modification of electrochemical sensors.   
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was investigated with BSA, purified E. coli O157:H7 endotoxin, and the subtypes Stx1 for Stx2 

sensor & vice-versa.  

(B) Complex matrix sample pre-processing 

The real samples viz., pasteurized milk, and 10% FBS were diluted 1:10 in PB and filter sterilized 

before being spiked with the target analytes to mitigate interference due to any unwanted particulate 

or pathogen. This is necessary as high matrix samples lead to fouling of the electrode surface and 

show high signal to noise ratio.  

5.3 Results & discussion 

5.3.1 Peptide epitope screening 

The protein sequences of Stx1b and Stx2b (accession no. NP_311000.1, NP_309233.1) retrieved 

from GenPept (NCBI database) are as following: 

>gi|15832227|ref|NP_311000.1| Shiga toxin I subunit B [Escherichia coli O157:H7 str. Sakai] 

MKKTLLIAASLSFFSASALATPDCVTGKVEYTKYNDDDTFTVKVGDKELFTNRWNLQSLLLSAQIT

GMTVTIKTNACHNGGGFSEVIFR 

>gi|15830460|ref|NP_309233.1| Shiga toxin 2 subunit B [Escherichia coli O157:H7 str. Sakai] 

MKKMFMAVLFALASVNAMAADCAKGKIEFSKYNEDDTFTVKVDGKEYWTSRWNLQPLLQSAQL

TGMTVTIKSSTCESGSGFAEVQFNND 

Figure 5.4: Epitope screening results: Elucidation of antigenic sites along with surface accessibility using 

online immunomedicine antigenicity tool and NetsurfP web server for (A) Stx1 & (B) Stx2 showing a decent 

surface exposure >20%. The tertiary structure was analyzed using PEPstr tool and peptides energy 

minimized and visualized using and Yasara view showing segments with prominent secondary structures in 

the peptides. 
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This is processed using online immunogenicity tool which predicts antigenic segments from within 

a protein. Figure 5.4 shows the three distinct epitopes for each Stx subtypes with >20% surface 

accessibility, with motifs rich in α-helix & β-turn, which are reported to be present in the recognition 

domains of known proteins 30. The localization of predicted epitopes on the exposed surface of 

toxins in Figure 5.5 confirmed the same. Thus, the aptamer generation was achieved by exposing 

the naïve library to the peptides that form the antigenic region. 

5.3.2 Aptamer selection & characterization: BLI-SELEX 

(A) Loading 

The initial step of target loading is of prime-most importance, which determines the efficiency of 

the selection step. Figure 5.6 shows the normalized sensogram showing the gradual rise in response 

(Step 3) during the loading of target peptide onto the AR2G sensor, which causes an increase in 

biolayer thickness on sensor surface denotes immobilization of the peptide. Similarly, the rest of 

the peptides were loaded on respective sensors for the ensuing aptamer selection step.  

Figure 5.5: Location of predicted epitopes in the Stx model: A cartoon view of the structural model of the 

proteins (A) Stx1b & (B) Stx2b toxins are showing the corresponding screened epitopes highlighted on its 

surface. 

Figure 5.6: Peptide loading sensogram: Baseline referenced sensogram showing the various steps 

(demarcated by dotted lines) of target peptide loading onto AR2G sensor. 
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(B) Exposure & elution 

These peptide coated sensors were then exposed to the naïve library, and the binders then 

dissociated gradually according to their binding strength. The naïve library consisting of a random 

pool of oligomers interacts and binds to the target molecules with varying affinities attributed by 

their structure and sequence. Multiple oligomers interact with the target (not exclusively unique 

sequence), which are sequentially dissociated from the target by dipping in individual wells 

containing dissociation buffers of increasing strength.  

(C) SELEX monitoring 

The progression of SELEX was monitored in real-time, and Figure 5.7 (A) shows the sensogram of 

an association-dissociation cycle of peptide Stx1.1 coated AR2G sensor.  

Figure 5.7: BLI SELEX for Stx1.1: (A) Sensogram of a cycle showing association-dissociation kinetics of 

Stx1.1 coated AR2G sensor with oligomer library & subsequent dissociation with increasing concentration 

of NaCl (0.1-1 M). (B) SELEX cycle iterations to enrich binders from the naïve library and the binding 

response to target with each iteration shown as a histogram (inset). (C) Spectrophotometric quantification 

(λ260 nm) of ssDNA in elutes. The highlighted elutes were purified, amplified & generated aptamer pools 

characterized for binding affinity. (D) Sensogram is showing the association-dissociation curves of selected 

positive pools. 

The steep increase in binding response in association step shows the fishing of sequences from 

exposed oligomer library and subsequent dips are recorded sequentially after the oligo/peptide 

complex is allowed to dissociate in increasing concentration of NaCl (0.1-1 M), depicting a decrease 

in the biolayer formed on the sensor and henceforth shedding of sequences from the peptide coated 

sensor. The enrichment of other possible aptamers from the naïve library, the process was repeated 

multiple times (Figure 5.7 B).  
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However, it was observed that in the first association itself most of the binders from the library had 

interacted with the sensor, and an almost negligible association was recorded in further iterations 

(inset in Figure 5.7 B). This efficiency can be attributed to the interacting potency of the various 

sequences of the naïve library with the chosen target and will tend to differ with different library-

target combinations. In our present study, noteworthy results were obtained with the single primary 

cycle, and further enrichment did not significantly enhance the screening process, as evident from 

Figure 5.7B.  From the first round (Figure 5.7C), the initial two elutes (0.1-0.2 M) were disregarded 

due to the nominal stringency of their dissociation buffer, which merely constituted as wash buffers. 

Thus, the latter DNA elutes pools in higher strength buffers were chosen, purified, amplified, and 

studied for binding affinity against the target peptide. These dissociated molecules (13.9 ng µL-1) 

collectively constituted ~56% sequences of the exposed naïve library (24.5 ng µL-1). In our 

knowledge, such binding efficiency from a single initial SELEX cycle has not been reported yet 

and particularly for the first time using BLI SELEX. The binding sensogram in Figure 5.7D shows 

the massive difference in the association curve of the eluted pools, denoting an increase in binding 

affinity of latter fractions. The pool with the best binding affinity (in this particular case) pool 7 

with Kd = 8.27 nM against peptide Stx1.1 was chosen for further study. Similar protocol for 

selection and monitoring was carried out for Stx2 peptides and the best binding affinity pool 6 with 

Kd = 4.6 nM against peptide Stx2.3 was chosen for further study (Figure 5.8).  

Figure 5.8: BLI-SELEX of Stx2.3: (A) Sensogram of a cycle showing association- dissociation kinetics of 

Stx2.3 coated AR2G sensor with oligomer library and subsequent dissociation with increasing conc. of NaCl 

(0.1-1 M). (B) SELEX cycle iterations. (Inset) The oligomer binding response to the peptide coated sensor 

with each iteration is shown in the histogram. (C) Spectrophotometric (λ260 nm) quantification of aptamer 

concentration of eluting fractions collected after SELEX progression. (D) Sensogram is showing the 

association-dissociation curves of selected positive pools. 
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The selected pools were cloned and sequenced, providing multiple aptamer sequences, out of which 

few were chosen based on their variability in cladogram phylogenetic tree clusters generated by 

Clustal Omega online tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) were used for further 

application (Figure 5.9).  

Figure 5.9: Potential aptamer sequences: Cladograms generated for aptamer sequences (using the 45-nt 

random region) obtained by BLI-SELEX against Shiga toxin subtypes viz. (A) Stx1 and (B) Stx2. The 

highlighted aptamers in the respective cladograms were renamed to Apt(Stx1.1), Apt(Stx1.2) for stx1 and 

Apt(Stx2.1), Apt(Stx2.2) and Apt(Stx2.3) for stx2. These selected sequences were processed for further 

analysis and application. 

5.3.2.1 Aptamer-target binding interaction 

5.3.2.1.1 BLI studies 

The binding affinity of the selected aptamers with the whole protein toxin was analyzed using BLI 

at various concentrations of the individual champion aptamers for Stx1 and Stx2. The affinity 

measurements were analyzed using BLI technique, with the cognate toxins immobilized onto 

sensors and dipped sequentially into increasing dilutions of each selected aptamers (0, 25, 50, 100 

nM). The affinity of selected aptamers was estimated on Octet Red96 using FortéBio Data analysis 

software using 1:1 binding model and global fitting 31. For the simple binding reaction:  

     [A] + [T] ⇌ [AT] 

    where, A is an aptamer, and T is target, 

The interactions of the aptamer and target are denoted by dissociation constant for affinity:  

Kd = [A][T]/[AT] = koff/kon, 

which is the ratio between the two rate constants, the dissociation rate constant (koff) and the 

association rate constant (kon). The average Kd value was estimated from the mean sum of the Kd 

Figure 5.10: K
d
 BLI studies: The BLI study plots (concentration vs. Kd) with varying concentrations of 

selected aptamer (0, 25, 50, 100 nM) allowed to interact with their cognate toxins to estimate the average K
d
 

value of the aptamer sequences viz., (a) Apt(Stx1.1), (b) Apt(Stx1.2), (c) Apt(Stx2.1), (d) Apt(Stx2.2) and (e) 

Apt(Stx2.3).  

https://www.ebi.ac.uk/Tools/msa/clustalo/
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values at the different concentrations using the fore-mentioned relation and was found to be 

4.72×10-11, 3.03×10-5, 8.38×10-8, 2.52×10-5, 2.86×10-11 M for Apt(Stx1.1), Apt(Stx1.2), 

Apt(Stx2.1), Apt(Stx2.2) and Apt(Stx2.3), respectively. The affinity was observed to be relatively 

marginally higher at lower concentrations due to slow koff (10 s-1) rates which can be attributed to 

efficient [AT] complex formation at the bio-interface. At very high aptamer concentrations (100 

nM), it is observed the kon is reduced [e.g., 1.6 ×10-6 to 0.3×10-6 for Apt(Stx1.1)] which may be due 

to the oligomer crowding at the binding interface, reducing the association rate and subsequently 

with the free receptor molecules concentration predominating the reaction, skewing the koff/kon ratio 

towards product dissociation (Figure 5.10). The marginal variation (±) lies within the individual 

acceptable Kd range. These aptamer-protein interactions are modulated by the intra and inter 

molecular electrostatic and hydrophobic interactions and deviate from the equimolar stoichiometric 

relationships32,33. The representative sensograms at 100 nM aptamer concentration for the selected 

aptamers against Stx1 and Stx2 have been shown in Figure 5.11 A-B, and the dissociation constants 

of various aptamers along with their sequences in Figure 5.11 C. It was observed that Apt(Stx1.1) 

and Apt(Stx2.3) showed low dissociation constants of 47.2 pM and 28.6 pM, respectively, with 

their cognate toxins.  

 
Figure 5.11: Binding affinity results: BLI binding affinity assays for best-of-pool aptamers at 100 nM 

concentration against whole protein toxin (A) Stx1 & (B) Stx2 showing functional association-dissociation 

kinetics. (C) List of best-of-pool aptamers along with their average Kd values against both targeted epitope 

peptides & whole cognate toxins. 



143 

 

5.3.2.1.2 Fluorescence plate binding  

These binding capabilities of the selected champion aptamers were further corroborated using 

fluorescence plate binding assay (Figure 5.12), showing increasing binding of cognate targets with 

respective FITC labeled aptamers. 

5.3.2.2 Aptamer sequence & structure – Bioinformatic study 

5.3.2.2.1 Structure elucidation 

Out of the clones sequenced, those conforming to Guanine-quadruplex (G-quad) motifs in sequence 

regions were analyzed, therein Apt(Stx1.1) containing G-quad from N29-N53 and N62-N76 & in 

Apt(Stx2.3) from N19-N45 were successfully selected. The ‘mfold’ tool generated putative structures 

of the selected aptamers presented in Figure 5.14 show different structural conformations and 

Figure 5.12: Fluorescence binding assay: Plate binding curves are showing the efficient binding of aptamers 

to cognate toxins (A) Stx1 and (B) Stx2.   

Figure 5.13: Mfold results: (A) Apt(Stx1.1) & (B) Apt(Stx2.3). 
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thermodynamic properties of the sequences Apt(Stx1.1) and Apt(Stx2.3) at standardized binding 

buffer ionic conditions of  [Na+] = 0.10 M, [Mg2+] = 0.005 M at 37ºC. The individual structures 

with the lowest ΔG (-3.29 kcal mol-1 and -5.67 kcal mol-1) for the two subtypes were chosen, and 

their structure models rendered. Both of these aptamers as seen in Figure 5.13 showed significant 

secondary structural elements viz., stacks, helix & loops resulting in high complexity structures 

with Apt(Stx1.1) showing a hairpin loop motif from G48 – T54 and Apt(Stx2.3) showing three 

prominent hairpin loops viz., G65-C70, C41-G55, and G13-C27.  

5.3.2.2.2 Salt concentration studies 

These putative structures were also generated for the selected aptamers at varying [Na+] = 0.1 -1 

M, showing that the secondary structure of the aptamer (Figure 5.14). Though rigid within some 

concentration range, the aptamers changed their folded conformation when the environmental salt 

concentration was considerably altered. Given this, though the oligomer structures would vary in 

different dissociating buffers during the BLI-SELEX, for the study of association interaction and 

as well in further application studies, the concentration of Na+ was kept standard at 0.1 M in the 

binding buffer. Thus, for all our other simulations, this parameter has been fixed for the ease of our 

experimental study.  

Figure 5.14: Mfold putative structures of Apt(Stx1.1) with varying NaCl concentration: The putative 

structures are calculated for linear DNA at 37°C with ionic conditions: [Na
+
] = 0.1-1 M, [Mg

2+
] = 0.005 M 

showing altered folded structures for the same sequence at different ionic concentrations.  
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5.3.2.2.3 Z-dock docking studies 

The docking studies simulated for apta-peptide interactions were carried out using Zdock (version 

3.0.2) at a pre-automated interparticle distance of 1.2 Å in the vacuum, which showed extensive 

intramolecular polar interactions & conformational fitting of the target into the aptamer binding 

pockets (Figure 5.15). Though this interaction might vary in the solution phase, this is a preliminary 

attempt in understanding bio-interaction amongst the target and ligand. These well-characterized 

champion aptamers (with the highest Kd value to protein toxin) were chosen as bio-receptors for 

subsequent bio-sensing assays.  

Correspondingly, similar studies were carried out for other epitopes of Stx1 & Stx2 and the best-

of-pool aptamers were selected (Figure 5.16).  

 

 

 

Figure 5.15: Structure and docking studies: The mfold structures (left) of selected aptamers Apt(Stx1.1) 

(Upper Panel and Apt(Stx2.3) (Lower Panel) were found to have G-quadruplex estimated by using QGRS 

online tool. Out of the several possibilities, the structures with the lowest Gibbs free energy were selected, 

and their 3D model rendered. The Zdock studies (right) were simulated for apta-peptide showing both 

intramolecular polar interactions and structural fitting of binding pockets. The cyan highlighted region 

depicts the interacting region of the DNA aptamer with the respective target peptide. 
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Figure 5.16: Comprehensive SELEX aptamer studies: (A) Stx1.2 (B) Stx2.1 (C) Stx2.2 peptide aptamer 

characterizations;(a) BLI-SELEX progression, (b) elute ssDNA conc., (c) elute pools sensograms showing 

binding characteristics to target, (d) mfold aptamer structure, (e) z-dock interaction view. 
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5.3.3 Nanosensor development & characterization 

5.3.3.1 Chito-WSe2 nanosheets characterization 

The chito-WSe2 nanosheets synthesis was optimized and characterized as shown in Figure 5.17. 

Figure 5.17: Nanomaterial characterization: (A) Extinction spectra are showing the characteristic ‘A’ & 

‘B’ excitons of WSe2 and proportional intensity increase with an increase in exfoliant chitosan concentration 

along with optical images of various dispersions (inset) (B) comparative XRD spectra and (C) Raman spectra 

of bulk and exfoliated material. (D) AFM image along with the height profile and (E-F) TEM images showing 

exfoliated few layers. 

(A) UV-Vis studies 

The liquid exfoliated chito-WSe2 nanosheets appeared as a reddish dispersion (inset of Figure 

5.17A). It can be easily observed that with increasing concentration of chitosan, the extent of 

exfoliation increased as depicted in Figure 5.17A. Higher concentrations were observed to have 

increased viscosity, difficult for homogenous dilutions & correct estimations. A good exfoliated 

nanomaterial amount (0.43 mg exfoliated per 1 mg bulk) was obtained after 30 min of pulsated 

exfoliation and used for further experiments. In the extinction spectra, typical excitonic peaks A & 

B corresponding to valence band split & spin-orbital coupling were well observed 34.  

(B) Raman & XRD Pattern 

As observed in Figure 5.17C, the XRD spectra of bulk & exfoliated nanomaterial were consistent 

with the hexagonal lattice structure of WSe2 (reference JCPDS card no. 00-038-1388), and a broad 

overlapped peak at 245 cm-1 for E1
2g (in-plane) & A1g (out-of-plane) were observed in Raman 

spectra. The reduction in peak intensity of (002) plane in XRD spectra and B1
2g peak at 301 cm-1 in 

Raman spectra of exfoliated nanomaterial are indicative of few-layered sheets 35.  

(C) AFM microscopy 

AFM analysis revealed the ultrathin sheet-like nature of the chito-WSe2 of a thickness ~3 nm 

suggesting few-layered nanostructure (provided being chitosan-coated) with a lateral length of ~250 

nm.  
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(D) TEM images  

HR-TEM images supplemented with EDX maps (Figure 5.18) show the wrinkled few-layer sheets 

with mono & bilayers being observed. The hexagonal symmetry of WSe2 with a lattice spacing of 

0.3 nm corresponding to a single layer (100) plane was seen 36. 

Figure 5.18: TEM micrographs: Displaying low magnification image of (A) exfoliated chito-WSe2 nanosheet 

(B) magnified few-layer region of overlapped flakes & high-resolution images of (C) monolayer & (D) bilayer 

region along with (E-G) corresponding EDX elemental mapping & spectra. 

5.3.3.2 Chito-WSe2 aptamer functionalization 

Zeta potential measurements carried out using Malvern Zetasizer Nano ZSP (Figure 5.19). The zeta 

potential studies suggest that chito-WSe
2
 nanosheets dispersed in mild acetic acid (0.5 % v/v; pH 

6.5) were positively charged with a zeta potential of 11.8 mV, which correlates with the presence 

of protonated amine groups on chitosan (pK
a
 = 6.3). To optimize maximum functionalization as a 

function of pH variation in apt-chito-WSe
2
 interaction, 10 µL aptamer (230 µg mL

-1
) and 100 µL 

chito-WSe
2
 nanosheets (100 µg mL

-1
) were incubated together for 15 min at pH 6.0, 6.5, 7.0 and 

7.5. before analyses. The apparent zeta potential was recorded at increasing pH values as -22.7, -

20.1, -16.3, and 2.6, respectively. A large redshift to -22.7 mV is observed at pH 6 when DNA 

aptamer is functionalized over chito-WSe
2 
due to the electrostatic interactions between abundant –

NH
3+ 

of chitosan & negatively charged DNA, suggesting maximum binding. Keeping in view the 

higher probability of acid hydrolysis of ssDNA at lower pH, and a comparative loading of aptamer 

at pH 6.5 and 7.0, the latter was chosen as the best environment.  
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Figure 5.19: Zeta potential measurements: Zeta potential measurements are confirming the interaction 

between DNA aptamer & chito-WSe
2
 nanosheets and the effect of acidic, neutral & basic pH on the binding 

of the aptamer to the nanomaterial. 

5.3.3.3 Aptasensor microscopic characterization 

The SEM studies of sensor surface showed good area coverage and morphological change of the 

sensor surface upon aptamer immobilization, validating efficient functionalization (Figure 5.20).  

Figure 5.20: SEM morphology of electrode surface: (A) Morphology of bare carbon working electrode, (B) 

bulk WSe2 material, (C) chito-WSe2 nanosheets modified surface, (D) aptamer functionalized chito-WSe2 

sensor surface. 

5.3.3.4 Aptasensor electrochemical characterization 

The electrochemical characterization was carried out via both CV and EIS studies (Figure 5.21) and 

CV measurements optimized the amount of chito-WSe2 deposited onto working electrode of SPE.  

Figure 5.21: Electrochemical nanosensor characterization: (A) The modification of working electrode with 

increasing concentrations of chito-WSe2 and (B) scan rate studies from 10-100 mV s-1 at optimized 10 µg 

concentration. (C) Comparative CV responses of electrode. (D) Nyquist plots for comparative modified and 

functionalized electrode showing a minor increase in Rct upon functionalization. 
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Maximum current response was observed for 5 µg of nanomaterial, and this optimized 

concentration was used for further modifications (Figure 5.21 A). The nanostructured sensor 

showed a linear increase in the current intensity with the square root of the increasing scan rate (10 

mV s-1 to 100 mV s-1), indicating the diffusion control process (Figure 5.21 B). A small drop in 

current in CV scan & Rct value in EIS were observed upon aptamer immobilization, which proves 

its deposition on sensor surface (Figure 5.21 C-D). 

5.3.3.5 Aptasensing assay  

5.3.3.5.1 Voltametric detection of Stx1  

The respective Apt(Stx1.1) modified nanosensors were used for the detection toxin subtypes using 

the square wave voltammetry technique (SWV). Figure 5.22 shows a sequential decrease in current 

when the sensors were subjected to cognate toxin Stx1, with a linear range of detection from 50 pg 

- 100 ng.  The developed nanosensor showed a sensitivity of ~5 µA ng-1 mL with a LOD of 44.5 pg 

mL-1 for Stx1. 

Figure 5.22: Voltammetry bioassay for Stx1: (A) SWV curves (B) calibration plot and, (C) bar graph 

showing the comparative response upon detection of other cross-reactive molecules at 10 ng mL-1 and (inset) 

1 ng mL-1 (D) bar graph depicting SWV response in pre-processed spiked real samples at 1 & 10 ng mL-1. 
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The comparative analysis of various nanostructured bio-sensing platforms for detecting E. coli Stx 

has been tabulated in Table 5.3, which validates the superiority of our platforms fabricated in this 

chapter. 

Table 5.3: Comparative platforms: Relevant Stx detection platforms with their merits. 

5.3.3.5.2 Voltametric detection of Stx2  

The Apt(Stx2.3) modified nanosensors were used for the detection of respective toxin subtypes 

using the SWV technique and the developed nanosensor showed a LOD of 41.3 pg mL-1 for Stx2 

(Figure 5.23).  

Figure 5.23: Voltammetry bioassay for Stx2: (A) SWV curves upon sensing of Stx2 and (B) calibration plot. 

(C) Bar graph showing the comparative response upon detection of other cross-reactive molecules at 10 ng 

mL-1 and (inset) 1 ng mL-1 (D) Bar graph depicting SWV response in pre-processed spiked real samples at 

both 1.0 and 10 ng mL-1 concentration. 

Receptor Detection method Limit of detection Range Ref. 

Polyclonal 

antibodies 

ELISA 115 ng mL-1 of Stx2 0.93 - 7.5 μg 

mL-1 

37 

RNA aptamers Filter-binding assay 0.5 μM Stx1 or Stx2 - 14 
Polyclonal 

antibodies 

ELISA 1 μg mL-1 of Stx - 38 

Monoclonal 

antibodies 

ELISA - 10 - 50 pg mL-1 39 

Monoclonal 

antibodies 

ELISA 0.13 ng mL-1 of Stx2 0.5 - 10 ng mL-1 40 

DNA aptamers Square wave 

voltammetry 

Stx1: 44.5 pg mL-1 Stx2: 

41.3 pg mL-1 

50 pg mL-1 -100 

ng mL-1 

This 

study 
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5.4 Conclusion 

The study reports real-time & label-free aptamer selection using BLI-SELEX, yielding novel high-

affinity aptamers against antigenically distinct E. coli Shiga toxins subtypes via specific epitopic 

peptides. These fully characterized aptamers, Apt (Stx1.1) & Apt(Stx2.3) with a picomolar affinity 

of Kd (~47 pM & ~29 pM, respectively) were successfully used to fabricate respective voltammetric 

diagnostic assays via immobilization onto chitosan exfoliated & functionalized 2D tungsten 

diselenide nanosheet platforms.  

These aptamers modified nanosensors showed high sensitivity of ~ 5.0 μA ng-1 mL, a dynamic 

response range from 50 pg mL-1 to 100 ng mL-1 with a detection limit of 44.5 pg mL-1 & 41.3 pg 

mL-1 for Stx1 & Stx2, respectively with low cross-reactivity in spiked sera and milk samples. 
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Chapter 6 

Conclusion 

This chapter summarizes the work detailed in the Chapters 1-5 and presents the future perspectives 

for the thesis entitled, ‘Aptamer functionalized nanostructured biosensing platforms for enteric 

pathogenic bacteria’. 

6.1 Summary of the thesis  

6.1.1 Introduction 

This introductory chapter brings into light our target of interest– pathogenic E. coli, synthesis of 

aptamers, and novel nanostructures and their sensing application with respect to the conventionally 

used techniques. We venture into the world of biosensors, which upon its inception, rested on 

enzymes and antibodies as recognition moieties but gradually moved onto more stable and cost-

effective alternatives ‘aptamers’. Exploring the synergistic properties of efficient bio-receptor and 

excellent transducer nanomaterials, we were inspired to develop aptamer functionalized 

nanostructured sensing platforms known as apta-nanosensors.  

6.1.1.1 Enteric pathogenic bacteria 

Out of the vast myriad of bacterial species that colonize the gastrointestinal tract, E. coli has been 

a persistent member of the mammalian gut microflora where a majority of its strains maintain a 

commensal or mutualistic relationship with the human host1. However, its disease-causing variants 

genetically encoded with specific virulence factors also exist2,3. Pathogenic E. coli has been reported 

as a significant etiological agent of bacterial gastroenteritis with an infectious dose as low as ~100 

cells4,5. These are responsible for chronic or persistent diarrhea, with certain pathotypes producing 

enterotoxins responsible for the hemolytic uremic syndrome as sequela6–8.  

 This chapter also describes the various mainstay conventional techniques both 

microbiological and molecular methods conventionally used for detection of bacteria. Conventional 

‘gold standard’ microbiological tools require 2-3 days for identification and are mostly qualitative 

in nature9,10. The current diagnostic approaches are majorly reliant on antibody-based assays or 

mass spectrometry, which utilize costly reagents and require specific instrumentations for 

estimation11. Thus, the challenge lies in developing sensitive, rapid, non-culture dependent, and 

cost-effective methodologies for the sensing of enteric pathogenic bacteria, which are required for 

timely monitoring in food, clinical, and municipal sectors. This problem at hand was addressed by 

development of nanostructured aptasensors using novel indigenous methods, described in Chapters 

2-5. 
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6.1.1.2 Nanostructured aptasensors 

Integrated biosensing platforms with specific nucleic acid aptamers and sensitive nanostructured 

transducers, providing near real-time information on the presence of enteric targets, are proposed 

in this doctoral thesis. With the advent of nanomaterials and advances in nucleic acid research, the 

biosensing domain supplemented with bioinformatics has radically evolved, enabling analyte 

detection at low levels with high precision. Consequently, both these aspects were extensively 

researched upon in the thesis to develop nanostructured aptasensors for sensing pathogenic E. coli 

serotypes and associated biomolecules.  

 Nanostructures of various dimensions based on carbon, metal-carbon nanohybrids, and 

more recently, its 2D analogs transition metal chalcogenides, harboring fascinating electronic, 

optoelectronic, and physical qualities such as abundant surface charges, high surface-to-volume 

ratio, and easy functionalization abilities were synthesized indigenously via various top-down and 

bottom-up approaches and utilized as transducers in the biosensing platforms.  

 Simultaneously, for the bio-receptor component, DNA aptamers (single-stranded oligomers 

with high binding affinity with the specific target) were chosen, providing low cross-reactivity and 

high stability than conventionally available counterparts12,13. The generation of aptamer-based bio-

receptor against a pathogen gives an added advantage to synthetically produced aptamers versus 

antibodies raised in animal models both physiologically and ethically14. The studies reported in this 

thesis majorly gravitate around biosensing pathogenic E. coli (serotypes O78:H11 and O157:H7) 

with aptamer-based nanostructured sensing technology as the critical line of detection approach. 

6.1.1.3 Our aptasensing approaches 

We devised a three-way approach for aptamer generation stemming from alternative enhanced 

binding affinities for the target in various environments, which was based on the hypothesis that 

the presence of both whole-cell or its components is possible for monitoring the bacterial targets. 

Therefore, multiple respective aptamers were screened against the avirulent strains of whole-cell E. 

coli (enterotoxigenic serotype O78:H11 and enterohemorrhagic serotype O157:H7), surface 

antigens (O & H-antigen) for serotype O157:H7, and Shiga-like toxins (Stx1 and Stx2) utilized as 

bio-recognition moieties, which are comprehensively explored one-by-one during the doctoral 

studies and comprehensively tabulated in Table 6.1.  
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Table 6.1: Generated aptamers: A comparative table showing the specific aptamers selected for various bacterial 

targets in this thesis.  
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The objective was also to explore methodologies for aptamer generation and the simultaneous 

synthesis of nanostructures relevant for aptasensing via spectroscopic and electrochemical tools. 

Furthermore, the various aptamer functionalized nanostructured biosensing platforms were 

developed and tested & validated in buffer and spiked food samples. Table 6.2 gives an overview 

of the various developed biosensing platforms discussed in the thesis chapters. 

Target Nanostructure Method LOD Range 

Whole cell 

E. coli O78:H11 

BRG EIS 101 cfu 101 – 106 cells 

Whole cell 

E. coli O157:H7 

BC-Ni nanorods EIS 100 cfu 100 – 105 cells 

Surface antigens  

E. coli O157:H7 

C-dots Fluorescence 

spectroscopy 

O: 0.1 pg mL-1 

H: 1.0 pg mL-1 

O: 0.1 pg mL-1 - 10 ng mL-1 

H: 1.0 pg mL-1 – 1.0 ng mL-

1 

E. coli Stx 

subtypes 

chito-WSe2 

nanosheets 

SWV Stx1: 44 pg mL-1 

Stx2: 41 pg mL-1 

50 pg mL-1 -100 ng mL-1  

6.1.2 Nanostructured aptasensor for enterotoxigenic E. coli 

Thus, in line with our aim both major components of a biosensor for detection of one of the selected 

enterotoxigenic E. coli strain O78:H11 was carried out using whole-cell approach. 

6.1.2.1 Bioreceptor generation: Microtiter cell-SELEX 

DNA aptamer with an excellent affinity Kd of 14 nM for E. coli serotype O78:H11 was successfully 

screened from a naïve oligomer library of 81 nt with 45 random nt region, implementing indigenous 

in-vitro selection SELEX methodology of oligomer panning for the selected target. This novel 

microtiter cell-SELEX used phenylboronic acid as a capturing agent for E. coli bacteria 

accompanied by counter screening to mitigate aptamer cross-talk with other closely related bacterial 

species. These respective novel aptamers were characterized, and their target-ligand bio-interaction 

studied using wet-lab techniques (UV-vis spectroscopy, fluorescence binding assays, BLI kinetic 

assays, confocal fluorescence microscopy) augmented with dry-lab bioinformatic tools (mfold, 

QGRS mapper, RNA composer) to present the putative aptamer structures showing complex 

conformations like loop-stem folding and G-quad motifs15–17.  

6.1.2.2 Nanostructure synthesis: BRG 

BRG was synthesized from MWCNT using a modified chemical facilitated un-scrolling method 

followed by intra-sheet bridging with terephthaldehyde to form a 3D hierarchical nanostructure 

showing enhanced surface and electrical properties. This 3D nanostructure was fully characterized 

using scanning electron microscopy, ultraviolet-visible spectroscopy, confocal Raman 

spectroscopy, Fourier transform Infra-red spectroscopy and X-ray diffraction, zeta potential, cyclic 

voltammetry and impedance spectroscopy. Surface modification with selected high-affinity 

Table 6.2: Aptasensing nanostructured platforms: A comparative table showing the merits of the various 

aptamer functionalized nanostructured platforms fabricated in this thesis. (O: O antigen and H: H antigen) 
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aptamers were carried out using cationic biopolymer PLL, which aided in the functionalization of 

DNA aptamers onto PLL-modified surfaces, aiding fabrication of aptasensing platforms. 

6.1.2.3 Nanostructured aptasensing platform 

Label-free impedimetric sensing of E. coli O78:H11 was successfully demonstrated using novel 

selected aptamer functionalized BRG onto disposable screen-printed electrodes demonstrating a 

limit of detection of ~ 10 cells and a dynamic response range from 101 to 106 cells. 

6.1.3 Nanostructured aptasensor for enterohemorrhagic E. coli 

6.1.3.1 Bioreceptor generation: Microtiter cell-SELEX 

Specific DNA aptamer-based receptors against selected E. coli O157:H7 using whole-cell target 

with an excellent nanomolar affinity Kd ~ 69 nM was successfully screened using similar modified 

cell-SELEX methodology. Consequently, these respective novel aptamers were fully characterized 

using wet and dry-lab tools employed in the previous chapter. 

6.1.3.2 Nanostructure synthesis: BC-Ni nanorods 

Conductive boron-carbon nanorods decorated by nickel nanoparticles synthesized by a two-step 

carbonization method using Ni(II)- dimethylglyoxime complex and boric acid as reaction 

precursors showing a manifold increase in the electrode current response. This 1D nanostructure 

was fully characterized using transmission electron microscopy, energy-dispersive X-ray elemental 

mapping, ultraviolet-visible spectroscopy, confocal Raman spectroscopy, Fourier transform Infra-

red spectroscopy and X-ray diffraction, zeta potential, cyclic voltammetry and impedance 

spectroscopy. The aptamers were functionalized with the aid of PLL onto the nanomaterial 

modified working electrode of screen-printed electrodes for analysis. 

6.1.3.3 Nanostructured aptasensing platform 

Label-free impedimetric sensing of E. coli O157:H7 was showed using specific aptamer 

functionalized boron-carbon nanorods decorated by nickel nanoparticles with a similar limit of 

detection and a dynamic detection range of 100 to 105 cells in water and juice samples. The 

developed nanostructured aptasensors showed quick results, negating the enrichment of bacterial 

load in test samples as required in conventional systems. The aptamers also showed admirable 

application as capture & detection for bacterial populations onto soft-lithographed 

polydimethylsiloxane based microfluidic platforms, which is presented as a proof-of-concept. 

6.1.4 Aptasensing optical assay for E. coli surface antigens 

6.1.4.1 Bioreceptor generation: Competitive microtiter-SELEX 

Competitive microtiter-SELEX employing rival ligands for raising stringency for purified E. coli 

O157:H7 endotoxin and flagellar proteins (Kd of 5.3 and 4.6 nM, respectively) was developed.  

Consequently, these respective novel aptamers were fully characterized using wet and dry-lab tools 
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employed in the previous chapters. Alongside, the bio-interaction modelling studies for H-antigen 

with the aptamer selected were also carried out with the aid of online bioinformatic tools; Zdock 

and M-Zdock.  

6.1.4.2 Nanostructure synthesis: Tris base based C-dots 

Fluorescent tris(hydroxymethyl)aminomethane derived water-soluble bright cyan c-dots having 

λemission ~ 426 nm, with a quantum yield of 14.9 % vs. quinine sulfate. These aqueous carbon 

quantum dots were synthesized using hydrothermal approach and in conjugation with silver 

nanoparticles acted as an energy transfer pair ‘turn-off’ fluorescence assay. These 0D nanostructure 

were fully characterized using fluorescence spectroscopy, transmission electron microscopy, 

ultraviolet-visible spectroscopy, confocal Raman spectroscopy, Fourier transform Infra-red 

spectroscopy and X-ray diffraction and zeta potential techniques. The aptamer/c-dot conjugates 

were developed with aid of charge-based interaction and employed in a fluorescence-based assay. 

6.1.4.3 Nanostructured aptasensing platform 

Fluorescence ‘turn on’ bioassay based on fluorescence quenching of aptamer functionalized carbon-

dots by silver nanoparticles, to detect targeted surface antigens with a detection limit of 0.1 pg mL-

1 for O-antigen and wide detection range from 0.1 pg mL-1 to 10 ng mL-1 and an anti-H antigen 

apt/c-dot conjugate assay was carried out for the H-antigen of E. coli O157:H7 showing significant 

fluorescence restoration from 0.001 – 1.0 ng mL-1 with a limit of detection of 0.1 pg mL-1 . These 

apta-assays showed the stable response recorded even in pure water. 

6.1.5 Nanostructured aptasensor for E. coli Shiga-like toxin  

6.1.5.1 Bioreceptor generation: BLI SELEX 

BLI based SELEX using Octet Red96 system, a one-step technique for rapidly generating aptamers 

against E. coli Shiga toxin subtypes viz., Stx1 & Stx2 via specific epitopic peptides (Kd of 47 pM 

& 29 pM, respectively) in a dip microtiter plate format, obliterating the need for multiple oligomer 

enrichment cycles was designed and demonstrated. The elucidates aptamers were fully 

characterized with tools and techniques described in previous chapters.   

6.1.5.2 Nanostructure synthesis: chito-WSe2 nanosheets 

Liquid-exfoliated 2D-transition metal dichalcogenide WSe2 nanosheets utilizing green biopolymer 

chitosan imparting high sensitivity to the aptasensing assay. These were fully characterized using 

microscopic and electrochemical techniques. This chitosan exfoliated and functionalized 

nanosheets helped in further modification with aptamer via surface charges on biopolymer chitosan 

and negatively charged nucleic acid-based aptamers. 

6.1.5.3 Nanostructured aptasensing platform 

The developed square-wave voltammetry based aptasensor showed a sensitivity of ~5 µA ng-1 mL 

with a limit of detection of 44.5 pg mL-1 for toxin Stx1and 41.3 pg mL-1 for Stx2. The selectivity of 
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the sensors for target toxins far exceeded that of cross-reactive toxin subtype and other interfering 

proteins or polysaccharides and showed low cross-reactivity in spiked sera and milk samples.  

6.2 Concluding remarks & future perspectives 

6.2.1 Thesis contributions 

(i) Advancements in aptamer technology 

This thesis gives a vision into the development of tailor-made in-vitro, facile, rapid, specific, and 

robust nucleic acid-based aptamer selection approaches for bacterial pathogens, associated surface 

markers & toxins, which can be further extrapolated after finer tuning for other disease markers like 

diabetes mellitus, cardiovascular diseases, hypertension, carcinoma, sepsis, parasitic infections like 

malaria & chikungunya and viral infections like hepatitis and influenza. In view of current COVID-

19 pandemic, aptamers may be exploited as a diagnostic probe against coronavirus and its specific 

antigens like spike protein, nucleocapsid that discern SARS-Cov2 from its variants for rapid and 

cost-effective diagnosis due to its in-vitro synthesis, especially in case of infectious viral agents 

where antibody generation has been a hassle. Furthermore, fluorophore labelled aptamers maybe 

used for imaging viral RNA. Aptamers specific to different and multiple epitopes may be generated 

by BLI SELEX technology in a single pot methodology and utilized for specific multiplexed assays.  

(ii) Functional nanostructured bio-probes 

The design, synthesis & characterization of unique nanostructures showing extra-ordinary optical 

and semiconducting properties and bio-functionalization of these synthesized nanomaterial with 

generated aptamers as receptors, with the aid of linker molecules like PLL or charge based 

interactions, enhances their potential application as specific biosensing platforms.  

6.2.2 Future explorations 

Connect between bio-receptor chemistry, bio-physical analytical techniques and material science is 

important for advances in device fabrications. In this thesis we have tried to achieve the same, but 

further, comprehensive explorations in the realm of aptasensing platforms is needed. 

(i) Flexible aptamer structure, environmental influences and thermodynamic parameters is 

required for core understanding of the intra and inter-molecular interactions for improving 

application of aptamers as both bioreceptor in diagnostic platforms and well as in theranostic 

approaches.  

(ii) Truncation and mutagenesis methods for identification of aptamer binding domains, which 

play significant role in target recognition are required.  

(iii) Development of high-throughput selection methodologies for facile generation of nuclease-

resistant aptamers is required. 
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Nonetheless, the works included in this thesis are advantageous for the development of advanced 

analytical platforms using easy, cost & reagent-effective protocols for pathogen or bio-analyte 

determination and holds promising future perspectives in the field of in-vitro clinical diagnostics. 
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