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The main objective of this thesis is the development of aptasensors for cardiac troponin T 

(cTnT) for the diagnosis of myocardial infarction (MI). The thesis has been divided into six 

chapters, starting with a brief introduction expressing the motivation behind this work and 

outlining the work performed to address the primary objective defined for this thesis.  

The first chapter described a detailed literature survey on the work, identified the research 

gaps based on the survey, and then defined the objectives to bridge a few critical gaps through 

the work described in this thesis.  

The second chapter described the development of an aptamer database using 610 aptamer 

candidates for different targets reported in the literature. The database provides key 

information on the individual aptamers, including sequence, sequence length, GC%, buffer 

compositions, targets (general and specific), and target affinity. It has been created with an 

interactive user interface with options to update it for admin and end users. The front end of 

the database was designed using HTML, CSS, Bootstrap, and JavaScript. The database's 

backend or server-side was developed using Apache web server and MySQL database, and the 

scripting was performed with PHP. The Aptabase also hosts plugins like the GC calculator, 

which segregates the inserted sequence into its corresponding nucleotides for both ssDNA 

and ssRNA. The database was also equipped with google analytics to understand website 

traffic better.  

 Understanding the 3-D structure of nucleic acid aptamers is important for the rational design 

of aptamer-based constructs in various applications, including for developing aptasensors. 

The third chapter described a simple approach for 3D modelling of ssDNA aptamers through 

an ensemble of web applications. The procedure utilized 30 aptamers whose 3D XRD or NMR 

experimental structures are available for validation. As a first step, the primary sequences of 

ssDNA aptamers were transformed into 2D structures using six widely used web applications: 

RNA fold, Vector builder, RNA Structure, UNA fold, Centroid fold, and IP Knot. The generated 

2D structures were then passed through the RNA composer web application to generate 3D 

RNA structure, which in turn was converted to 3D DNA structures using various Visual 

Molecular Dynamics plugins that also include conversion of ribose sugar into deoxyribose 

sugar backbone and uracil to thiamine. The energy-minimized generated 3D structures were 

matched well with high accuracy to their experimental counterparts. This study identified that 

the Guanine residues are crucial in the aptamer 3D structure prediction and in algorithms that 
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generate secondary structures. Further, the GC content (<50%), GC bond percentage (<60%), 

and G: C ratio (<1.12) act as limiting factors in predicting the 2D structures of aptamers. There 

were variations in the 2D structure predictions by the web applications, even though all these 

applications were a combination of the MFE, MEA, and McCaskill functions. Processing these 

structures through the web applications described above produced best-fit 3D structures with 

the experimental one, thus offering the present ensemble approach to predict the 3D 

structure of aptamers for various applications reliably. 

The MI biomarker, cTnT, and the control protein for the experiment, smooth skeletal troponin 

T (sTnT), were cloned, expressed, purified, and finally, characterized through the work 

described in Chapter 4. The proteins were cloned and expressed into E.coli BL21 (DE3) pLysS 

bacterial cells. Various methods like CD spectroscopy, western blot, MALDI-TOF, and Zeta 

potential confirmed the structural integrity of the expressed proteins. We expressed these 

proteins with His-tag to facilitate their purification and immobilization, which is involved in 

some experiments in the latter chapters of this thesis work. 

Chapter 5 describes the selection of ssDNA aptamers against cTnT following a centrifugal 

SELEX (c-SELEX) process, a variant of the conventional SELEX process. The c-SELEX works 

principally on centrifugation. The advantages of the c-SELEX over the conventional one are (a) 

less time consuming, (b) it requires less number of SELEX rounds, (c) the complete protein is 

exposed for interaction with the aptamer library, thereby increasing the chances of finding the 

best aptamer candidates, and (d) requirement of less amount of consumable items for the 

selection process. The cTnT protein purified in Chapter 4 was used as the target for the c-

SELEX, whereas sTnT served as the control protein for the negative c-SELEX. Following the 

process of c-SELEX, we isolated four aptamer candidates, cT12, cT21, cT22, and cT33. The 

selected aptamers were then characterized for their specificity and binding affinity to the 

target. The sequences and free energy values determined by circular dichroism (CD) 

spectroscopy and Isothermal titration calorimetry (ITC) are presented in the table below.  
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The tertiary structures of the selected aptamers were generated using the ensemble 

technique proposed earlier, and docking studies were performed as a shred of supporting 

evidence for the specific interactions between the aptamers and cTnT. The developed 

aptamers were utilized in two independent yet interlinked approaches for cTnT detection 

described in chapters 6 and 7, respectively.  

Chapter 6 described a conductive ink-based electrochemical paper platform for cTnT 

detection. In this approach screen printing technique, sensing platform, and conductive ink 

were optimized for their performance in the integrated sensing platform. The aptamer cT22 

was immobilized on the screen-printed electrodes (SPE) by physical adsorption. The 

electrodes and their performance were characterized by cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). The LOD of the sensor, discerned from the CV 

experiment, was 280.03 pM, and the linear detection range was 1 nM - 100 nM. Thus the 

fabricated sensor could detect cTnT within a clinically significant range at a much lower level. 

Notably, the cTnT level in a healthy individual is < 5 nM, and its physiologically significant range 

under the ailing condition is 5 nM to 10 µM.     

Chapter 7 described electrochemiluminescence-based lateral flow assay (LFA) for cTnT. There 

has been a continuous strive to develop highly sensitive and low-cost detection systems for 

MI to meet the demand for effective screening of patients in developing countries where the 

cases are predominant. In the current chapter, a modified LFA platform was devised. The 

screen printing technique of the electrodes was adopted from the previous work where a 

paper-based electrochemical platform was generated. Lumidot (CdSe@ZnS) nanoparticles 

tagged with cT33 aptamer were used as the receptor molecules, whereas the aptamer cT22 

immobilized on the LFA platform acted as the capture probe. The ECL signal was generated 

when cTnT was captured by cT22 and tagged by the cT33-lumidot at an applied potential of 
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0.6V. The ECL-LFA strips could detect very low levels of cTnT in the ECL-based sensors. The LOD 

of the system was 42.71 pM.  

The thesis concluded with a section, Conclusions and future direction, at the end of the 

chapters, describing the key findings and the scope for future work on improving the 

developed biosensors against cTnT and translating the proof of concept for real-world 

applications.  
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Introduction 

Cardiovascular diseases (CVDs) are the leading cause of mortality all around the globe (WHO 

Report, 2021). More than 75% of deaths in developing countries are caused by CVDs 

(Krishnan, 2012). An analysis showed that in the last decade, 24.8% of all deaths in India 

were due to CVDs (Prabhakaran and Jeemon, 2016). A study by Ke et al. (2015) indicated an 

increasing trend of CVDs in both rural and urban India. The primary reason for CVD-led death 

is Myocardial Infarction (MI). The complete blockage of the coronary artery often causes MI 

due to the rupture of atherosclerotic plaques. It is estimated that at least one billion cardiac 

cells are lost in a typical MI in a short period. Hence, a rapid and reliable diagnosis method 

for MI is crucial to initiate timely therapeutic intervention and save life. The conventional 

laboratory-based analytical methods used for its diagnosis are time-consuming and involve 

sophisticated instruments. Moreover, these methods are difficult to perform onsite and in 

the point of care (POC) settings due to their bulky nature and require skilled manpower for 

operations. Hence, there is a serious urge to develop rapid, reliable, portable, simple, and 

inexpensive diagnostic tool for MIs. The biosensors may be the right choice to address this 

critical issue, as there are numerous success stories with these analytical tools in diverse 

sectors, including clinical and environmental applications. Some prominent examples of 

biosensors include glucometers, pregnancy strips, and malaria test strips. A biosensor is a 

portable and simple analytical device that can detect the target analyte of interest rapidly 

and sensitively at an affordable price. It uses a biorecognition element on the surface of a 

transducer to transduce the biochemical signal generated from the interaction between the 

element and the target entity to a signal proportional to the target concentration. Figure 1 

depicts the general configuration of a biosensor along with widely used biorecognition 

elements and transducers. 

 

Figure 1: A general scheme of a biosensor device. 
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To develop a suitable biosensor, a reliable biomarker is essential for a proper and 

unambiguous diagnosis of the ailment. The research over the last few decades to explore 

such biomarkers for CVDs is astounding, as revealed by the plethora of publications available 

in the open literature. The emergence of cardiac biomarkers, specifically cardiac troponins, 

in the late nineties brings hope to meet the demands in MI diagnosis (O’Regan et al. 2003). 

Cardiac troponin T (cTnT) is now considered a gold standard biomarker for MI along with 

cardiac troponin I (cTnI). cTnT, the tropomyosin-binding subunit of troponin, plays a vital 

role in the Ca2+-mediated regulation of the cardiomyocytes contractions. The release of 

troponins into the circulation from the myocardium occurs in the first few hours following 

the necrosis or ischemia conditions. The cytoplasm of the cardiomyocytes contains about 6-

8% of cTnT and 2.8-4.1% of cTnI, which are released initially. This event is followed by the 

breakdown and release of the bound myofibrillar troponin components (Gaze and Collinson, 

2008). A biphasic pattern of release is observed in the case of cTnT. The concentration rises 

at 4-6 hours following injury and attains optimal levels by 12-24 hrs. The level may remain 

stable for two weeks (Maynard, 2000).   

There have been many reports of developing biosensors targeting troponins. However, most 

reported biosensors utilized antibodies as a biorecognition element. Incidentally, antibody-

based sensors encounter many challenges, among which the low stability of these protein-

based recognition elements and their cross-reactivity, batch-to-batch production variation, 

high cost of production, and long time-lag required for their development are some notable 

problems (Byrne et al. 2009). A recent trend in biosensor research is to replace antibodies 

with nucleic acid aptamers as recognition elements. Nucleic acid aptamers consist of short 

oligonucleotides that bind specifically to their targets. These nucleic acid-based recognition 

elements have many advantages over antibodies, such as their equal or superior affinity and 

specificity to the target, smaller in size, easier modification and immobilization on solid 

surface, and better stability.  

Considering the importance of developing reliable and portable MI diagnostic tools in the global 

market and the positive traits of aptamers as recognition elements for biomarkers, we are 

motivated to generate aptasensors for POC-based detection of cTnT. A detailed literature 

survey was performed, and the objectives for the current thesis were identified. As a maiden 

step, an aptamer database was created to facilitate the quick extraction of aptamer-related 
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data available in scientific literature, including patents (https://www.iitg.ac.in/proj/aptabase/). 

The database was generated in three steps. The first step was a collection of all aptamer data 

from the literature. The second step was to convert all the data into SQL files. In the final step, a 

user-friendly interface was created for public use employing different coding languages. The 

literature survey also revealed the need for an in-depth understanding of the ssDNA aptamer-

protein interaction for designing a suitable detection strategy for using aptamers in biosensors. 

Hence an ensemble approach was envisaged to generate 3D ssDNA aptamers. The approach 

was also analysed with different statistical tools to examine the authenticity of the approach. 

To develop biosensors for cTnT detection, a recombinant cTnT was prepared following standard 

molecular techniques. The as-prepared cTnT was then used as a target to develop selective 

aptamer following a new SELEX (Systematic Evolution of Ligands by EXponential enrichment) 

technique by introducing centrifugal steps to screen and enrich the desired aptamers. Finally, 

the isolated aptamers were used to develop an electrochemical biosensor with screen-printed 

electrodes specific to the MI biomarker. The biosensor relied upon the 

electrochemiluminescence (ECL) principle in a lateral flow assay (LFA) format. The selection of 

the ECL principle was prompted by its extreme sensitivity as guided by the current literature. 

The ECL-based detection was executed by introducing a new recognition strategy involving two 

aptamers, binding in different sites of the target, mimicking the sandwich assay format widely 

exploited in immunoassays. The chromatographic paper with nitrocellulose strips was used to 

develop the sensor platform that complies well with the ASSURED (Affordable, Sensitive, 

Specific, User-friendly, Rapid, Robust, Equipment-free, and Deliverable to the end users) 

mandate of the World health organization (WHO). The performance of the fabricated 

biosensors was analysed and presented in this thesis. In the end of the thesis, a critical analysis 

has been described, including the prospects of the presented work. 
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Review of Literature  

1.1 Cardiovascular diseases 

Cardiovascular diseases (CVDs) are the leading cause of mortality around the globe. According to 

a report from the World Health Organization (WHO), an estimated 17.9 million deaths occurred 

from CVDs in 2019 alone, of which 85% were due to acute myocardial infarction (AMI) and stroke. 

Another WHO report in 2021 informed that CVD causes 38% of premature deaths globally. Middle 

and low-income countries account for 75% of CVD-related mortalities. In India, CVDs strike a 

decade early compared to the Western countries and registered 272 per 100000 deaths due to 

this ailment (Prabhakaran and Jeemon, 2016). A 2015 WHO report estimated that approximately 

24 % of all the mortalities in India are due to CVDs (Figure1.1). 

 

Figure 1.1: Estimated human mortality data in India (WHO, 2015). 
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There has been an exponential increase in the number of CVD cases in India, with particular 

concern for its early onset, rapid progression, and high mortality rate. The rate greatly upsurges 

in some states like Kerala, Punjab, and Tamil Nadu. India bears the highest number of acute 

coronary syndrome and ST-elevation myocardial infarction (MI) cases (Kumar and Sinha, 2020). 

CVDs are the group of disorders of the blood vessels and the heart, generally occur due to the 

blockages caused in the blood vessels. These diseases may be classified into the following types 

based on the part of the body which they affect: (a) cerebrovascular diseases, which affects the 

vessels supplying blood to the brain, (b) coronary heart disease, which affects the blood vessels 

supplying blood to the heart muscle cells, and (c) deep vein thrombosis and pulmonary embolism, 

which affect the veins of the legs (AHA report). Heart attacks and strokes are the acute 

manifestation of the CVDs which are due to the blockage of the blood supply to the heart and 

brain, respectively. The arteries are generally smooth and allow easy passage of blood. An 

unhealthy lifestyle, occurrences of other diseases like diabetes and blood pressure, or the aging 

process usually lead to fatty acid and lipoprotein deposition on the arteries' walls and within the 

endothelium. Overtime, these depositions initiate a cascade of free radical reactions leading to 

the formation of macrophages, which deposit on the inner linings of the endothelium and 

eventually, produce foam cells with fibrous caps. This lesion is called atherosclerotic plaque (ACS). 

The rupture of the ACS, which can be hazardous, makes the ruptured plaque particles travel to 

smaller arteries blocking them. The complete blockage of an artery generally takes time and is an 

acute event that leads to stroke and heart attacks. 

1.2 Myocardial infarction 

Myocardial infarction (MI), commonly called a heart attack, is the leading cause of mortality 

among CVDs in countries across different economic statuses. In India alone, the MI has enhanced 

its stake from 1% in 2001-2003 to around 9-10% in 2010-2013 (Gupta et al., 2016). There has 

been a fourfold rise in the prevalence of coronary heart disease (CHD) in India in the past 40 years. 

More than 75% of deaths due to CVDs are in developing countries (Krishnan, 2012). The primary 

reasons are the lack of awareness and the unavailability of reliable, rapid, inexpensive test kits or 

sensors in the Indian market. The onset of symptoms in MI is usually gradual and occurs over 
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several hours. One billion cardiac cells are estimated to be lost in a typical MI. The study showed 

that deaths due to Acute Myocardial Infarction (AMI) in South Asians occurred 5-10 years earlier 

than Western population (Krishnan, 2012). 

MI prognosis follows a similar template to the rest of the CVDs. One of the critical factors is the 

exposure to plaque. A tissue can be termed as ischemic when the tissue has deficient oxygen due 

to inadequate blood flow. The general myocardial ischemia is atherosclerosis of the coronary 

arteries. Atherosclerosis is the thickening of the coronary arteries' inner linings due to plaque 

build-up, causing an obstruction. An obstruction in the coronary artery may allow sufficient blood 

flow at rest. However, during excessive physical activity or increased mental stress condition, the 

increased activity of the sympathoadrenal system causes the heart rate and blood pressure to 

rise, increasing the work of the heart and thereby increasing the heart's oxygen requirements. 

Myocardial cells are adapted to respire aerobically and cannot respire for more than a few 

minutes without oxygen. If ischemia and anaerobic respiration prolong, this may lead to necrosis 

in regions of cardiac muscle tissue that are deprived of oxygen. Sudden, irreversible necrosis of 

this kind leads to myocardial infarction (Mendis et al., 2011). MI manifests as chronic CVDs 

developed due to several medical conditions and lifestyle choices. High blood pressure, high 

cholesterol, and smoking are key risk factors for heart disease. Several other medical conditions 

and lifestyle choices can also put people at a higher risk for heart disease, including diabetes, 

overweight and obesity, poor diet, physical inactivity, excessive alcohol use and mental stress.  

Early identification of manifestations of MI can allow patients to report to emergency department 

(ED) where one can undergo early treatments to prevent the necrosis. MI manifestations are very 

important for clinical diagnosis and treatment of MI. Even in countries like USA, 47% of cardiac 

deaths occur outside the hospitals. This clearly suggests that many people with heart diseases fail 

to recognise the early symptoms. According to the Centre for Disease Control (CDC), the 

Symptoms of MI are:  

• Chest discomfort: It is one of the major symptoms of heart attack. The sensation of 

burning or pinching in the heart or experience of pressure in the chest region.  

• Feeling tired: Sudden fatigue feeling for reasons unknown.  
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• Long lasting cold conditions: Persistent cold condition as the heart struggles to pump with 

consistent pressure and which in turn may result in the blood to get back into the lungs. 

This is clearly indicated by white or pink mucus which comes out on the cough.  

• Swelling: As the heart fails to pump the body with blood, the veins of the legs start 

swelling.  

• Dizziness: Due to lack of sufficient supply of oxygen to the brain. 

• Shortness of breath. 

1.3 Clinical diagnosis of MI 

The conventional methods of diagnosis of MI are based on simple principles of good patient 

history, physical examination, and early and complete 12 lead Electrocardiogram (ECG). ECG is an 

easy and quick test documenting the electrical signals from the heart. Any aberrations in the 

general ECG are indicative of some heart-related conditions. Traditional ECG is called a 12 lead 

ECG, but of late, a number of variants like 5 lead, 3 lead, and 1 lead ECG are available.       Following 

are some other techniques/methods used to diagnose MI: Echocardiography, Myocardial 

perfusion imaging, Angiogram with coronary catheterization to look for the areas of blockage in 

arteries, and Estimation of the size of the infarct, duration since the onset of the process.  

An echocardiogram is an ultrasound of the heart. It works on the principle of the Doppler effect 

by using ultrasound waves, which show how the blood flows in the heart and the sounds made 

by the heart valves. The test is usually used to diagnose patients with known heart issues. It is 

one of the most prevalent imaging modalities in cardiology, capable of detecting MI at an earlier 

phase. Myocardial perfusion imaging is another non-invasive imaging technique that falls under 

nuclear medicine. A tracer molecule that is essentially a nuclear material like thallium-201 and 

technetium-99m isotopes is introduced into the bloodstream. The technique works on the 

principle of single photon emission computed tomography (SPECT) and positron emission 

tomography (PET). The techniques discussed above require trained personnel and expensive 
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equipment, and the instruments are bulky, making it not a favourable choice for POC-based 

detection of MI which is the need of the hour in developing and underdeveloped economies.  

1.4 CARDIAC BIOMARKERS FOR MI 

An ideal cardiac biomarker should be specific and found abundantly in cardiac tissue. The 

biomarker should be absent in the non-myocardial tissue. It should have rapid-release kinetics 

and an extended half-life for identification in the complete diagnostic window. Diagnosis of MI 

has to be made in the early stages since mortality occurs within first few hours and benefits of all 

interventions are greater once these are instituted early. Hence the need for an improved 

diagnostic which relies upon biomarkers becomes prominent. The first account of the use of a 

biochemical marker in the study of myocardial injury was published by La Due and colleagues in 

the journal Science in 1954. They measured serum glutamate oxaloacetic transaminase activity 

(Collinson et al., 2015).  

 

 

Figure 1.2: Cardiac biomarkers discovery timeline (Collinson et al., 2015). 

Initially, a number of Cardiac Biomarkers were identified, and a few significant ones being are 

Aspartate aminotransferase (AST), Lactate dehydrogenase, Creatine kinase, Hydroxybutyrate 

dehydrogenase, CK-MB, Myoglobin, Glycogen phosphorylase BB, Heart fatty acid binding protein, 

Myosin light chains (Kemp et al., 2004). Biomarkers for CVD were discovered in the early 1950’s 
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with AST being the first biomarker and since then a number of biomarkers were discovered 

(Figure 1.2). All the biomarkers mentioned above have their own limitations. Table 1.1 depicts 

some important biomarkers of cardiac necrosis and their characteristics. 

1.4.1 Cardiac troponin 

The myofibrillar protein called "troponin” was reported by Ebashi in 1963. The protein is involved 

in calcium ion-mediated muscle contraction. troponinis essential in the Ca2+-induced regulation 

of skeletal and cardiac muscle contraction. Cardiac troponinis a complex of three proteins, namely 

cardiac troponinC (cTnC), cardiac troponinI (cTnI), cardiac troponinT (cTnT), and together with 

tropomyosin, it is located on the Actin thin filament (Takeda et al., 2003). Each protein is under 

individual genetic control, and they have specific isoforms for each muscle type. The cTnI and 

cTnT are distinctive in cardiac muscles compared to skeletal muscles; hence, they are considered 

biomarkers for cardiac injury. cTnC binds to Ca2+, and cTnT links the complex to tropomyosin (Yang 

et al., 2014). 

Biomarker Specificity Stability Time of 
detection 

Peak Duration 
of 

elevation 
CK-MB Lacks Tissue 

specificity 
Highly 

unstable 
4-6 hr 12-24 hr 2-3 days 

H-FABP 3 Highly specific Moderately 
stable 

2-3 hr 8-10 hr 1-1.5 days 

Myosin light 
chains 

Less specific Stable 3-6 hr 4 days 10-14 days 

Myoglobin Less specific Moderately 
stable 

2-3 hr 6-12 hr 24-48 hr 

cTnT Highly specific Highly stable 4-6 hr 12-24 hr 7-10 days 
cTnI Highly specific Highly stable 4-6 hr 12-24 hr 6-8 days 

Table 1.1: Different biochemical markers of cardiac necrosis along with their release kinetics, 

specificity and clinical relevance. 

troponinis the first biomarker reported for MI, which later became a gold standard for this ailment 

(Memoriam, 2008). The structure of cardiac troponincomplex along with tropomyosin and actin 

in its native biological form is depicted in the figure 1.3. 
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1.4.2 Biological function of cardiac troponin 

troponin-tropomyosin controls muscle contraction by blocking and unblocking the myosin-

binding sites on actin. The ratio of troponin: tropomyosin: actin in thin filaments is 1:1:7(Takeda, 

2005). Ca2+ ion concentration in the cardiomyocytes regulates muscle contraction. The regulation 

is carried out by the thin filamentous regulatory proteins tropomyosin-troponin(Tobacman 1996; 

Gordon et al., 2000; Szczesna et al., 2002), along with the actin and myosin filaments. 

tropomyosin is composed of two α-helical coils, which are noncovalently bound to each other 

from the head of one coil to the tail of the other (Li et al.,2002). The tropomyosin complex is 

wound around the actin filaments regulating the activation of actin. 

  Cardiac muscle cells remain relaxed in the absence of Ca2+ ions. The Ca2+, when released from 

the sarcoplasmic reticulum, binds to the Ca2+  -specific sites of cTnC. The binding triggers a change 

in conformation, exposing a patch of hydrophobic residues in the N-terminal domain of cTnC that 

interact with cTnI and cTnT. These internal changes allow the translocation of the tropomyosin-

troponincomplex to shift from the outer layers of the actin filaments enabling the cyclic 

interaction between actin and myosin heads, resulting in cardiac muscle contraction. Upon 

removal of Ca2+ ions, the cardiac troponincomplex reverts to its native conformation, which blocks 

the interaction between actin filaments and myosin heads, resulting in the relaxation of the 

cardiac muscle tissue (Gomes et al., 2002). The complete interaction occurs in three states called 

the blocked state, where the Ca2+ ions are still in the sarcoplasmic reticulum, and the troponin-

tropomyosin still covers the outer domain of the acting heads. Upon release of Ca2+ ions, the 

blocked state of cardiomyocytes moves into the next phase called the closed state, where the 

troponin-tropomyosin complex moves from the outer domain and allows the myosin and actin 

interaction. The interactions are incomplete as all the actin filaments are not activated in this 

state. The closed state is a transition phase that leads to the last phase, called the open phase, 

where all the actin heads and myosin filaments are exposed, allowing them to interact, and hence 

the muscle contraction takes place. 
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1.4.3 Structure of cardiac troponincomplex 

Cardiac troponincomplex is a complex of three proteins namely cTnC, cTnI, cTnT. troponincomplex 

is a 265 Å long; the cTnI, cTnC and C- terminal region of the cTnT forms a globular region while 

the rest of the cTnT forms a rod like structure which is 160 Å in length. This rod like structure is 

called as the tail region of the troponincomplex as it resembles a tail. The tail region interacts with 

the tropomyosin from center to bottom of the protein.  

 

Figure 1.3: Representation of the human thin filament containing human cTn, tropomyosin, and 

actin: yellow for cTnT, blue for cTnI, red for cTnC, cyan for calcium ion, green/orange for 

overlapping tropomyosin, and silver/grey for actin filament. (Manning et al., 2011). 

There are three types of muscle cells i.e., cardiomyocytes, smooth skeletal muscle cells and fast 

skeletal muscle cells. cTnC protein is same in all the three types of muscle cells and has a 

molecular weight of 18 kDa. cTnC is the Ca2+ binding subunit of the troponincomplex and its 

interaction with the rest of the complex varies markedly in the presence and absence of the Ca2+ 

ions. The change in interaction due to the conformational changes due to Ca2+ ions with the rest 

of the troponincomplex is the key for the muscle contraction and relaxation. The cTnC is a globular 

protein which is a dumbbell shaped molecule. The cTnC has two globular domains which are 

linked by a central helical linker which does so by linking the N-terminal of one globular structure 

with the C-terminal end of the other. Both the globular domains have a EF hand motif which is 

generally evident in the Ca2+ binding protein family (Kretsinger., 1980).  The N-terminal of the 
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cTnC has two Ca2+ binding sites which are selective and of low affinity while the C-terminal of the 

cTnC has two high affinity binding sites for Ca2+ which also allows binding of the Mg2+ ions 

competitively.  

cTnI is the inhibitory subunit of the troponincomplex. cTnI inhibits the actin-myosin Mg2+ -ATPase 

activity. It is a 32 kDa protein. In the presence of Ca2+, cTnC changes its conformation and 

enhances the interaction with cTnI. The Amino acid regions of 96-116 are dissociated from the 

actin filaments during the interaction with cTnC. cTnI has two actin binding sites which acts as 

molecular switch and depend on Ca2+ concentration. It is regulated by three independent genes 

which codes for cardiac, smooth skeletal and fast skeletal proteins. The alignment analysis of all 

three isoforms of cTnI represented in figure 1.4. All three proteins are homologous in nature 

barring 39 amino acids which are unique in each of the cases. 

 

Figure 1.4: Sequence alignment of various human troponinI (TnI) isoforms: fast skeletal troponinI 

(fTnI), Cardiac troponinI (cTnI), Smooth skeletal troponinI (sTnI).  

The human cTnT is composed of 288 amino acids and has a molecular mass of 35 kDa with a pI of 

5.15. It has a molar extinction coefficient of 16500 M-1cm-1 at 280 nm.  cTnT lacks cysteine residues 

and hence has no disulfide bonds present. The protein also has no β- sheet structures and has 
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only α-helices and random coils. cTnT is split into two sub-fragments cTnT1 and cTnT2, by mild 

treatment with chymotrypsin. Even though both fragments interact with tropomyosin, cTnT1 has 

a very high binding affinity towards tropomyosin than cTnT2. This fact infers that cTnT binds to 

tropomyosin predominantly by cTnT1. The α-helical residues (71-150) form a stable triple-

stranded binding structure with tropomyosin's two coiled α-helix structures, while the cTnT1 

might be binding to tropomyosin, but cTnT2 only regulates the activity. The predicted structure 

of cTnT is illustrated in the figure 1.5. 

 

Figure 1.5 : Predicted cTnT protein structure with its structural position. 

A small patch of 17 residues near the C-terminal end of cTnT2 forms the main binding tropomyosin 

binding region, which in presence of Ca2+ ions interact with tropomyosin and hence confers the 

contraction function by perturbing the position on actin filaments. A highly conserved region 

comprising of residues 222-227 is critical for binding of cTnI and cTnT although a large portion of 

cTnT2 interacts weakly. The interaction between cTnC and cTnT is however uncertain(Ohtsuki, 

1999). cTnT binds to tropomyosin in an antiparallel manner, with its C terminal domain situated 

to the 190th residue of tropomyosin (Wu et al., 1998).  

Like troponin I, troponin T have three isoforms and the amino acid sequence of all the three 

isoforms varies along with the size and the overall charge. All the three structures are homologous 

TH-3269_156106040



Chapter 1 

16 
 

and are α-helical in nature. The variation in the isoforms is due to the different splicing of the 

exons of cTnT during protein translation. The alignment analysis of all three isoforms of cTnT 

represented in figure 1.6. It has also been reported that all the three isoforms have different 

sensitivity to Ca2+. 

 

Figure 1.6: Sequence alignment of various human troponin T (TnT) isoforms: fast skeletal troponin 

T (fTnT), Cardiac troponin T (cTnT), Smooth skeletal troponin T (sTnT). 

Due to their presence as different isoforms in different muscle cells, both cTnI and cTnT are 

considered cardiac biomarkers for detecting MI. The cardiac troponins T and I (cTnT and cTnI) 

have been found to have excellent sensitivity and specificity and are superior to creatine kinase-

MB (CK-MB) as indicators of myocardial necrosis. Both cTnI and cTnT are considered gold-standard 
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cardiac biomarkers. Nevertheless, cTnT has a few advantages over cTnI, making it a better 

indicator of MI. The following are the advantages of cTnT over cTnI: 

• The cytosol has 6-8% cTnT and 2.8-4.1% cTnI which are released during initial stages of cardiac 

injury into the blood stream, hence cTnT is released at a higher concentration than cTnI. 

• cTnI is released in both reduced and oxidised forms and also contains serine residues which are 

phosphorylated in the cardiac tissue making it hard to generate aptamer or antibodies against 

cTnT as the number of structural conformations increases. 

• In case of neonatal cardiac abnormalities, cTnT has been found to be a highly reliable biomarker 

while the same for cTnI is not yet established (Gaze and Collinson, 2008). 

• cTnT levels remain stable even after two weeks of cardiac injury while cTnI remains elevated 

only for 6-8 days, making cTnT a biomarker of choice for late diagnosis. 

• cTnI is released into the serum in multiple forms, whereas, free cTnT in single predominant form 

is released. 

1.4.4 Release kinetics of cTnT 

The release of troponins into the circulation from the myocardium occurs in the first few hours 

after the necrosis or ischemia. The cytoplasm of the cardiomyocytes contains about 6-8% 

of cTnT and 2.8-4.1% of cTnI, which are released initially (Figure 1.7). This release is followed by 

the breakdown and release of the bound myofibrillar troponin components (Gaze and Collinson 

2008). Different levels of cTnT indicate a different level of cardiomyocyte damage. The higher the 

necrosis higher is the cTnT released into the bloodstream. The release of cTnT into the blood 

stream in the event of a necrosis or ischemia is represented in the figure 1.8 in the form of an 

elution curve. Healthy individuals are expected to have cTnT levels less than 5 ng/L, and a 14 ng/L 

is set as the 99th percentile value; cTnT value above this is considered a case of heart tissue 

damage. In the event of a large AMI, more than a billion cardiomyocytes die, releasing cTnT levels 

of more than 10,000 ng/L at its peak (Table 1.2).  
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cTnT is released rapidly in the initial phase followed by the bound form. Hence a biphasic pattern 

of release is observed in case of cTnT. The concentration begins to rise at 4-6 hours following 

injury and reaches optimal levels by 12-24 hrs. The levels can remain stable for two 

weeks(Maynard, 2000). 

 

Figure 1.7: Diagrammatic representation of the release of the troponins into the blood stream 

after ischemia and necrosis (Gaze and Collinson., 2008). 

1.5 Detection of cTnT 

1.5.1 Analytical techniques for detection of cTnT 

Over the last decade, much importance has been given to develop a new method for rapid, 

affordable, user-friendly, reliable POC diagnosis for MI. In this context, biosensors have captivated 

the attention of researchers due to their function's compliance with the desired performances. 

The broad acceptability of biosensing techniques depends mostly on how well they perform the 

daunting task of rapidly identifying extremely rare analytes in complex biological samples (Liu and 

Yobas, 2014). As discussed in the following sections, several reports have been published 

concerning biosensor-based diagnostic assays for cTnT.  
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Figure 1.8: Elution curve of cTnT with time in the event of an ischemia or necrosis (Wu et al., 

1998).  

 

Table 1.2: Differential levels of cTnT (Hs Trop T) and their potential clinical consequences. 

1.5.2 Biosensors and kits for MI   

A biosensor is an analytical tool consisting of biologically active material (biorecognition element) 

used in close conjunction with a device that converts a biochemical signal into a quantifiable 

electrical signal. Various biorecognition elements are used in developing biosensors, among 

which aptamers have recently received broad interest due to their advantages over conventional 
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bioreceptors such as enzymes and antibodies (Bhalla et al., 2016). Optical and electrochemical 

techniques are two of the most extensively used transducers for cTnT detection. 

1.5.3 Electrochemical cTnT biosensors  

Electrochemical biosensors are known for their high sensitivity, low cost, simple operation, 

requirement of very low sample volume, and easy to miniaturize. A wide range of detection 

techniques, such as voltammetry (including DPV, SWV, etc.), impedance spectroscopy, 

chronoamperometry, potentiometry, and capacitance measurement, could be utilized to develop 

these biosensors. Integrating nanomaterials and nanostructures assists miniaturization and 

improve the sensitivity of electrochemical biosensors. In the case of a solid-liquid interface, the 

measure of surface potential is critical. Hsueh et al. (2015) proposed a planar nano-gap structure 

that can monitor variations in surface potential. The authors proposed an architecture where the 

difference in the surface potential variance was determined by the electrical double-layer 

capacitance (EDLC) between the nano-gap electrodes. Cyclic voltammetry was used to measure 

the variance in the EDLC upon chemical modification on the electrode surface. The proposed 

planar nano-gap device can detect the cTnT up to 1 µg/ml even with 10 µg/ml interference. 

Several novel approaches are explored for cTnT detection. Munje et al., (2013) proposed one such 

proof-of-concept, where a non-faradaic label-free electrochemical sensor for cTnT detection was 

employed. Nanotextured zinc oxide thin film was fabricated on the electrode surface by cross-

linking two different polymers dithio-bis-succinimidyl propionate and 3-aminopropyl 

triethoxysilane, and a comparative analysis was performed to study the effect of the cross-linking 

polymers on the metal oxide thin film (Figure 1.9). The performance of both cross-linking 

polymers on zinc oxide thin film was studied using EIS technique. The sensor performance was 

analyzed based on parameters like the LOD and the dynamic range of the systems. Of the two 

types of linkers used in this work the linker utilizing zinc surface terminations, displayed a wider 

dynamic range. The zinc surface termination extended the dynamic range from 26% to 54% in 

phosphate-buffered saline and from 21% to 65% in human serum. The dynamic concentration 

range was from 10 fg/mL to 10 ng/mL of cTnT. The current assay can potentially be explored as a 

POC for CVDs. 
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An innovative immunosensor was designed where a temperature regulated interaction of the N-

isopropylacrylamide (PNIPAAm) biofunctionalized cTnT-anti cTnT complex detected the cTnT 

levels (Ashaduzzaman., 2015). The PNIPAAm was covalently linked with anti cTnT which displayed 

switch on and off properties. The reported sensor can be regenerated upto 97% after 7 cycles for 

further utilization of the sensors. PNIPAAm provides a lipophilic micro environment around the 

electrode surface with reduction in the specific volume and making the space available for cTnT 

binding and facilitating analyte recognition. The experiment was backed by computational studies 

where the structural changes occurring at the electrode was evident. A schematic representation 

of the entire work is depicted in the figure 1.10. 

 

 

Figure 1.9: (a) Sensor with sputtered ZnO over gold electrode pattern; (b) assembled sensor for 

bio-sensing using EIS; (C) SEM of nano-textured ZnO thin film; (d) Immunoassay setup on the ZnO 

surface using DSP bound with troponin-T antibody; (e) Immunoassay setup on the ZnO surface 

using APTES bound with troponin-T antibody (Munje et al., 2013). 
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Despite electrochemical sensors possessing many advantages, a few challenges, such as difficulty 

in fast analytical evaluation, high cost, and low portability, still exist in their application to detect 

cTnT. 

1.5.4 Optical cTnT biosensors 

Optical biosensors offer a significant advantage compared to conventional analytical assays as 

they offer visual, real-time target detection with specificity and sensitivity. Optical biosensors 

have translated into many lateral flow assays (LFA) commercially available for diagnosing diseases 

like malaria and typhoid. These biosensors mainly employ three different sensing principles: 

Colorimetric, Fluorometric, and Electrochemiluminescence (ECL). 

 

Figure 1.10: Schematic representation of the on-off sensor on a switchable bioelectrode 

(Ashaduzzaman., 2015). 

1.5.4.1 Fluorescent biosensors  

Fluorescence-based optical biosensors are gradually gaining popularity due to their high 

sensitivity and the emergence of portable hand-held fluorescence transducers (Malic and Kirk, 

2006). Moreover, the number of highly efficient fluorophores for biological applications is 
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increasing in the market (Zheng and Lavis., 2017). However, the study on fluorescence-based MI 

biosensors is limited. A novel optical Förster resonance energy transfer (FRET) platform has been 

developed for detecting cTnT. One of the widely used photophysical techniques for developing a 

fluorescence-based detection system is FRET, which is based on energy transfer between the 

fluorophores. Fluorophores were conjugated with the cTnT antibody-protein A complex and 

silanized on the optical fibers. The distance between the donor and acceptor pairs was utilized to 

detect the conformational changes when the anti-cTnT antibody interacts with cTnT protein. In 

the presence of cTnT, the antibody underwent conformational change yielding fluorescence. The 

proposed proof-of-concept had an LOD of 75 nM (Grant et al.,2005). 

1.5.4.2 Colorimetric biosensors 

Colorimetric biosensors are primarily based on color change, which can be visualized through the 

bare eye making it highly attractive for PoC detection. Most of the colorimetric biosensors work 

on the principle of chemiluminescence. Chemiluminescence is the emission of light due to the 

chemical reaction that generates electronically excited states, which on its return to the ground 

state, produces luminescence in the visible region. A carbon nanotube (CNT) based optical 

immunosensor with a photovoltaic polymer coating was developed to detect cTnT. CNT was 

assembled on a titanium electrode and then coated with a photovoltaic polymer (Figure 1.11). 

This chemiluminescent immunoassay had an LOD of 12pg/ml (Shim et al., 2009). 

Enzyme-linked immune sorbent assay (ELISA) is a biochemical assay that employs antibodies as a 

biorecognition element. The signal is generated from the enzyme tagged to the antibody, 

effecting a color change due to the color based chemical reaction. The first and second generation 

of the commercial kits were based on ELISA principle. A highly sensitive first-generation one-step 

sandwich ELISA for troponin T using two monoclonal antibodies was developed (Katus et 

al.,1992). The assay was completed at room temperature in 90 minutes, offering an LOD of 

100ng/L. However, the assay plagued with cross-reactivity in the cases of skeletal muscle injury 

resulted in some false positive results (Muller-Bardorffetal.,1997). To overcome the problem, the 

antibody 1B10, which was the reason for cross-reactivity, was replaced by a more specific 

antibody M11.7. This change substantially improved the specificity and response time of the 
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assay. The new LOD of the assay 12 ng/L with a reduction assay time of 45 minutes could be 

achieved. However, the assay produced a variation of results up to 5.8%.  

 

Figure 1.11: Stepwise illustration of an on-chip chemiluminescent immunoassay with CNT 

photodetector (Shim et al., 2009). 

 

 

Figure 1.12: (Left) High sensitive troponin diagnostic assays commonly used in current clinical 

practices. (Right) Roche CARDIAC Trop T Sensitive test (visual detection).  

Currently, only one cTnT assay kit is commercially available by Roche Diagnostics (Figure 1.12). 

This assay has undergone several improvements and is currently in its third-generation stage. The 

assay works on an immune-electrochemical technique using two cardiac-specific antibodies 

targeting two epitopic sites in the cTnT protein. The test offers a shelf life of 12 weeks once 

opened and a response time of 15 min. The accuracy of the assay was ~ 90%, with an intra-batch 

variation of 3 – 6.4% (Wang et al., 2017). The assay, however, could provide only a Yes/No format 

and cannot identify the extent of ischemia or necrosis. The assay is not economical to use and 
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requires 2 – 60 C storage conditions and a humidity-free environment. Meex et al., (2018) 

reported that the assay exhibits cross reactivity with skeletal troponins (figure 1.13).   

As stated earlier, not many cTnT biosensors are reported in literature. Some of the prominent POC 

products presented by different research groups till date are tabulated in the table 1.3 along with 

the LOD, measurement range, sensor type and sensor platforms. 

 

Figure1.13: (A) Human sTnT doped cTnT concentrations cross reactivity study. (B) Western blot of 

human sTnT at multiple concentrations probed with cTnT antibodies (Meex et al.,2018).   

1.6 Aptamers as biorecognition element 

The word "aptamer" was derived from the Latin words "Aptus," meaning "to fit," and Greek 

"meros," meaning "region." Since its independent inception by Ellington et al., Tuerk et al., and 

Robertson et al. in the year 1990, nucleic acid aptamers have caught the attention of researchers 

as emerging molecular recognition probes in diagnostic and therapeutic applications. Aptamers 

are developed against a wide range of target molecules ranging from proteins to small organic 
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molecules, whole cells, and even metal ions [Yang et al., 1998; Stoltenburg et al., 2012; Marangoni 

et al., 2015; Radom et al., 2013]. 

The process conventionally used to identify aptamers specific to a given target molecule is called 

SELEX (Systematic Evolution of Ligands by Exponential enrichment), which is generally an iterative 

process wherein a large library of ssDNA ligands are utilized for in vitro selection followed by 

amplification processes. The aptamers generated from SELEX have the ability to fold into their 

distinctive 3D structure based on the ssDNA sequence and then bind to the target, like antigen-

antibody interaction. The affinities of the aptamer to its receptor are mostly in the nanomolar to 

picomolar ranges [Kimoto et al., 2013; Kraemer et al., 2011; Parekh et al., 2013]. The major 

interactions between an aptamer and its receptor are π-π stacking, van der Waals and 

electrostatic interactions between charged groups, hydrophobic interactions, and hydrogen 

bonding. Aptamers undergo conformational changes while binding to their target. ssDNA 

aptamers can differentiate targets even when their structural differences are minimal. [Xiong et 

al., 2014; Cho et al., 2009; Ng et al., 2006; Jenison et al., 1994]. One such example is the 

theophylline binding aptamer. This aptamer has a 10,000-fold higher binding affinity to its ligand 

than the caffeine molecule, structurally very similar to the theophylline molecule, with the 

contrast being the presence of the methyl groups at the nitrogen atom N7. Similarly, in the case 

of the isomers L-Arginine and D-Arginine, the aptamer developed against L-Arginine has a 

120,000-fold higher affinity than with D-Arginine. Other advantages of aptamers are their 

nontoxic and non-immunogenic properties [Eyetech Study., 2002; Ireson et al., 2006]. Aptamers, 

due to their chemical properties, can penetrate the tissues and cells more efficiently than 

antibodies, which are more structurally complex than aptamers. This property also infers that 

aptamers can be used in therapeutics. They have fast renal clearance rates and a short half-life in 

blood circulation [Martinez et al., 2014; Melancon et al., 2014]. Other properties of aptamers that 

make them promising commercial synthetic ligands are their thermal stability, low cost of 

production, rapid synthesis, chemically modifiable, and no batch-to-batch variations [Sun et al., 

2015; Potyrailo et al., 2015]. 
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  The thermal stability of the aptamers makes it possible to denaturation them at higher 

temperatures and then renature them to their intact structure by cooling them. Aptamers can 

also be produced in large quantities by chemical synthesis, using a thermocycler, and performing 

a polymerase chain reaction. Aptamers are also chemically versatile and easy to modify. Some of 

the modifications are linking the aptamers with probe molecules, with fluorophores, and with a 

number of functional groups on both the phosphate group and the ribose sugar moiety. 

Aptazymes are modified aptamers where the nucleotide bases are chemically modified to imbibe 

aptamers with enzymatic activity. Chemical modifications are also performed on aptamers to 

enhance their resistance to nuclease degradation [Kool et al., 1997; Ramzaeva et al., 2000; Tung 

et al., 2000; Williams et al., 2001; Niemeyer et al., 2002; Ito et al., 2003; Schoetzau et al., 2003; 

Tennilä et al., 2008; Kricka et al., 2009]. Attempt has also made to generate aptamers in vivo by 

transforming the cells with plasmids that encode aptamer sequence [Famulok et al., 2001; Burke 

et al., 2002; Famulok et al., 2002; Choi et al., 2006; Kwak et al., 2009]. 
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Table 1.3: Performance comparison of various analytical and sensor techniques used to detect 

cTnT. 
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Aptamers have long been promised as a substitute for antibodies and other ligands. In the last 

few years, several aptamers have entered the clinical trials pipeline, and several of them have 

cleared the clinical trials barrier and made it to the commercial scene. Pegaptanib [Ruckman et 

al., 1998] sodium is a 27 nucleotide pegylated RNA aptamer. Pegaptanib was the first aptamer 

approved for therapeutic application by the US FDA in 2004 and is now approved in Europe, 

Canada, Brazil, and Australia. Other aptamers in clinical trials or cleared clinical trials are E10030 

[Burg et al., 1999] and ARC1905 [Biesecker et al., 1998] by Ophthotech, NOX-A12 [Rocarro et al., 

2014], NOXE-36 [Oberthu et al., 2015] from Noxon Pharma, ARC1779 [Duerschimed et al., 2009] 

from Archemix and many others. 

1.6.1. General process of SELEX 

SELEX is a complete in vitro process which starts with a randomized nucleotide aptamer library, 

which is a random combination of the nucleotides forming unique sequences. An aptamer library 

generally consists of approximately 1012-15 different aptamer sequences. The number of different 

aptamer sequences is determined by the length of the aptamer library. The aptamer library 

sequence has two segments a random library segment regions where the different aptamer 

sequence is present. This random region is flanked on both the ends with primers. The random 

region length varies from 10-90 nucleotides. The primer region helps in PCR amplification. SELEX 

works on four basic stages binding, partition, elution and amplification. The first step in any SELEX 

is the incubation of the aptamer library with the target or control molecule which is either in free 

form or is immobilized on to a surface. The bound aptamer-target molecules are then partitioned 

from the unbound aptamers. The unbound aptamers are washed through several washing steps. 

The bound aptamers are now eluted and then amplified by PCR. These amplified aptamers are 

used for next round of SELEX. A conventional SELEX has 15-20 such iterations which helps to find 

out the aptamers which bind specifically to a given target molecule. In the final step all the last 

round aptamers are cloned and sequenced for further analysis. 
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1.6.2 Aptamer-target interaction studies 

Aptamer interaction with the target is of immense interest as it determines the efficacy and 

specificity of the interaction. Thus, in-depth knowledge of the interaction is essential, for which 

the knowledge of the aptamer tertiary structures is equally important. Most interaction studies 

on the aptamer with its target are limited to binding affinity studies. The X-Ray and NMR 

structures of the aptamer-target complex crystals generally provide detailed information about 

the interactions. The synthesis of a crystal is a tricky process adopted by some groups (Ruigrok et 

al., 2012; Jarvis et al., 2015). Even though much progress has been made to predict the 3D 

structures for RNA molecules, no single app or method is available to generate authentic 3D 

ssDNA structures. Hence, there is a pressing need to explore a working approach, software, or 

application in this direction. 

A few studies attempted to generate a 3D aptamer structure through modeling. However, the 

generated 3D structures through these approaches agree with only sequences that can generate 

hairpin loop structures. A first-of-its-kind utilized UNAfold, which was previously called Mfold, 

DNA server to generate 2D structures, which were then converted into 3D coordinates in 

Chimera/ assemble, and then the 3D RNA was converted into 3D DNA with VMD Auto PSF and 

VMD molefacture. Then Auto IMD plugin was used to run MD simulations [Jeddi and Siaz., 2017]. 

A second effort from Sabri et al., (2020) is nearly similar to the first work [Zulkeflee et al., 2020]. 

The group modified the initial method by changing the 3D RNA structure generation by RNA 

Composer and then converting them into 3D DNA with Pymol. The latest effort to generate 3D 

ssDNA generation is by Zhang et al., (2022), which combines DNA and RNA template libraries to 

generate the ssDNA 3D structures. Then MD simulations were performed to verify the validity of 

the strategy. There is a need for a better modelling approach that can predict the 3D structure 

with better accuracy. The current techniques are suitable only for aptamers with a secondary 

hairpin loop structure. All these issues hamper the ability of MD simulations with aptamer and 

its target molecules to discern the interactions. Another approach to generate tools for 

computational studies of the aptamer target interactions is by creating databases of aptamers 

and all possible data related to the aptamer and the target structure. The collected data from the 
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databases can be used in the artificial intelligence/ machine learning platforms to create models 

which can successfully predict the interactions. 

1.6.3 Aptamer for cTnT detection  

In the last few decades, there has been a constant effort to substitute antibodies with other 

biorecognition elements, which have the advantages of an antibody-based sensor but can negate 

the lacunae the antibody-based sensors demonstrate. Synthetic ligands are explored extensively 

to substitute antibodies in developing various diagnostic and detection devices (Thiviyanathan 

and Gorenstein., 2012). One such synthetic ligand is aptamers, which have emerged as an efficient 

and viable alternative to antibodies (Yang et al., 1998; Stoltenburg et al., 2012; Marangoni et al., 

2015; Radom et al., 2013). Over the last few years, aptamer-based sensors have been developed 

against cTnT. Two different aptamers have been reported that are specific to cTnT. The first 

reported aptasensor was a multiplex assay that could detect cTnI, cTnT, and myoglobin. All three 

are critical biomarkers for MI diagnosis. The multiplex assay is an ECL-based assay fabricated on 

a gold electrode by self-assembling thiolated aptamers that behave like a capture probe. Once 

the aptamer captures the target molecules, a corresponding biotinylated antibody specific for the 

biomarkers is introduced, which in the presence of ruthenium, emits a versatile ECL signal. The 

method displayed high sensitivity with very low detection levels of .30 ng/mL for cTnT. The proof-

of-concept developed had both the imaging modality and PMT-based detection (Yang et al., 

2017). The aptamer sequence used in the current study is 5’-HS-(CH2)6-

ACGTACCGACTTCGTATGCCAAC AGCCCTTTATCCACCTC-3’. The aptamer was generated by Sangon 

Biotech (Shanghai) Co., Ltd. 

POCT-based assays have generated significant interest in disease diagnosis as this assay is 

generally quick, accurate, inexpensive, and does not require skilled staff. Electrical 

immunosensors generally have several advantages, including simple measurements, easy 

miniaturization, and no need for complex instrumentation units (de Morales and Kubota., 2016). 

However, in the case of cTnT, electrochemical immunosensors have received limited attention 

(Livi et al.,2015; Chua et al., 2009; Li et al., 2014). One such effort is the development of an 

aptamer-based electrical sensor which was achieved using a dielectrophoretic assembly of 
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graphene oxide. The graphene oxide undergoes reduction for the detection of cTnT. The 

electrochemical immunosensor developed in the current work has an LOD of 1.2 pg/mL (Sharma 

and Jang, 2019). cTnT specific aptamer used in the study was developed by OTC Biotech Canada, 

and the aptamer is a 70-nucleotide long ssDNA aptamer whose sequence is presented below.  

5’-

ATACGGGAGCCAACACCAGGACTAACATTATAAGAATTGCGAATAATCATTGGAGAGCAGGTGTGACGGA

T.-3’.    

 

Figure 1.14: (A) Schematic diagram of the ECL biosensor array for the detection of three targets. 

(B) Diagram and (C) photograph of gold electrode array (Yang et al., 2017). 

Another electrochemical platform was demonstrated by Agarwal et al. (2018) by bio 

functionalizing the same cTnT-specific aptamer on a ZnO thin film surface, which was used as an 

active semiconducting channel material. The biofunctionalization was established with atomic 

force microscopy and X-ray photoelectron spectroscopy. To understand the efficiency of the 

interaction between cTnT and its aptamer Kelvin Probe Force Microscopy was performed, and 

effective contact potential difference was monitored. Then a thin film transistor microdevice was 

fabricated using the ZnO as a channel material. The fabricated device demonstrated qualitative 

detection of 10ng/L. No other aptasensors are known to develop against cTnT until writing this 
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thesis. Aptamer-based sensing cTnT is still in its infancy, and there is a vast scope for developing 

aptasensors for detecting MI. 

1.7 Paper based biosensing platforms 

An important step in generating a low-cost biosensing diagnostic device for developing and 

underdeveloped countries is to explore a biosensing platform that compiles well the ASSURED 

(Affordable, Sensitive, Specific, User-friendly, Rapid, Robust, Equipment-free, and Deliverable to 

the end users) mandate of WHO.   Chromatographic paper is an exciting addition to this mission 

as it has the following advantages: (i) inexpensive, portable, easily accessible [Macek et al., 1971], 

(ii) compatible with biological samples [Pelton et al., 2009], (iii) can be easily modified to 

immobilize different biomolecules like protein, DNA, small molecules, etc. [Zhao et al., 2008; 

Giddings et al., 1965], (iv) ease of storage, transport and disposal [Martinez et al., 2010], (v) paper 

absorbs liquids through capillary motion and evaporation, which eliminates the need for external 

pumps to drive fluid movement [Martinez et al., 2010], (vi) it serves as a good medium for 

colorimetric tests, providing a strong white contrast against the colored substrate [Martinez et 

al., 2010]. Due to the above advantages, paper is growingly used in Lateral flow immunoassays 

(LFI), which is based chiefly on the microfluidic principle. LFIs are portable, require no skilled 

personnel, and are cost-effective. These require significantly less sample volume for detection. 

However, LFIs have certain disadvantages as the test zones of the conventional LFIs are composed 

of nitrocellulose membrane. The problems with nitrocellulose membranes are their shelf life, low 

tensile strength, and protein incompatibility with surfactants used during pretreatment, and 

inconsistencies in the flow patterns due to desiccation [Yetisen et al., 2013]. At the same time, 

the conventional microfluidic device needs external pumps and detectors for identifying sample 

molecules. Paper-based microfluidic devices like the LFIs circumvent this major drawback with 

their inherent capillary force, which acts as a pump for the flow of liquids. Hence, paper-based 

assays are considered the key platform material for ASSURED criteria advocated by the WHO 

[Peeling et al., 2006]. 

Paper-based microfluidic surface can be patterned to generate devices of quantitative analysis. 

The transducing principle for paper-based quantitative assays includes colorimetric, 
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chemiluminescence, electrochemiluminescence, and electrochemical methods. Paper 

microfluidic devices are used to detect diseases with biomarkers specific to them. Some of the 

examples are carcinoembryonic antigen, alpha-fetoprotein, prostate-specific antigen etc., for 

cancer (Wu et al., 2014, Li et al., 2013), glucose for diabetes (Ornatska et al., 2011), and food-

borne pathogens (Li et al., 2010). Paper-based electrochemical devices have developed into 

established tools for sensing. The techniques for the fabrication of the devices have 

simultaneously developed. For the first time, a paper-based printed electrode was demonstrated 

in 1992 to detect heavy metals by voltammetry. In paper-based electrochemical sensor devices, 

electrodes are printed on the paper substrate. The most commonly used inks for printing 

electrodes are Ag/AgCl for the reference electrode and carbon ink for the worker and counter 

electrode (Ding et al., 2021). Irrespective of the type of electrochemical detection method used, 

the fabrication process remains mostly identical. The paper device requires patterning of its 

surface with different zone, including reaction, sample applications and adsorbent zones. This 

patterning to generate hydrophilic microfluidic channels could be created following different 

techniques such as photolithography, wax printing, and ink-jet printing (Ataide et al., 2020). There 

is an exponential increase in interest among scientific community for harnessing the excellent 

microfluidic properties and also its hydrophobicity to generate paper based electrochemical 

sensors (Figure 1.15).  

 

Figure 1.15: Number of research articles along with the citations over years on electrochemical 

paper platforms-based assays (Ataide et al., 2020). 
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1.8 Significant gaps in research 

The importance of developing rapid, reliable, portable and inexpensive MI biosensors is 

extremely high in the modern society as unequivocally revealed from the vast literature available 

on the subject. At the same time, the literature also established cTnT as the gold standard 

biomarker for early detection of MI. However, proportionate to the volume of research, the proof-

of-concept developed for MI detection is limited. Among these limited reports, majority have 

explored antibody as biorecognition element even though, false positive results due to cross 

reactivity with skeletal troponins in case of severe muscle injuries the antibodies fail to predict 

MI accurately. Antibody based sensors are not the best candidates for low cost POC based assays. 

Antibodies have disadvantages like increased chances of cross reactivity as observed with sTnT, 

high cost of synthesis of antibodies, temperature sensitivity and their massive structures are 

smaller than that of antibodies. Aptamers are known to be a great substitute for antibodies. 

Unfortunately, only a few cTnT based POCs detection of MI are available, thus opening an avenue 

to create aptamer based cTnT sensors. In order to develop a rational design for sensing 

mechanism using the aptamers as recognition elements, an understanding of the aptamer-target 

(protein here) interactions is essential, which is ironically, a grey area of research in the current 

literature. The study of interaction at a molecular level may be possible with molecular dynamic 

(MD) simulation studies. However, to perform MD simulation, the primary requirements are the 

3D spatial coordinates of the molecules under study. This can be realized through a PDB file. The 

PDB files are obtained by generating crystal structures which are realized through NMR and X-Ray 

studies. These conventional methods are time consuming and require a lot of resources. A lot is 

known about the basic biomolecules like proteins, nucleic acids. Hence researchers have made 

significant strides in the development of modelling techniques for creating PDB files. A lot of this 

focus has been on the proteins and RNA and to some extent on dsDNA. There are limited tools 

and resources available for ssDNA molecules. There is a great need for generating applications 

and algorithms capable of generating ssDNA 3D molecules which can be used to create 3D 

aptamer model. This can be achieved by two strategies. The first method is to create a tool solely 

on the knowledge available on ssDNA folding and its tertiary structure formation. This requires a 

great detailed algorithms and is very hard to make. The alternative to the same method is to 
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utilize all the tools available currently for RNA and dsDNA modelling and then generate ensemble 

procedures to create 3D ssDNA PDB files. The second approach is by ab initio modelling. This 

relies mainly on the available and established structures. The data obtained from the existing 

models is extrapolated to make 3D models. For ab initio method to be successful, complete data 

set of all the available structure is a must. Hence there is need for generating databases which 

are specific to aptamers only. A few efforts were made in this regard but maintaining a database 

requires constant upgrading of the interface along with updating the new reported aptamers. 

This is a tedious procedure and so the database made in the past are either defunct or not specific 

to aptamers alone. Hence there is also a need for an aptamer database.  

For detection of MI, a highly sensitive sensing method is important considering the fact that the 

level of cTnT biomarker are very low even in cases of cardiac problems, cTnT is considered as a 

marker of choice due to its specificity to the cardia tissue. Also, the levels of cTnT in the blood 

stream also indicates the extent of cardiac damage. Moreover, the current sensors (proof-of-

concept etc) do not cover the complete range for cTnT detection. So, it is important for the sensor 

to not only detect low levels a sensor that is specific but also cover the entire clinical range of 

cTnT for accurate and sensitive detection of the biomarker and its linked accurate diagnosis of MI. 

In this aspect, electrochemical biosensors would be a right choice due to their extreme sensitivity 

and other advantages such as low sample volume and reproducibility. The other approach is by 

exploiting the positive traits of the electrochemical sensors and then incorporating them in an 

optical sensor by producing an ECL assay based POC for cTnT detection. We have made efforts to 

bridge all these research gaps by formulating the objective as outlined below.  

1.9 Objectives of the study 

Considering the importance of developing biosensors for the early diagnosis of MI and the 

suitability of the marker cTnT to this effect, the main objective defined for the thesis is 

“Aptasensing cardiac troponin-T (cTnT) for point of care diagnosis of myocardial infarction”. The 

following sub-objectives were set following a detailed literature survey and identified the 

research gaps to address the main objective. Each sub-objective has been addressed in an 

individual chapter of this thesis. 
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1. Creation of an aptamer database: The need for an aptamer database is clearly explained 

in the literature review section. The aim of this objective is to create database which is 

exclusively for aptamers.  All the steps involved in a database generation along with all the 

coding languages used are explained. The methods used for the collection of all aptamer 

data is also described. Performance of the generated database along with the working 

modality the plugins are also elaborated. 

2. 3D modelling of ssDNA aptamers: The aptamer-protein interaction is critical in designing 

aptamers highly specific to a given target. In this objective ssDNA sequences of a list of 

selected aptamers are converted into 3D ssDNA structures. The whole ensemble process 

adopted is explained and detailed analysis is performed to understand the significance of 

each of the step and all the six secondary structure generation app. 

3. Cloning and expression of cTnT and sTnT: To develop an efficient MI sensor, cTnT as 

marker protein and its skeletal counterpart sTnT as control protein were cloned, expressed 

purified and characterized. The cloned ORFs were confirmed through restriction digestion 

and electrophoresis. The purity and integrity of expressed proteins were validated 

through various techniques such as, western blot, circular dichroism spectroscopy, Zeta 

potential studies. A detailed account on the basic findings is incorporated in this chapter. 

4. Producing aptamers specific for cTnT by a modified SELEX procedure: Development of 

specific ssDNA aptamers against cTnT was accomplished by the process of c-SELEX, 

including counter c-SELEX against sTnT. The c-SELEX procedure is a modified version of 

SELEX where in the cutoff filters are used for separation of bound and unbound aptamer 

candidates. The secondary and 3D structures of the evolved aptamer candidates were 

determined through computational and spectroscopic study. The selected candidates 

were further investigated to explore their specificity using different tools and techniques 

such as CD, ITC and docking studies. 

5. Paper based electrochemical platform for cTnT sensing: Here in, we report a paper-based 

screen-printed electrode (SPE) system for the detection of cTnT. Conductive ink is 
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formulated for screen printing as working electrode. A screen-printing technique is 

optimized along with the platform selection for screen printing. The generated SPEs are 

fabricated with cT22 aptamer developed in the objective 4 and the efficiency of the sensor 

platform is determined with cTnT. 

6. Paper based electrochemiluminescence assay with lateral flow assay principle for cTnT 

detection: A novel ECL-LFA platform developed for cTnT detection. The ECL-LFA platform 

was characterized by cyclic voltametric studies. A Device was made to supply potential to 

the platform for the ECL to occur. The design, fabrication and screen printing of the 

electrodes are mentioned in detail. Finally, the ECL luminescence is recorded by capturing 

the images and measuring the blue colour intensity of the images to determine the cTnT 

concentrations and in turn the efficiency of the generated platform. 
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Generation of an aptamer Database “Aptabase” 

2.1 Overview  

Nucleic acid aptamers are synthetic ligands composed of short single-stranded 

oligonucleotide sequence. These are mainly used as recognition element in biosensors and 

as therapeutic agents in medical sciences. Conventionally, these aptamers are synthesized 

through a chemical approach, termed SELEX (Systematic Evolution of Ligands by Exponential 

Enrichment)( Ellington and Szostak, 1990)(Tuerk and Gold, 1990). It is a repetitive in-vitro 

process which selects aptamer molecules specific for a target biomarker through selection, 

amplification and elimination steps. Aptamers are considered a substitute for antibodies as 

they exhibit all the positive characteristics of an antibody with additional advantages like 

high stability, insignificant batch-to-batch variation, broad target ranges, low production 

cost, and easy chemical synthesis process (Mi Song et al., 2012). These positive traits fueled 

the aptamer research since its invention in the 1990s across different areas of biology and 

interdisciplinary sciences such as sensors and therapeutics to reap the benefits of their 

specific target recognition functions and other advantages mentioned above (Hydrogels et 

al., 2020) (Ulrich and Wrenger., 2009)(Ding et al., 2017). With time, the number of aptamer 

candidates reported in the literature has been exponentially increased and many of these 

are entering the clinical trials, while some of these are already cleared the trial phase (Kaur 

et al., 2020), Pegaptanib sodium (Ruckman et al., 1998), E10030 (Burg et al., 1999), 

ARC1905(Biesecker et al., 1999), NOX-A12 (Roccaro et al., 2014), NOXE-36 (Oberthu et al., 

2015), NOXH-94 (Schwoebel et al., 2013), ARC1779 (Duerschmied, Merhi and Tanguay, 

2009). 

The immensely increased aptamer candidates in the literature demand for a suitable 

aptamer database for a ready reference of the scientists to intensify their aptamer research. 

There have been a few efforts in this direction one such being the "The Aptamer Database" 

which contained sequences drawn from 239 published articles(Lee et al., 2004). This site 

was hosted online in 2003 and is currently defunct. "RiboaptDB" is another database 

consisting of a total of 4212 sequences but seems to be lacking in updating aptamer 

sequences as the main focus of the site is on ribozymes sequences (Thodima et al., 2006). 

Hence, the current scenario demands a comprehensive aptamer database which provides 
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users with extensive aptamer data, gets updated continuously, and allows the users with 

multiple aptamer analysis tools and datasets. 

Databases are the collection of data usually stored electronically in a computer in an 

organized manner. These can be handled by a database management system (DBMS). Both 

spreadsheets and databases store information and are similar in their structure. However, 

spreadsheets are for a single person's use whereas databases perform more complex 

operations and can hold large collections of data in a dynamic fashion making large data 

sets accessible to a wider audience. Also, databases can be used as a base for the 

generation of several machine learning and artificial intelligence-based simulation and 

computational models. Databases are vaguely classified into two types namely relational 

databases and non-relational databases (Oracle.com). The concept of databases started to 

come into existence in the 1960s. The initial models of databases were not flexible but could 

store data. In 1980 the concept of relational databases was developed where data are 

compartmentalized and stored in the form of rows and columns making them effective, 

flexible, and easy to use.  

Structured query language (SQL) is used for writing a database and it predominantly uses 

programming language in the construction of relational databases and maintaining them. 

Since its inception in the late 1970s and early 1980s, SQL has transpired as an absolute 

medium for programming relational databases(Tutorials point). There are several open-

source and proprietary relational databases built with the SQL framework. Some of the 

products which have successfully captured the market include Microsoft SQL Server, Oracle 

MYSQL, Oracle databases, IBM Db2 and SAP Adaptive Server.  Even though all the above-

mentioned products are based on SQL, their development is proprietary in nature; hence 

different variants of the SQL are not compatible with one another. MySQL is the most 

popular open-source Relational Database Management Systems (RDBMS) which works on 

different operating systems like macOS, Windows, Solaris and Linux. MySQL is programmed 

in C and C++ coding languages and its latest stable version was release in 2022 by Oracle 

Corporation(Oracle Corporation).  

MySQL is used by many popular websites for construction of their databases and it is a part 

of LAMP software stack. LAMP is a very popular stack composed of the Linux, Apache, 

MySQL, and PHP/Perl/Python (LAMP) Software. A software stack is a set of components 
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which work together to run a complete application. LAMP is the basis of many web 

applications(IBM.com, 2022). Linux is an open-source operating system which is based on 

Linux Kernel(Linux.com). Some of the popular Linux distributions include 

Ubuntu(Ubuntu.com), Fedora(Fedoraproject.org), and Debian(Sheldon, 2022). The 

distributions intended for the server side do not include graphics and usually is a component 

of the solution stack. Apache is another free source server platform which is released under 

the terms of Apache license 2.0(Apache.org). It works on Unix-like operating systems and 

also on Windows(Hernandez, 2023). PHP (Hypertext Pre-processor), the first stable release 

of which was in the year 1995, is a server-side scripting language, created for web 

development(STechies). It is a secure and widely used for interaction with the server to 

execute commands and retrieve data. The current stable release is PHP version 

8.1.4(PHP.net). 

Herein, a new aptamer database termed "APTABASE" has been reported. It is an effort to 

compile the entire aptamers developed worldwide under one website. Aptabase is a 

dynamic interactive database with secured login features for the admin to update it 

regularly and contains PHP forms for the users to list their aptamer data into the Aptabase 

to dynamically update the aptamer information. The Aptabase also hosts plugins like the GC 

calculator for both ssDNA and ssRNA. The detailed technical feature of the developed 

database has been reported in this thesis. 

2.2 Experimental procedures  

Aptabase is a complete database which is equipped with additional plugins and security 

features. The construction of Aptabase is accomplished through a standard website 

generation procedure.  The complete procedure adopted in the construction of the 

generated “Aptabase” is revealed in a sequential method with the following steps:  

• Data acquisition 

• Data construction 

• Database Construction 

 

2.2.1 Data acquisition 
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Aptamer data in journal publications were explored and collected using Web of Science, 

Pubmed, SciFinder, and Google Scholar search engines. Search engines Patentpak, 

Pubcrawler, and Google Patents were utilized to explore and collect patent information. All 

the available data were collected and segregated in a table in a Microsoft Excel spreadsheet. 

Data were tabulated into categories: aptamer name, target (general and specific), length, 

affinity, buffer, GC content, sequence, and references. The complete process adopted for 

database generation is represented in figure 2.1. All the aptamers sequence were passed 

through the developed GC calculator and the GC percentage was recorded in the excel sheet 

and also the length of the sequence were recorded. 

 

Figure 2.1: Aptamer data processing flowchart.  

2.2.2 Data conversion   

A database called "Apta" was created in phpMyAdmin software [29], with the fields 

matching the segregated data in a spreadsheet. All the databases generated in 

PhpMyAdmin are based on MYSQL and PHP, enabling the graphical interface instead of a 

command line to create, edit, and update the generated databases. These databases can 

also be linked via PHP, HTML, and CSS to receive external commands from users outside the 

PhpMyAdmin workbench and outside the server. Several parameters were selected to 

create the database. Variable character (Varchar) was used as input type with an auto-

defined collation for all fields/columns except the ID (serial number) column. The ID field 

was marked as the primary key with selecting an auto-increment option. The Excel sheet 
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with aptamer data was converted into a ".xml" file format and saved. The Excel data were 

uploaded to the APTA using the Import function. The following options were set as base 

parameters to upload the Excel file: Import function was executed with the file character set 

as "utf-8"import file formatted to "XML" enabling the foreign key checks. Another database 

called "users" was generated for secured admin login and up-gradation of the website. 

"Users" was generated using the SQL query window. The code defining the table structure is 

depicted in figure 2.2. 

2.2.3 Aptabase construction  

Databases are the collection of data which is stored in a server in an organised manner. 

Aptamer database is a database which falls under the category of LAMP stack. LAMP is a 

software stack which is used to generate website or database. The LAMP stack is 

constructed with Linux, Apache, MySQL, PHP/Perl/Python. The database constructed in the 

current work explored PHP as the server-side scripting language which communicates with 

the Apache webserver where the database is stored. The database was constructed with 

MySQL. The construction of database can be divided into two parts: 

• Server-side scripting and backend code 

• Website construction 

2.2.4 Website construction 

The Aptabase was constructed using open-source platforms. MySQL 8.0 version was used as 

a relational database while PHP (Hypertext preprocessor) was used as a server-side scripting 

language and also to generate dynamic and interactive webpages. PHP, the most versatile 

server-side language is embedded with HTML. HTML and CSS along with Bootstrap were 

used to create the website. To script all the coding, the notepad++ 8.1.4 version was used. 

Notepad++ is an open-source text editor capable of supporting many computer scripting 

languages. It has a faster speed of execution and a smaller program size. All the necessary 

code and platforms for the generation of the database were open source. Homepage of the 

website, a web counter from HitWebCounter, was used to assess the web traffic. To further 

analyze the visitor metrics which provide information for future upgradation of the website 

a google analytics script was incorporated. Google Analytics is a free open-source analytics 

service offered by Google. The initial testing of the created database and the webpages 
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were performed by converting the host laptop (HP pavilion power 15-cb0xx) into a local 

server.  

 

Figure 2.2: Code generation for aptamer database "Users".  

This was achieved by the use of a mock server called "Apache webserver" and database 

table generation by phpMyAdmin open-source software. Once tested successfully the 
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database was hosted in the IITG server. The complete scheme adopted for the generation of 

Aptabase is represented in scheme 2.1. 

 

Scheme 2.1: Flowchart of the database generation.  

2.2.5 Plugins 

An additional plugin GC Calculator were also integrated with the website to assist the 

viewers for performing basic aptamer analysis operations. The designed GC% calculator 

plugin is a hybrid of HTML, CSS and JavaScript. Java script enables the GC calculator to work. 

The additional plugin generated was based on JavaScript, the most explored web 

programming language. It was used as the client-side web coding language for the plugin GC 

Calculator.  The source code for the GC calculator is a modified version of the oligo calc 

(https://sites.pitt.edu/~rsup/OligoCalc.html). This enhanced version is capable of identifying 

RNA as well as the DNA sequence. Our GC calculator can also provide the GC content of the 

Hybrid molecules which consists of both DNA and RNA residues in their sequences. The 

calculate function of the javascript along with the string, count char and variable function 

forms the core of the plugin. JavaScript is embedded in Html by form element. This makes 

the plugin render results in a web browser. The complete GC calculator code was a mixture 

of HTML and javascript. The concept of loops, logic and arithmetic operations were used as 

part of the javascript in order to make the calculator work. The code used to run is 

mentioned in the script box 2.1.  
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Script box 2.1: Complete Html and Css code used in GC calculator plugin generation. 

2.3 Results and Discussion 

2.3.1 Data collection and data formatting 

All the aptamer data were collection from different websites and tabulated in Microsoft 

excel sheet. Once all the data collections were completed, these were refined by eliminating 

all the duplicate entries. Further data cleaning was performed by updating the original 

citation instead of any other sources which had reported the aptamer. The excel sheet acts 

as a database. However, in order to create a web-based database for masses, the excel were 

was converted into SQL format in a MYSQL workbench (figure 2.3). 
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Figure 2.3: Screen shot of the SQL worksheet built for the aptamer database.    

2.3.2 Database Analysis 

The size of aptamers varies depending on the size of the random libraries from which the 

SELEX is performed. Hence the size varies from as small as 10 to up to 155 nucleotides long. 

The current version of Aptabase hosts 605 aptamers and the homepage of the site contains 

an additional plugin called a GC Calculator. The GC calculator plugin works on JavaScript and 

is capable of identifying the length of nucleotide sequence entered, along with the type and 

number of nucleotides for both RNA as well as DNA. The plugin also calculates the GC 

percentage of the entered nucleotide sequence. GC content dictates the tertiary structure 

of the aptamer, the formation of G-quadruplex structures and also plays a vital role in the 

aptamer-target interaction. 

Considering the changing landscapes of the internet-accessible devices and their screen 

variable sizes the entire Aptabase is made responsive. HTML and CSS web designs were 

generated for all devices like desktops, Laptops, Tablets and Mobile phones to 
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accommodate viewers of all categories and to make the website easy to use regardless of 

the mode of access. Future versions of the Aptabase will be designed to be more user-

friendly by utilizing the data obtained from Google Analytics matrices. Google Analytics 

helps the administrator to track and also observe several crucial matrices like the 

geographical location of the user, time spent by the user and also the type of device used 

for viewing. All these matrices enable the creation of a more interactive website in 

upcoming versions.  The homepage of the website has a navigation bar linking all the web 

pages (figure 2.4). The home page also hosts the GC calculator plugin.  

 

Figure 2.4: Screenshot of the homepage of Aptabase. 

The webpage called "Aptamer search" accommodates all the aptamer-related search and 

selection operations. The Aptamer search page also consists of an update form enabling 

researchers worldwide to update their Aptamer data in our database (figure 2.5). 
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Figure 2.5: Screenshot of the aptamer search page of the Aptabase.  

The updated form facilitates users to update data which is further scrutinized by mandatory 

information to ensure the rightness of the data which will be further verified with the 

reference provided by the author. An updated form is a Google form which is a two-part 

form (figure 2.6). Part 1 requires the data of the person uploading the information and part 

2 collects the aptamer information with optional as well as mandatory fields and the last 

entry being the reference (https://docs.google.com/forms/d/e/1FAIpQLSdZ24RzM-

a4BaqVJ9gzTzXglOfWl_MObOeUSZDj-avhvaV6nQ/viewform). 

Aptamer Search page also contains login option for the administrator to add, edit, delete 

and also create new admin user along with their passwords. To ease the search for 

aptamers from the database a PHP-Bootstrap-enabled search bar is also created. The 

database hosts a total of 605 aptamers which are paginated with PHP limiting the number of 

aptamer records as per the user's choice.   
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Figure 2.6: Screenshot of the update form.  

A breakdown of the database records generates information for a variety of studies and also 

for an AI mediated/ machine learning-based analysis for further understanding of the scope 

and future prospects of aptamer research. Aptabase records entries of aptamers targeting 

different categories like proteins, small organic molecules, cells/tissues, RNA, DNA, 

polypeptides and other smaller subcategories. The complete breakdown of the aptamer 

entries is depicted in figure 2.7. Aptamers may be oligonucleotides or polypeptides which 

recognize and bind to a specific target. The Aptabase has entries for varied kinds of 

aptamers. The different categories of aptamers include DNA, RNA, polypeptide, DNA and 

RNA combined and modified aptamers.  
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Figure 2.7: Aptamers available in the database and their distribution based on their target 

molecules and also the type of aptamer molecules. 

The website also hosts other web pages like a details page with a basic introduction to the 

readers about aptamers and also about the Aptabase website (Figure 2.8). Other web pages 

include a publication page with a list of all the aptamer-related patents and publications 

from our lab and a contribution page to list all contributors and also provide contact 

information. The website also consists of a disclaimer page to clarify the claims and rights of 

the website. The current version of the database is available for viewers at 

https://www.iitg.ac.in/proj/aptabase/index.html.  

Figure 2.8: Screenshot of the aptamer information page of Aptabase.  
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2.4 Conclusion 

There is a growing interest on aptamers among the research fraternity with respect to 

aptamers. Once more and more aptamers make it through the clinical trial barrier, an 

exponential research avenue will be explored for aptamer applications. All these factors make 

it extremely necessary to have a database solely focusing on aptamers. The database should 

be a comprehensive information platform where all aptamer related functions like GC 

calculations, G quadruplex identifier and other analysis can be performed. The ultimate goal 

of “Aptabase” is to generate interactive, user-friendly, frequently updated, multiple analytics 

tools-based websites. The current version of the Aptabase hosts a GC calculator, aptamer data 

of more than 600 aptamers and is equipped with google analytics to evaluate the traffic and 

also understand the user base of the site.  

The Aptabase is a unique aptamer database due to its following qualities: 

• Unlike its predecessors, the current database is amenable to being constantly updated.  

• The database uses Google Analytics to understand the user traffic and improve the 

website. 

• The database is equipped with an admin dashboard with a secure login; this property 

helps in uploading new aptamer information without any need for coding skills. 

However, this current version is an initial attempt to create a one-stop access point for 

aptamer scientists. The future versions of the Aptabase should be equipped with a G 

quadruplex finder, a secondary structure generation plugin, and also an aptamer 3D structure 

predictor which will adequately meet the user experience and interest. Moreover, advanced 

curation strategies like data cleaning and automatic data ingestion process will enrich the 

function and maximize the usefulness of the database. 
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An Ensemble insilico 3D Modelling of ssDNA aptamers 

3.1 INTRODUCTION 

Nucleic acid aptamers, which were first introduced in 1990 (Ellington and Szostak, 1990), are 

synthetic single-stranded oligonucleotides that can assume a three-dimensional shape by virtue 

of intra-strand base pairing, and thereby exhibit conformational specificity and high affinity to a 

target or a cognate ligand. Conventionally, these oligonucleotide molecules are generated in vitro 

by a process called SELEX (Systematic Evolution of Ligands by EXponential enrichment). Aptamers 

are capable of interacting with a wide variety of targets viz. metal ions, simple inorganic and 

organic molecules, proteins, and microorganisms. The binding process involves various non-

covalent interactions such as van der Waals force, hydrogen bonds, base stacking and 

electrostatic interactions between the binding pockets in their organized three-dimensional 

structure with that of its corresponding target (Kakoti and Goswami, 2017). Intra-strand base 

pairing between nucleotides causes the formation of aptamer secondary structures including 

stems and loops. The nucleotide regions of stems and loops further undergo sequence-

dependent complementarity with nucleotide regions of other stems and loops of the same 

aptamer, resulting in the formation of tertiary structure (Santosh and Yadava, 2014). Aptamers 

bind to their specific targets with high selectivity and affinity the way antibody does (Nimjee et 

al., 2017). Owing to its molecular recognition property and several advantages over antibodies, 

the application of aptamers has been intensively studied in biomedicine and analytical 

technologies including biosensors (Zhang, et al., 2019) 

 Aptamer interaction with the target biomarker/biomolecule is of immense interest as it 

determines the efficacy and specificity of the interaction. Thus, an in-depth knowledge on the 

interaction is important, for which the knowledge on the aptamer tertiary structures is equally 

important (Seelam,  et al., 2019)(Ilgu et al., 2019). Even though a lot of progress has been made 

to predict the 3D structures for RNA molecules, there is no single app or method available to 

generate authentic 3D ssDNA structures. Hence, there is a pressing need to explore a working 

approach or software or application in this direction. 
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A few studies attempted to generate a 3D aptamer structure through modeling. However, the 

generated 3D structures through these approaches are in agreement with only sequences which 

can generate hairpin loop structures. A first of its kind utilized UNAfold which was previously 

called as Mfold, DNA server to generate 2D structures which were then converted into 3D 

coordinates in chimera/ assemble and then the 3D RNA was converted into 3D DNA with VMD 

Auto PSF and VMD molefacture. Then Auto IMD plugin was used to run MD simulations(Jeddi 

and Saiz, 2017). A second effort was from Sabri et al. (2020) that is nearly similar to the first work. 

The group came up with a few modifications to the initial method by changing the 3D RNA 

structure generation by RNA Composer and then converting them into 3D DNA with Pymol. The 

latest effort till date to generate 3D ssDNA generation is by Zhang et al., which combines DNA 

and RNA template libraries to generate the ssDNA 3D structures (Zhang, et al., 2022). Then MD 

simulations were performed to verify the validity of the strategy. 

Current efforts in ssDNA aptamer modelling can generate 3D structures mostly for hairpin loop 

structures. Another limitation of the current methods is their accuracy is proportional to the 

accuracy of secondary structure application used in the method. In our initial search for 

secondary structure generation apps reveals there are six different widely used working 

applications namely RNA Structure (Hofacker et al., 1994), RNA Fold (Hofacker et al., 1994), 

Centroid Fold (Hamada et al., 2011), Vector Builder (Zuker and Stiegler, 1981), IP knots (Sato et 

al., 2011), and UNA fold (Zuker, 2003). It is imperative to know the exact mechanism adopted to 

generate a secondary RNA structure in each of these applications as it helps to understand the 

specific application for a given type of aptamer to predict an accurate 3D structure. The apps 

UNA fold, RNA Fold, RNA Structure, Vector builder are founded on minimum free energy (MFE) 

algorithm while, RNA fold relies on maximize the expected accuracy (MEA) function. The 

McCaskill function, an algorithm on which centroid fold works, is another method for generating 

2D structures. McCaskill function works on the folding problem by calculating the full equilibrium 

partition function for generation of secondary structure and also for all the substructures 

(McCaskill, 1990). IP Knot also works on McCaskill and MEA function. The secondary structures 

acts as a fingerprint for generation of the 3D structures as the .ct files generated from these 

applications are the input files for RNA composer to generate 3D RNA structures. RNA composer 
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is a completely automated online application which is capable of converting the Vienna format 

2D structure data into 3D .pdb format (Antczak et al., 2016). The application also enables the user 

to select the format in which the 2D structure was generated and converts accordingly. 

Herein, we propose an ensemble approach to generate ssDNA 3D structures from its primary 

sequence. The approach explored six widely available 2D structure generation applications as 

mentioned above, and gives a comparative account on the accuracies of each app and also the 

plausible reasons of variations in the generated structure. Our strategy also highlights the need 

for better functional algorithms that can precisely predict ssDNA aptamer 3D structures 

universally.   

3.2. Methodology 

3.2.1. Generation of 3D aptamer structure 

Initially aptamer names and their sequences were collected from Aptabase (Bachu, et al., 2021). 

The collected aptamers are then submitted in the RSCPDB database. Aptamers with X-ray/NMR 

structures were downloaded in .pdb file format. The total number of structures obtained was 60. 

Statistical sampling methods were followed for the selection of aptamer sequences whose 3D is 

to be generated. 30 aptamer candidates were finally selected randomly from the available 60 

candidates. 

The 30 aptamers were categorized into two classes by stratified random sampling method. Class 

one aptamers, which were eventually considered for the current study, consist of conventional 

DNA sequences, some of these contain modified nucleotides. The sample subset understudy 

consists of aptamers sequence length ranging from 10 to around 30 nucleotides. The class one 

aptamers were further divided into two sub categories on the basis of their secondary structures. 

The apps that were used to generate the secondary structure are RNA Structure, RNA Fold, 

Centroid Fold, Vector Builder, IP knots, and UNA fold. Similar secondary structures of the 

aptamers generated by using above six apps are categorized into first subcategory. These six 

available functional webservers convert the DNA and RNA sequence into its secondary RNA 
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structures. Apps like RNA Structure and Vector builder can also generate secondary DNA 

structures. However, the tertiary structure generation app considers only RNA sequences for its 

structure generation; hence we restricted the functions only for the RNA structures. Each of the 

webservers exploits a given set of algorithms like MEA, MFE or McCaskill function or a 

combination of the three which compute the nucleotide sequence into a predicted secondary 

structure. The predicted structure is only as good as the accuracy of the algorithm which is 

applied to generate the 2D structure. 2D structures of all 30 aptamers were generated with all 6 

applications and the structures were compared by analyzing the number of bonds, the bonded 

pairs and the structures formed.  

3.2.2. Web server for generation of 2D structure 

3.2.2.1 RNA Structure Web servers 

It predicts the secondary structure based on MFE and MEA. The calculations are on the basis of 

parameters like minimum free energy of the structure, pseudoknot prediction, partition function 

and the maximum predicted accuracy function. Each of the sequence is converted to 2D 

structures by uploading the sequence in RNA structure. All the fields were set as default and Fold 

DNA was attempted. The results were obtained in .ct format.  

3.2.2.2 UNA fold 

 All possible secondary structures are approximated based on Watson-Crick base pairing and the 

most thermodynamically stable structures are selected. The initial sequences were selected as 

linear at a temperature of 37 °C and ionic concentration of 1 M of Na+, 0 M of Mg2+, computing 

only fold configurations within 5% from the MFE, and considering a maximum number of 50 folds 

with no limit to the maximum distance between paired bases. In addition to the predicted 

secondary structure of the ssDNA this step provides the minimum free energy of the fold. 

 

 

TH-3269_156106040



Chapter 3 

62 
 

3.2.2.3 RNA fold web server 

 It predicts the secondary structure on the basis of MFE function. The application also allows the 

user to select MFE and also MFE with partition function. Other functions include selection to omit 

isolated base pairs and also to have or not have GU pairs at the end of the helices. MFE and 

partition function along with GU base pairs were selected as input parameters for folding. 

3.2.2.4 Vector builder  

 It is reasonably a simple application which works on MFE function. DNA sequences were inserted 

in FASTA format and secondary structures were obtained. 

3.2.2.5 Centroid fold web application 

It works on McCaskill function for generation of secondary structures. DNA sequences were 

inserted in FASTA format and secondary structures were generated. 

3.2.2.6 IP Knot  

It provides the secondary structure by MEA function using integer programming with threshold 

cut. IP Knots provides several adjustable parameters on the basis of the sequences. The app 

allows the user to select the level of prediction which is on the basis of extent of pseudoknot 

formation and is segmented into three levels. Level 2 prediction was selected as this option 

considers pseudoknots generation moderately. The applications also allow the user to select the 

scoring model and McCaskill scoring method was selected to generate the secondary structures. 

From here on all the six applications are represented in the tables and images as ABCDEF, where 

in A is RNA Fold, B is Vector Builder, C is RNA Structure, D is UNA Fold, E being Centroid Fold and 

F being IP Knot. The predicted 2D structures were used as template for the generation of dot 

bracket confirmation. Dot bracket notation is a binary format of paired and unpaired DNA bases. 

The paired are represented in the open bracket and close bracket confirmations and the on 
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paired bases are represented by dots. This notation is used as the upload format for the RNA 

composer application. 

3.2.3. Web server for generation of 3D RNA structure 

The 3D RNA structures are generated by RNA composer tool, which initially converts the .ct file 

secondary structure data into dot bracket (Vienna format). Thus, obtained data were entered in 

the RNA Composer modelling server which works in two modes namely interactive mode and 

batch mode. The interactive mode is selected as the mode to generate the 3D structures along 

with option to choose the method with which the secondary structure was generated as this 

increases the accuracy of the generated 3D structure. In case of apps like Vector builder and RNA 

structure where 2D DNA structure is generated, the RNA Composer can auto convert it to 2D RNA 

and then generate 3D RNA structure. 

The pdb files of 3D RNA structures are downloaded and launched in VMD application (Humphrey, 

et al., 1996). VMD is a molecular graphics program which is dedicated for molecular dynamics 

study and also for molecule display, analysis and modelling. VMD is equipped with several plugins 

which enhances the modelling capabilities. Two important VMD plugins for the current work are 

VMD molefacture and VMD auto PSF.  

3.2.4. VMD Plugins for 3D RNA to 3D DNA conversion 

i. Molefacture VMD plugin: It edits the structures and change the molecules and also the special 

orientation of both complex and simple molecules. The uracil molecules are converted into 

thymine molecules by replacing the C5 linked hydrogen atoms with methyl groups. 

ii. AutoPSF VMD plugin: It is used to convert the ribose sugar backbone into deoxyribose sugars 

there by generating 3DssDNA structures. 

iii. QwikMD VMD plugin: It is used to energy minimize all the generated ssDNA aptamer 

structures as well as experimentally obtained aptamers. Advanced run was selected as the 

method for simulation with explicit solvent conditions with 0.5mol/L salt concentration. 
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Minimization was performed for 10,00,000 steps or 2 ns in constant NPT ensemble condition at 

370 C and 1 atm pressure with no restraints. The ensemble protocol proposed consists of 

different secondary structure generation applications. The data obtained in .ct format is 

uploaded into RNA Composer where the data is converted in Vienna format. The Vienna format 

notation acts as an input to the RNA composer. The generated 3D RNA structures are then 

converted into 3D DNA aptamers and energy minimized. The generated energy minimized 

structures are then overlapped over each other by VMD RMSD tool. The whole ensemble 

protocol is depicted in scheme 3.1.   

 

Scheme 3.1: Schematic representation of ssDNA 3D modeling.  

3.3 Results and discussion 

Aptamer database “Aptabase” was used to pick the aptamers. A list of aptamer was chosen for 

the study whose experimental pdb structures are available. After adopting the random sampling 

method, a list of 30 aptamers (Table 3.1) was considered for the current study. All the aptamers 

were analyzed based on the nucleotide sequence and the GC content, GC bond to AT bond ratio 

and percentage of guanine residues.  
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3.3.1 Secondary structure generation and analysis 

Secondary structures for all 30 DNA aptamers were generated in all six applications and the 

generated structures were saved in .ct format and images in png format. All six different 

structures generated for each of the 30 were manually compared (Table 3.2) and segregated into 

similar structures and dissimilar structures. The secondary structures are illustrated in figure 3.1. 

All structures were evaluated with the initial tabulation which already had several aptamer 

parameters. The structures were also categorized based on the algorithms the applications used. 

A total 13 out of the 30 structures had the same secondary structures in all of the six applications. 

In all of the 30 cases, at least 2 apps generated the same secondary structure. On a cursory glance 

not much of a pattern emerges, but on careful examination of Tables 3.1 and 3.2 reveals few 

patterns. Guanine residues act as the key hindrance in the prediction accuracy of the algorithms. 

A higher percentage of GC content, Guanine to cytosine ratio and GC bond percentage yielded 

different secondary structures in different applications.  

 

Table 3.1: List of aptamers considered for 3D ssDNA modelling and its characteristics. 
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Different statistical methods were applied and the available data was segregated based on 

similarity in all apps. The initial analysis revealed the different combinations of apps generating 

similar structures. On further analysis based on the correlation between all three parameters, we 

found that a GC content of less than 50% gave similar structures in all 6 apps and above 50% 

resulted in different structures in different applications. This held true in 80% of cases. Further, 

in the remaining cases, the structures were analyzed on the G: C ratio and a ratio of 1.12 was 

determining factor for structural similarity and this held true in 42.85% of the remaining cases. 

The remaining cases were scrutinized based on GC bond percentage. In 40% of the remaining 

cases, a 60% GC Bond was the limit below which the structures were similar in all 6 apps. Overall, 

by examining all the structures first by GC content followed by G: C ratio and then by GC bond 

percentage the chances of similarity in all apps can be predicted by 96.67% accuracy. The 

structure prediction similarity in all six apps does not validate the authenticity of the generated 

structure. 

3.3.2 Convertion of ssDNA secondary structure into  3D RNA structure 

Even though all the applications work on three algorithms, the app vs app similarity (Figure 3.2) 

varied greatly and hence algorithm wise comparison would have also been debatable. The 

similarity in all six apps does not confirm the structure similarity with the experimental structures. 

Hence, further examinations of the generated secondary structures were carried out by 

generating their 3D ssDNA aptamer structures and then comparing with the experimental 

structures and also with each other. 

The first steps in converting the secondary structures into the 3D structures involved creating the 

3D RNA structures. The .ct files of all the 30 aptamers were uploaded in the tools page of the RNA 

composer and the file data were converted into Vienna notation which is uploaded into the RNA 

composer home page where the 3D RNA pdb files are generated. The generated pdb files are 

downloaded. The minimized structures were then edited in VMD molefacture. 
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Table 3.2: Secondary structures segregated into different sets on the basis of similarity of 

generated secondary structures.  
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Figure 3.1: (A) Aptamer 1AC7 with all six apps giving same secondary structure, (B) Aptamer 

1AW4 with different apps generating different structures. 

3.3.3 3D RNA structures into 3D DNA structures 

The pdb files were opened in word pad and all the hydrogen (H5) of C5 residue of the nitrogen 

base of the thymine residues were identified. In molefacture the H5 residue were replaced with 

methyl group. The altered molecules were saved in pdb format. In VMD AutoPSF plugin the above 

mentioned pdb files were uploaded and all the sugar moieties were converted from ribose to 

deoxy ribose back bone. Pdb files of the 3D ssDNA aptamers are stored and structures of all the 

pdb files are energy minimized in QwikMD VMD. The energy minimized structures were initially 

overlapped in VMD RMSD alignment tool. Both the minimized and the generated structures were 
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overlapped with 100 % similarity (Figure 3.3). Similarly, even the experimental structures were 

energy minimized. 

 

Figure 3.2: (A) Number of similar structures generated in different number of applications, (B) 

Pie chart of app wise similarity in different aptamer, (C) Instances of app vs app similarity in 

aptamer secondary structure generation, (D) Algorithms used by different secondary structure 

generation applications. 

In case of aptamers where dissimilar secondary structures were generated, 3D RNA structures 

were overlapped over each other to study if there is any similarity in their 3D confirmation (Figure 

3.4). The overlapping revealed in some structures (1CS7, 1EZN, 1DB6, 2ARG, 1EN1) even though 

the base pair formation varied, the three-dimensional orientation remained the same. This 

clearly illustrates as to why the secondary structure-based analysis of aptamer modelling reveals 

only partial information. The overlapping did not yield any significant outcome. So, we continued 

and moved on to the next step.  

In the final step both experimental and generated structures were overlapped to check the 

accuracy of the ensemble method adopted in the current work (Figure 3.5).  
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Figure 3.3: Top row: Generated 3D ssDNA aptamers in blue and the same energy minimized 

structures in red. Bottom row: generated aptamers and energy minimized structures overlapped 

of the aptamers corresponding to top row. 
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Figure 3.4: 3D DNA Structure overlap of dissimilar aptamers generated from different secondary 

structure generation applications. Aptamer IDs are on the left of each of the images.   

The screening of the 3D DNA structures of the dissimilar apps reduced the number of overlaps to 

be performed for analysis. The aptamers selected for the study also includes modified aptamers 

like 1AO9 and our ensemble strategy could faithfully predict a structure similar to the available 

NMR structure. 1AO9 is a modified ssDNA aptamer which includes a modified nucleotide base at 

nucleotide sequence number 7 where a oct ) -O-(CH2)8-O-PO2-O-(CH2)8-O-PO2- is present 

(Bartley et al. 1997).  

Once all the 3D structures were generated from the experimental ones, the aptamers were 

classified into four categories based on their 3D confirmations namely hairpin, globular, helical 

chains and stem loop structures. This classification assists to further streamline the secondary 

structure generation app to be applied in the proposed ensemble process. On segregating all the 

30 structures it was observed that there were four globular, three stem-loop, five helical chains 

and 18 hairpin structures.    
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After the overlap of the structures was completed the RMSD values were generated in the RMSD 

calculator and tabulated (Table 3.3 and 3.4). The higher the RMSD value higher is the deviation 

from the experimental structures. For hairpin structures generally all the apps can generate 3D 

structures which are acceptable. However, the RNA Structure and UNA Fold yields correct 

structures in 94.4% of the 18 aptamers and for stem loop structures in all of the 3 aptamers.  

 

Figure 3.5: overlap of set 1 and 2 structures with their experimental equivalents, blue being the 

experimental structures and red the generated structures. 

In case of globular structures Vector builder generated the correct structure in all 4 cases and 

RNA fold generated correct structures in 4 out of 5 cases in helical chain structures.  

  

Table 3.3: Experimental vs generated RMSD values of set1 aptamers. 
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Table 3.4: Experimental vs generated RMSD values of set 2 aptamers. 

3.4 Conclusion 

The approach presented here successfully gives an ensemble approach which is not only capable 

of generating a 3D ssDNA aptamer but also predict it with best possible accuracy. One has to 

adopt to increase the probability of getting an accurate 3D ssDNA aptamer which can be part of 

a bigger pipeline of study. We postulate here the probable reasons for the current bottleneck in 

aptamer modeling. The current approaches realistically predict the structures of only hairpin loop 

forming aptamers. The following three are believed to be the major reasons: (i) Guanine residues 

play a key role in the aptamer tertiary structure and also in the algorithms which generate 

secondary structures. (ii) There was a clear limiting factor in the GC content (50%), GC bond 

percentage (60%) and G:C ratio (1.12). In majority of the case sequences that crossed this barrier 

had dissimilar secondary structures. (iii) Even though all the apps in this study were a combination 

of the MFE, MEA and McCaskill functions, there was a marked variability in the structures 

generated.  

This chapter also illuminates the relationship of the secondary structure generation apps and 

RNA Composer. In some of the aptamers the secondary structures predicted dissimilar structures 
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whereas the RNA composer generated structures with 100% similarity. The similarity of the 

algorithms used is the predominant reason for the observed discrepancies. It also indicates the 

need for better algorithms which can yield appropriate structures in cases where the current 

algorithm fails. Better understanding of the role of guanine residues may help in creating 

algorithms which are suited for such instances. We have successfully classified the 3D aptamer 

structures in to different categories based on their 3D confirmation and based on which we have 

successfully adopted a dynamic ensemble strategy which filters out the secondary structure 

generation app which needs to be harnessed for generating the 3D aptamer structure. “RNA 

Structure” and “UNA Fold” web applications works best for hairpin and stemloop structures while 

“RNA fold” works best for helical chains and “Vector builder” works best for globular structures. 

The study also used structures which had modified aptamers like 1AO9 and 1CS7 whose 

structures were generated easily with the VMD plugins mentioned in our ensemble approach. 

 A few other applications, like Contrafold and Contextfold, have attempted different approach 

for secondary structure generation. Contrafold generates secondary structures on the basis of 

conditional log-linear models (CLLMs), which is a probabilistic method comes under stochastic 

context-free grammars (SCFGs) (Do at al. 2006). These kind mechanisms are predicted using 

predominantly MEA function. However, these methods work on machine learning (ML), which 

requires a huge data set to train the model and thus a laborious and uncharted task. Other 

applications, like Contextfold, have stimulated interests among aptamer scientists. Contextfold 

also depends on a ML approach for generating secondary structures and is also based on SCFG 

method (Zakov et al., 2011). These two applications tend to avoid all the physics-based 

parameters such as thermodynamic parameters. A reliable 3D ssDNA aptamer construct is 

essential for an in depth understanding of aptamer-ligand interactions, usually studied by 

molecular dynamics (MD) simulations approach. Hence, the analyses presented herein will 

greatly help the scientist in the field to design aptamers for various applications. 
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Cloning , Expression, Purification and Charecterization of cTnT and sTnT 

4.1 Overview 

Cardiac troponin T (cTnT), I (cTnI) and c (cTnC) are part of the troponin complex. Among these troponins, 

cTnT and cTnI are unique to cardiomyocytes, while the cTnc is similar to the ones present in smooth 

skeletal (sTnT) and fast skeletal muscle cells (fTnT). cTnT is a structural protein and is unique in its structure 

and amino acid sequence in comparison to its skeletal muscle counterparts. sTnT has a 64% DNA sequence 

similarity and a 53% amino acid similarity with cTnT projecting it as an ideal control protein for studies of 

cTnT. cTnI has a DNA similarity of 51% and amino acid sequence similarity of 13.89% with cTnT. cTnT is 

released into the blood serum in the event of necrosis making cTnT an ideal biomarker for acute 

myocardial infarction (AMI).  

This chapter describes cloning, purification, and characterization of cTnT protein and its control 

protein sTnT. We have expressed both these proteins with Histidine-tag with an aim to simplify 

their purification and immobilization, which aids the process of extracting the proteins involved 

in some experiments in the later chapters of this thesis work. 

4.2 Experimental procedures  

4.2.1 Materials 

pANT-cGST clones of human cardiac troponin(cTnT) and smooth skeletal troponin (sTnT) were 

purchased from the DNASU Plasmid Repository (USA). Primers were synthesized from Bio serve 

Biotechnologies India Pvt. Ltd. BioMix™ Red PCR kit was obtained from Sigma Aldrich. Luria-

Bertani (LB) agar/broth, ethidium bromide (10 mg/mL), calcium chloride (CaCl2), magnesium 

chloride (MgCl2.6H2O), magnesium sulphate (MgSO4.7H2O), potassium chloride (KCl), tris base, 

ethylene diamine tetra acetic acid (EDTA), lysozyme, buffer saturated phenol were obtained from 

HiMedia® , Bengaluru, India. The SYBR Gold (10000X) was procured from Invitrogen (USA). 

pGEMT easy vector was purchased from Promega (USA). The pET28a and pCOLD-II vector were 

procured from Novagen (India), and Clontech (USA), respectively. Ni-NTA Hi-Trap column 

procured from GE healthcare (India). PVDF membrane (Hybond P) was procured from Amersham. 

Anti-His primary antibody and HRP tagged secondary antibody were purchased from bibiotech 

India. The 3,3'-diaminobenzidine (DAB) was from Amresco based in USA. The quick ligation kit 
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and Gel extraction kit was purchased from New England Biolabs and Sigma Aldrich, respectively. 

The TA cloning kit which contains the pGEMT vector along with DNA ligase, ligation buffer was 

obtained from Promega (USA). All other chemicals used in this chapter for experiments were of 

analytical grade and the sources of these chemicals have been cited under the methodology, 

wherever necessary.  

4.2.2 Bacterial cell culture 

E. coli DH5α and E. coli BL21 strains were cultured and cell lines were maintained for cloning and 

expression of recombinant clones, respectively in the present study. The clones as well the cells 

were stored as glycerol stocks at -800 C. LB broth and LB agar were used for the culturing and 

plating in which antibiotic (kanamycin: 50µg/mL, ampicillin: 100 µg/mL) was included when 

required. The culturing conditions were 370 C and a constant rocking at 180 rpm in a shaker 

incubator. The strains used and the media compositions are mentioned in table 1.1 and 2.1 in 

the appendix section. 

4.2.3 Quantification of DNA 

DNA was spectrophotometrically quantified using UV-Visible nanodrop spectrophotometer 

(Implen nanophotometer). Samples were prepared in water and the optical densities (O.Ds) were 

measured at λ260nm and at λ280nm. Prior to which, blank was set in the instrument with nuclease 

free water at λ260nm and λ280nm followed by sample measurements at aforesaid wavelength. 

Concentrations of DNA samples were calculated from the optical densities obtained after using 

suitable dilution factors. 

4.2.4 Protein estimation 

Bradford assay was followed for the protein estimation considering Bovine serum albumin (BSA) 

as the standard (Bradford., 1976). The concentrations were determined at λ595nm using Coomassie 

Brilliant Blue (CBB) G-250. 
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4.2.5 Plasmid DNA isolation 

A single bacterial colony was picked up from the plate and inoculated into 5 mL of LB broth and 

incubated for 16 to 18 hr at 370 C with vigorous agitation. The cells were then recovered by 

centrifugation at 8000 rpm for 5 minutes. The supernatant was then decanted, and the pellet 

was re-suspended in 100 µL of alkaline lysis solution 1 (table 3.1 in appendix). To the above, 200 

µL of freshly prepared alkaline lysis solution 2 (table 3.1 in appendix) was added and mixed by 

inverting the microfuge tubes, which were then stored at 250 C for 5 minutes. To the above 

solution, 150 µL of ice-cold solution 3 (table 3.1 in appendix) was added and homogenized by 

inverting. The mixture was then stored in ice for 5 min. The solution was centrifuged at 12000 

rpm, for 5 minutes at 40 C. The supernatant was transferred to a fresh tube and, to it RNase (A) 

was added to make a final concentration of 100 µg/ml and incubated at 370 C for 1 hr. Equal 

volumes of tris saturated phenol: chloroform was added and inverted the mix until the phases 

mixed properly. The solution was then centrifuged at 13000 rpm, for 5 minutes at 40 C. The 

aqueous phase was transferred to a fresh tube and an equal volume of isopropanol was added 

to it. The solution was mixed by inversion to precipitate DNA and incubated at -200 C for at least 

an hr. The solution was then centrifuged at 13000 rpm, for 5 minutes. Ethanol was discarded and 

blotted over paper to remove traces of ethanol. Pellet was air dried and suspended in 30 µl of 

autoclaved milli Q water. The preparation was checked by agarose gel electrophoresis (table 3.2 

in appendix) and absorption spectroscopy. 

4.2.6 Agarose gel electrophoresis 

DNA samples were analyzed in agarose gel (0.8-1.5% containing 0.5 μg/ml of ethidium bromide) 

by electrophoresis. The electrophoresis was performed at 80 V in 1x TAE buffer till the desired 

resolution was achieved. The gel was then visualized on a UV transilluminator to observe the DNA 

bands and then documentation was done by a gel documentation system (ChemiDoc XRS+ 

Imaging System, BIO RAD) for future reference. The elution of DNA from the gel was carried out 

by gel extraction method using GenElute Gel Extraction kit (Sigma Aldrich, USA) following the 

manufacturer’s protocol.  
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4.2.7 Polymerase Chain Reaction 

4.2.7.1 Primer designing 

Nucleotide sequences of cTnT, sTnT retrieved from NCBI were used to design primers with the 

help of Serial Cloner v2.6.1 to amplify the corresponding genes. Primers were flanked with Bam 

HI and Xho 1 for cTnT, Xho 1 and EcoR 1 for sTnT to generate restriction sites for creating cohesive 

ends. The primer sequences are depicted in the table 4.1 (appendix). 

4.2.7.2 PCR 

PCR was performed to amplify the genes for cloning into TA vector. Based on the average 

optimum melting temperatures (Tm) of both forward and reverse primers an annealing 

temperature was set for each of the gene. The following reaction mixture was set in a sterile 0.2 

µL PCR tubes. The PCR cycling conditions were set as mentioned in table 5.1 in the appendix. PCR 

amplicons were resolved on 0.8 % agarose (w/v) at 80 V for 60 minutes. 

4.2.7.3 Purification of PCR amplicons 

Sigma PCR clean up Kit was used to purify the insert in order to remove the enzymes and buffers 

that may interfere with the downstream process. To one volume of the PCR product, 5 volumes 

of binding buffer was added and mixed thoroughly.  A column was placed in a 2 ml collection 

tube and the suspension prepared previously was added to this setup. The column was 

centrifuged at 11,000 rpm for 30 seconds at room temperature. The flow through was discarded 

and the column was washed by adding 250 μl of Wash Buffer and centrifuging at 11,000 rpm for 

30 seconds at room temperature. The flow through was discarded and diluted Wash Buffer II (1 

volume of wash buffer II with 4 volumes of absolute ethanol) was added to the column and the 

column was centrifuged at 11,000 rpm for 30 seconds at room temperature. It was then kept 

open for 2 minutes at 70 ˚C for ethanol to evaporate. Purified PCR was eluted into a fresh vial 

with 15 μl of molecular grade water and the eluted amplicon was stored at -80 ˚C. 
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4.2.8 Restriction digestion of cTnT, sTnT 

cTnT was double digested using Bam HI and Xho 1 to create cohesive ends complimentary to the 

vector, while sTnT was double digested with Xho 1 and EcoR 1 to create cohesive ends 

complimentary to the vector. The following reaction mixture was set and incubated at 37 °C for 

1 hr. The reaction compositions for cTnT and sTnT are depicted in the table 6.1 (appendix) 

4.2.9 Ligation of cTnT, sTnT  into pGEMT easy vectors and pET-28a (+) vectors 

4.2.9.1 Ligation into pGEMT easy vectors 

The PCR extraction solutions of all three troponins were ligated into the pGEMT easy vectors 

following the reaction composition mentioned in table 6.2 (appendix). The reaction was carried 

out at 40 C overnight for maximum ligation efficiency. About 50ng of the ligation mixture was 

mixed with competent cells E.coli DH5α and then cells were plated onto LB agar with ampicillin 

as the selection marker. The positive clones were selected and then confirmed by restriction 

digestion.  

4.2.9.2 Ligation into pET-28a (+) vectors 

Vector and inserts were activated by digesting with the restriction enzymes specific for each of 

the troponin.  The digested DNA fragments were extracted from the agarose gel by gel extraction 

kit. Vector and insert were used in the ratio of 1:3, 1:5 and 1:7 respectively for ligating into pET-

28a (+). The multiple ratios were attempted as it increased the probability of ligation.  Based on 

the size and concentration of the vector and insert, reaction volumes were prepared as 

mentioned in table 6.3 (appendix). The reaction mixture was made up to 20 µL with nuclease free 

water. Control tubes with only vector and vector with ligase was also set to omit non-

recombinant background. The reaction tubes were kept at 16 °C overnight. After ligation 1 μl of 

ligated mixture was transformed into competent cells and plated on LB kanamycin plates. The 

plates were incubated at 37 °C for 12 – 16 hr.  
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4.2.10 Competent cell preparation 

E.coli DH5α cells were revived on an LB plates and incubated overnight for 16-18 hr at 37 °C. A 

bacterial colony was picked up from the plate and inoculated into 5 mL of LB broth (primary 

culture) and incubated for 16 to 18 hr at 37 °C with vigorous agitation. A secondary inoculation 

was performed with 1 mL of the above culture (primary culture) into 100 mL of LB broth in a 

conical flask and incubated at 37 °C for about 3 hr. Optical density (OD600nm) was constantly 

monitored till it reaches OD 0.25-0.3. The bacterial cells were then transformed to sterile, 

disposable, ice cold 2mL Eppendorf tubes and cooled to 4 °C by storing on ice for 10 minutes. 

Cells were then recovered by centrifuging at 1000 g for 5 minutes at 4 °C. Discard the supernatant 

and resuspend the pellet in 1/10th volume of TSS solution (table in 3.3 appendix) and make a 

suspension. Aliquot of the cells were prepared and stored at – 80 °C till further use. 

4.2.11 Transformation of competent cells 

The competent cells collected from -800C microfuge were kept on ice for 10 minutes. To the 100 

µL of the competent cells, 10-50 ng of DNA was added (in a volume of 10 µL or less) and mixed 

by swirling and incubated on ice for 30 minutes. The cells were given a heat shock at 42 °C (for 

45 seconds for E. coli DH5 α and 90 seconds for E. coli BL21) in a water bath. The tubes were then 

immediately transferred onto ice and incubated on ice for 2 minutes. LB broth (900 µL) was added 

to the transformed cells and incubated at 37 °C for 1 hr. Required aliquots of the transformants 

were taken and plated on LB agar plates containing kanamycin (50 µL) and incubated at 37 °C for 

12 – 16 hr. 

4.2.12 Cloning of cTnT, sTnT 

The complete strategy used for cloning cTnT and sTnT is depicted in Figure 4.1. The troponins 

ORF were amplified by PCR from the cDNA obtained from DNASU in pANT-cGST clones which 

were non-expression vectors. Primer sets were designed with restriction sites to facilitate the 

cloning. The amplified PCR cDNA fragments were cloned in to into pGEMT easy vector through 

TA cloning kit as describe earlier.  The positive clones were isolated and restriction digestion was 

performed to release from the pET-28a (+) vector. The vector was also digested with the same 
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restriction enzymes mentioned earlier, followed by ligation of the insert and the vector 

performed. The ligation mixture was transformed into E. coli DH5 α competent cells. The 

transformed cells were selected over selective LB agar plate containing (Kanamycin for pET28a) 

antibiotics after overnight incubation at 37 °C. The recombinant clones were further confirmed 

with restriction digestion resulting in release of appropriate size of insert and vector. The single 

isolated colony of selected clones for cTnT, sTnT were confirmed by sequencing and the 

recombinant plasmids (insert+ vector) were further transformed to E.coli BL21 cells for higher 

expression yield of the recombinant proteins.  

4.2.13 Expression of His-tagged cTnT, sTnT in E. coli BL21 (DE3) 

A fresh colony of E. coli BL21 with pET 28 a (+) cTnT, sTnT each were inoculated in 5 ml of LB 

media containing kanamycin (50 mg/L) as primary inoculum and incubated at 370 C overnight. 

This was further subcultured in 100 ml of LB media as a secondary inoculum with the same 

concentration of kanamycin till an O.D. of 0.6-0.8 is achieved. Expressions of the recombinant 

proteins were induced with Isopropyl β-D-thiogalactopyranoside (IPTG) of 0.2 mM for sTnT for 8 

hr at 250 C and for cTnT 0.4 mM incubated for 12hr at 370 C with a shaking at 180 rpm. Cells were 

harvested by centrifugation at 10000 x g and resuspended in 50 mM sodium phosphate buffer, 

pH 7.4. The cells were then subjected to sonication using an ultrasonic processor (Hielscher) at 

25 % amplitude with 0.5 cycles at 40 C till the lysate appeared translucent. The homogenate was 

clarified by centrifugation at 12,000 x g for 40 mins at 40 C. The supernatant was collected and 

stored at 40 C for further processing. 

4.2.14 Purification of His tagged troponins  

The supernatant was passed through Ni-NTA column at a rate of 0.5 ml min-1 then column was 

washed with 20 bed volumes of washing buffer for all three troponins. The elution of bound 

recombinant proteins from column was achieved at a flow rate of 0.5 ml min-1 with elution buffer 

for troponins. The purified recombinant cTnT was dialyzed against 50 mM Tris, pH 7.4 for 

overnight, where urea concentration was step-down from 8 M to 0 M in a step of 1 M difference. 

The composition of solutions used for protein purification have been listed in table appendix 3.4. 
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4.2.15 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

The protein purified with Ni-NTA (nickel-nitrilotriacetic acid) affinity chromatography was 

analyzed through SDS PAGE electrophoresis (Laemmli, 1970). The 1-2 µg of recombinant protein 

or crude cell lysate was mixed with 5X SDS loading dye and denatured by heating in boiling water 

bath for 5 min.  The denatured sample along with pre-stained protein ladder (Broad range NEB 

ladder, USA) was loaded into SDS-PAGE gel.  The electrophoresis was performed over a 

discontinuous buffer system with a 5 % stacking gel on top of a 10 % separating gel, with a 

thickness of 0.75 mm at a constant voltage of 100 V in a MiniVE vertical electrophoresis unit (GE 

Healthcare). The separated protein bands were visualized over gel by using “Blue silver staining” 

protocol of Candiano et al., 2004, where colloidal Coomassie G-250 (Sigma Aldrich, USA) (Table 

A3, appendix) was the staining dye. 

4.2.16 Western Blot 

Western Blot analysis was performed to check the recombinant protein expression in bacterial 

systems. Recombinant proteins were resolved by SDS-PAGE (12% gel) in the MiniVE vertical 

electrophoresis unit at 100 V. The electrophoresed protein gels were transferred to PVDF (Poly 

vinylidene fluoride)) membrane at a fixed voltage of 25 V, 300 mA for 3-4 hr at 40 C in Blot module 

(GE Healthcare). The membrane was carefully taken out from the electro-blotting module and 

transfer of proteins on membrane was confirmed by Ponceau S staining (Sigma). Membranes 

were then washed with sodium phosphate buffer, pH 7.4 (PBS) containing 0.1 % Tween 20 (PBS-

T) for 10 mins to remove the Ponceau S stain. The buffer was discarded, and the membrane was 

washed again with PBS on a shaker.  

The membrane was then blocked with blocking buffer (Table 3.6 in appendix) supplemented with 

5 % BSA overnight to prevent non-specific adsorption. The blot was then washed with an excess 

of PBS-T three times for 10 min each. The wash buffer was discarded, and the membranes were 

then incubated with monoclonal anti-His antibody as the primary antibody (Sigma) using an 

optimized concentration in PBS containing 1 % BSA for 2 hr at room temperature. The membrane 

was washed three times with PBS-T for 10 mins each. This was followed by incubation with 

secondary antibody (HRP modified anti-rat IgG) from R&D systems (USA) appropriately diluted in 
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PBS (1 % BSA) for 1 hr at room temperature with slow shaking. Thereafter the membrane was 

thoroughly washed with PBS for three times. Finally, the blot was developed using 3, 3’-

Diaminobenzidine (DAB) tetrahydrochloride hydrate (Amresco, USA) at a concentration of 4 mg 

per 10 ml of PBS and charged with 10 μl 30 % hydrogen peroxide (Sigma Aldrich, USA) followed 

by imaging with a gel documentation system (ChemiDoc XRS+ Imaging System, BIO RAD). 

4.2.17 Circular dichroism study 

Circular dichroism (CD) spectra of the proteins were recorded using a spectropolarimeter (J-815, 

Jasco, Japan) calibrated with 0.06 % (w/v) aqueous solution of (±)–10– camphorsulfonic acid. The 

spectrum was recorded in the wavelength range of 190-240 nm, in 0.1 cm path length suprasil 

quartz cuvette at 250 C, at a scan rate of 100 nm/min, 1 nm bandwidth resolution, with a time 

constant of 2 s and the scans were performed five times and average of them were considered. 

The spectrum was corrected for baseline and smoothed by Savitsky–Golay filter using Jasco 

spectral analysis software. The secondary structure analysis was performed using the Dichroweb 

web server. 

4.2.18 Matrix- assisted laser desorption ionization- mass spectroscopy (MALDI-

MS)  

The molecular mass of the recombinant cTnT and sTnT proteins was confirmed by MALDI-MS 

(4800 plus MALDI TOF/TOF (time of flight) Analyzer, AB SCIEX, USA) analysis. The expected 

molecular weight of cTnT and sTnT protein were ~35 kDa and ~32 kDa, which are in a suitable 

range for the matrix (Sinapinic Acid - 10 to 150 kDa) for MALDI analysis. The as prepared content 

with the monomeric form of the protein was mixed with saturated solution of sinapinic acid and 

then the spectra were collected in a positive mode with each spectrum being an averaged for 

100 shots. 

4.2.19 Determination of Isoelectric point (pI)  

The pI of the purified recombinant cTnT and sTnT was measured by zeta potential study on 

Zetasizer nano series (Malvern Instruments limited, U.K). The zeta potential was measured in 50 

mM appropriate buffers covering pH range from 2 to 10 in capillary cell (DTS1070 - Malvern 

instruments limited) equipped with a gold platted Beryllium/Copper electrode. A graph was 
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plotted between the measured zeta potential values and the corresponding pH values. The pI of 

cTnT and sTnT was identified from the pH scale at which zeta potential is zero. 

4.3 Results and discussion 

4.3.1 Cloning and expression of human cardiac troponin T (cTnT), and slow 

skeletal troponin T (sTnT) 

The strategy used for cloning has been illustrated in the scheme 4.1. Plasmids for cTnT, sTnT were 

purchased from DNASU Plasmid Repository in the form of pANT-cGST clones. The plasmids 

however were non-expression vectors and hence the genes had to be sub cloned initially into 

pGEM-t easy vector system and then into pET- 28a (+) expression vector.  

The gene fragments of cTnT, sTnT and were initially augmented from the pANT-cGST clones by 

specific primer sets which were designed with specific restriction sites to aid cloning. The DNA 

fragments were amplified by PCR using specific primers for respective genes (Figure 4.1 A). The 

amplification conditions were standardized, and then the PCR product was extracted by gel 

elution kit of Sigma. The amplified fragments were first cloned into pGEM-t easy vector system 

(Figure 4.1 B). The reaction composition and conditions were stated earlier. The recombinant 

clones were confirmed by insert release. The results of which are shown in the figure 4.1. The 

released inserts were extracted by gel elution. pET- 28a (+) vector was activated by digesting the 

vector with restriction enzymes specific for the cTnT, sTnT fragments.  

The cTnT and sTnT genes which were eluted from gel were then ligated with pre-digested pET- 

28a (+) vector followed by transformation into DH5 α by heat treatment. The recombinant clones 

were confirmed by insert release and PCR. The results of which are shown in the figure 4.2. 

Plasmids were extracted from the recombinant E.coli DH5 α and were transformed into E.coli 

BL21 for the purpose of expression. 
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Scheme 4.1: Schematic representation of the cloning methodology adopted for the current work.  

 

Figure 4.1: (A) PCR amplification of cTnT (~1 kb) in L3 and sTnT (~1 kb) in L4 observed in 0.8% 

agarose gel stained with Ethidium Bromide (EtBr). (B) Insert release of cTnT in L2 and sTnT in L3 

from pGEMT vector. 
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Figure 4.2: Confirmation of recombinant plasmids by restriction digestion of (A) pET 28a_cTnT: 

(L3) PCR amplicon of the recombinant plasmids: cTnT: 870 bp and sTnT, (L4) Restriction digestion 

of pET 28a_cTnT. (6.25 kb) (B) pET 28a_sTnT: (L2) Single restriction digestion of pET 28a_sTnT 

with Xho1 (6.2 kb) and (L3) insert release of sTnT (831 bp).  

4.3.2 Expression and purification of cTnT, sTnT  

The expression profile of these recombinant proteins was studied in soluble supernatant fraction 

of lysed recombinant E. coli cells (Figure 4.3). The optimum temperature and incubation time 

study were performed for both the proteins for maximum expression. The study revealed the 

average incubation time for sTnT was 8 to 10 hr and for cTnT it was 12-14 hr and optimum 

temperature for high yield of cTnT, sTnT were 300 C, 25°C with 0.2mM IPTG, respectively. The 6X 

His tagged recombinant sTnT was purified through Ni-NTA affinity chromatography. cTnT his 

tagged protein was purified with glutathione affinity column. For both the protein, cell lysate 

along with elute fractions were analyzed by SDS PAGE. The purification yield for cTnT and sTnT 

were ~1.2 mg L-1 and ~ 2 mg L-1, respectively as calculated from Bradford assay.   
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Figure 4.3: SDS PAGE (10 % gel stained with comassie brilliant blue). (A) IPTG optimization of sTnT 

induced at an IPTG concentration of 0.4 and 0.2 mM for 12 hr at 370 C. Lane L1: ladder, L2: sTnT 

0.2mM Soup, L3: sTnT 0.2mM pellet, L4: sTnT 0.4mM soup, L5: sTnT 0.4mM pellet, L6: BL21 DE3 

soup, L7: BL21 DE3 pellet. IPTG optimization of (B) cTnT induced at an IPTG concentration of 0.4 

and 0.2 mM for 8 hr at 250 C. Lane L1: ladder, L2: cTnT uninduced pellet, L3: cTnT uninduced 

soup, L4: cTnT 0.2mM pellet, L5: cTnT 0.2mM soup, L6: cTnT 0.4mM pellet, L7: cTnT 0.4mM soup, 

L8: cTnT 0.6mM pellet, L9: cTnT 0.6mM soup. 

4.3.3 Characterization of the recombinant cTnT and sTnT 

To establish the precise structure of the recombinant proteins, initially western blot (Figure 4.4 

C) and CD studies (Figure 4.5 A, B) were performed. Western blot was performed to identify 

recombinant protein with an anti-His antibody. The CD spectra of both the proteins were 

recorded and revealed major α-sheet content and no β framework, which complies with 

theoretical values and reported data. cTnT has 67% α helix and 33% random coils, while sTnT has 

63% α helix and 37% random coils. To determine the molecular weight of the recombinant 

protein MALDI-TOF spectrometry was performed (Figure 4.5 C,D). The obtained molecular weight 

of both sTnT and cTnT agreed with the molecular weight predicted theoretically based on 

encoded amino acid sequence. The pI of sTnT and cTnT were discerned from the equation 

obtained by plotting zeta potential values against corresponding pH values. The zeta values of 

cTnT and sTnT were 4.82 and 5.34, respectively (Figure 4.5 E,F).   
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Figure 4.4: The purified (A) sTnT and (B) cTnT expressed in E.coli with 0.2mM IPTG induction and 

an incubation temperature of 250 C and 370 C respectively. (C) Western blot of recombinant sTnT 

in L2 and cTnT in L3 with anti His antibody (1: 10,000 dilution) over PVDF membrane.   

4.4 Conclusion 

The target cTnT and sTnT genes were successfully cloned into a suitable expression vector and 

confirmed the clones through restriction digestion and PCR amplification. The expression conditions 

for the proteins were optimized. The recombinant proteins were purified through Ni-NTA 

chromatography and characterized the purified proteins for their structural integrity through 

different techniques such as CD and zeta potential studies. The molecular weight of the proteins was 

determined through MALDI MS and western blot. This study proves that both the proteins were 

successfully cloned, expressed and purified in appropriate structural, functional active form. 
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Figure 4.5: CD spectra of (A) sTnT and (B) cTnT 1mg/ml in 25mM sodium phosphate buffer. 

MALDI-MS analysis of (C) sTnT and (D) cTnT. Zeta potential of recombinant (E) sTnT and (F) cTnT 

at various PH range.  
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Chapter 5 

Development of aptamers specific for cTnT and 

their characterization
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Development of aptamers Specific for cTnT and their characterization 

5.1 Overview  

Nucleic acid aptamers are synthetic ligands which are short single stranded oligonucleotides 

(DNA, RNA or modified RNA, DNA). Aptamers against a specific target is selected through a 

process called Systematic evolution of ligands by exponential enrichment (SELEX). The 

developed aptamers possess the ability to fold in to three dimensional (3D) shapes and bind to 

their targets via a combination of hydrogen bonding, π-π system stacking, van der Waals forces, 

and electrostatic interactions (Kakoti and Goswami, 2016). Aptamers boast of several 

advantages over antibodies as biorecognition elements: high thermal stability, low cost of 

production, non-immunogenicity, nontoxicity, lower batch to batch variability, and rapid large-

scale synthesis to name a few. Aptamers have thus evolved as an attractive tool in the 

fabrication of diagnostic devices. 

Although theoretically simple, the conventional SELEX procedures are time consuming, cost 

intensive and are plagued by a lot of uncertainties. Target immobilization often complicates the 

selection procedure particularly in the case of small molecules which eliminates the sites for 

aptamer to bind. Furthermore, the washing steps to remove unbound bound aptamers after 

every round of SELEX increase the overall number of steps and cause random losses of the 

selective aptamer candidates. Hence, these uncertainties compound to affect discrepancies 

which hamper the probability of successful selection (Spill et. al, 2016). Hence, there is an urge 

to explore more effective method to develop aptamers.  

This chapter describes the selection of ssDNA aptamers against cTnT following the centrifugal 

SELEX (c-SELEX) process. The c-SELEX is a variation of conventional SELEX attempted in the 

current study. The c-SELEX works on the principally of separation of interacting and non-

interacting aptamers by centrifugation process. The advantages of the present SELEX variant 

are as follows: (a) the time required to complete the SELEX is less than the conventional SELEX 

procedure, (b) the number of rounds of SELEX is also less than the conventional SELEX 

procedure, (c) the complete protein is exposed for interaction with the aptamer library there by 
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increasing the chances of finding the best aptamer candidates, (d) there is a significant 

reduction in the amount of consumable items for the c-SELEX. The cTnT protein purified in 

Chapter IV was used as the target for the c-SELEX whereas sTnT served as control proteins for 

negative-c-SELEX.  Following the process of c-SELEX, we isolated four aptamer candidates, 

which were then characterized for their specificity, and affinity of binding to the target. A 

detailed account of the work is included in this chapter. 

5.2 Experimental procedures  

5.2.1 Materials  

ssDNA aptamer library (1014 - 1015) was acquired from IDT technology (USA). The library was 

composed from random oligonucleotide sequences with a region of random 30-nucleotides 

(N30) (5'-CACCTAATACGACTCACTATAGCGGATCCGA-N30-CTGGCTCGAACAAGCTTGC-3') flanked 

by a conserved primer binding site on either side for amplification. The primer sequences used 

for the PCR amplification are listed in the appendix table 4.2. All the buffer compositions used 

in the current chapter are listed in the appendix table 3.7. The primers used for the current 

study were procured from Bioserve (India). Restriction enzymes were purchased from New 

England Biolabs. Starting blocking buffer, H2SO4 and Top 10 competent cells were procured 

from Thermo Fisher. Dibasic/mono basic phosphate buffer, MgCl2, NaCl, KCl, PCR kit, 

streptavidin magnetic beads and Bovine serum albumin (HSA) were procured from Sigma 

Aldrich. The molecular weight cutoff filters from Sartorius and pGEMT easy vector from 

Promega were purchased.  

5.2.2 In vitro selection of aptamers using c-SELEX  

SELEX was performed to select aptamers which are specific to cTnT protein. 5 nmol of ssDNA 

from the library was suspended in 1 ml of the binding buffer and the solution was heated for 10 

min at 95 °C, followed by rapid cooling to room temperature. The first step of c-SELEX is a 

negative SELEX where the control protein sTnT is allowed to interact with the aptamer library 

for 1hr at room temperature followed by separation of bound and unbound aptamers by 
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centrifugation at 1210 RPM for 10 min of the reaction mixture in a cut off filter of 30 kDa. The 

hydrodynamic radius of all the aptamers in the aptamer library is approximately 21 kDa. The 

sTnT-aptamer complex has a hydrodynamic radius of approximately 50 kDa and upon 

centrifugation only the unbound aptamers from the aptamer library passed through the filter 

and gets collected in the flowthrough. The flowthrough is considered for further rounds of c-

SELEX as it does not contain sTnT or sTnT-aptamer complex. The potential aptamer candidates 

in the collected flow through were amplified by using Taq Red DNA polymerase (Sigma) and the 

aptamer primers. The initial denaturation at 95 0 C for 10 min, followed by 20 cycles of 950 C for 

15 s, 680C for 15 s, 720 C for 3 s, and final extension at 72 0 C for 3 s were used in the PCR. The 

PCR amplicons are then incubated with 25 μl of streptavidin magnetic beads in binding buffer at 

room temperature for 1hr. The beads are then washed with coupling buffer and ssDNA strands 

were separated from the magnetic beads by denaturing the dsDNA PCR amplicons in 100 μl of 

150 mM NaOH. The separated strands were used for the next rounds of c-SELEX cycle. The 

second round of the c-SELEX was a positive SELEX where cTnT is made to interact with the 

ssDNA amplified from round one for 1hr at room temperature. The duration of interaction is 

increased incrementally in negative SELEX from 60 min to 90 min and decreased progressively 

in positive SELEX from 60 min to 15 min. The progressive reduction in the time was carried out 

after round 6. A total of 15 cycles were carried out with 4 negative cycles with sTnT (1st, 6th, 9th, 

14th cycle) and 11 positive SELEX with cTnT. The PCR amplicons of the 15th cycle were used for 

cloning.  

5.2.3 Cloning of enriched aptamer candidates 

After completion of the 15 rounds of c-SELEX the probable aptamer candidates were cloned 

into pGEMT easy vector and transformed into E. coli DH5α cells. The transformed cells were 

selected by blue-white screening. Plasmids were isolated from the positive clones and sent for 

sequencing. The sequencing results of the candidates were analysed through Clustal omega 

alignment software for comparison.  
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5.2.4 Prediction of aptamer structure and G-quadruplex mapping  

The aptamer secondary structure was generated in RNA Structure online application. The 

prediction conditions were at 310 K, MEA, MFE maximum percentage energy difference of 10, 

the number of iterations for prediction being 5 and minimum helix length for pseudoknot 

prediction at 3 nucleotides. The QGRS (Quadruplex forming G-Rich Sequences) mapper 

software was used for prediction of quadruplex forming region based on sequence analysis 

(Kikin et al., 2006). The default parameters were used with the parameters being maximum 30 

sequences of QGRS length, minimum G-group of 2 and loop size between 0 - 36 nucleotides. 

The predicted aptamer structures were confirmed experimentally. 

5.2.5 Docking studies and generation of aptamer 3D structures 

The 3D ssDNA aptamer structures were generated following the protocol discussed in the 

chapter 3. Docking was performed in patch dock web server in default conditions. The pdb file 

of the aptamer protein complex obtained from patch dock after docking were uploaded into 

PLIP (Protein Ligand Interaction Profiler) server for easy identification of non-covalent 

interactions between biological macromolecules and their ligands. 

5.2.6 Determination of dissociation constant (KD) of aptamer- cTnT interaction 

by CD spectroscopy and Isothermal Titration Calorimetry (ITC) 

ITC experiments were performed with 20 μM of aptamer and 5 μM of cTnT protein in 50mM 

sodium phosphate buffer (pH 7.5) on a GE Healthcare UK, iTC 200 microcalorimeter. Aptamer 

solution was prepared in MQ water. Both the aptamer and protein solutions were degassed for 

10 min before introducing the solutions into the instrument. Following the first injection of 0.4 

μl aptamer solution, subsequent injections of 1.2 μl each were administered by the ITC syringe 

to the reaction cell in 20 titrations, at 180 s intervals, at 25 °C, and a stirring speed of 450 rpm. 

Control experiment without aptamer was performed to correct for heat of dilution. Analysis of 

ITC data was performed by Origin v 7.0 (OriginLab, USA).  
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CD studies was performed to determine the binding affinity of the aptamers with the target 

protein in the solution state. The Binding affinity is usually measured as dissociation constant 

(KD). The CD spectra were recorded on Jasco J-815 spectropolarimeter (Japan) at room 

temperature in 1 cm path length cuvette. The spectra were recorded in continuous mode with 

bandwidth of 1 nm and resolution of 1nm between λ200 to λ300 nm at a scan rate of 100 nm min-

1. Induced CD (ICD) spectra were recorded for KD measurement of the aptamers after their 

binding with cTnT protein at increasing concentration. The buffer influence was removed from 

the recorded spectra and smoothened by Savitsky-Golay algorithm through Origin 8.0 software. 

The KD value of the aptamer was calculated by plotting a graph of peak intensity versus 

concentration gradient of cTnT and fitted in single ligand binding model of Sigma plot. 10 μM of 

the aptamer was heated to 950 C for 10 min and then incubated at room temperature for 30 

min in a thermocycler. The solutions are then incubated with cTnT solution for 1hr at room 

temperature. 

5.3 Results and discussion  

5.3.1 Development of specific aptamer against cTnT 

Aptamer candidates specific to cTnT were enriched from the aptamer library by c-SELEX 

process. The schematic representation of the complete c-SELEX is depicted in the scheme 5.1.  

A total of 15 rounds of c-SELEX were performed, out of which 4 cycles negative cycles and rest 

were positive cycles. After the second negative cycle, the duration of interaction between 

aptamer library and the cTnT protein had to decrease to increase the enrichment of aptamer 

candidates with high affinity to the target protein; whereas the duration of interaction between 

the control protein (sTnT) and the aptamer had to increase to extricate the aptamer candidates 

with any level of affinity to the control protein. After each positive cycle, a gradual enrichment 

of aptamers with affinity to cTnT occurred and after each cycle PCR was performed and bands 

were generated in the gel. After every negative cycle a drop in band intensity was observed 

(Figure 5.1) due to the disposal of non-specific aptamers. The enriched aptamers were PCR 

amplified and the amplicons were cloned. The clones were transformed into E. coli DH5α 
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competent cells and blue white screening was performed to screen all the positive candidates. 

The positive clones were digested with EcoR1 and then confirmed the corresponding band in 

gel after performing the PCR (Figure 5.2).   

 

Scheme 5.1: Schematic representation of the c-SELEX protocol followed to develop aptamer 

against cTnT. 

 

Figure 5.1: PCR amplified bands at the completion of each c-SELEX cycle L1−L15, respectively. 

Bands L1, L6, L9 and L14 are negative c-SELEX with control protein sTnT.  
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The amplicon bands are seen at ~100 bp with positive control bands (from aptamer library) are 

seen at L1, L13, L23 and L24. The positive colonies were then isolated, plasmids were extracted 

and sequenced. The sequencing results revealed 34 out of 35 colonies carried proper aptamer 

insert. All the colonies were named cT and its colony number to denote the aptamer specific for 

cTnT. Analysis of the 34 aptamer candidates were accomplished by Clustal omega, which 

showed four sets of aptamers based on sequence similarity and out of them aptamers cT12, 

cT21, cT22 and cT33 were selected for further studies (Figure 5.3). 

 

Figure 5.2: Screening of positive colonies by PCR amplification of the plasmids obtained from TA 

plasmid in E. coli DH5 α.  

cT12 and cT21 has one big loop and four small loops. The central big loop structure is 

connected by three chain structures to three of the four loops. cT22 has a smaller loop 

structure which connects the bigger loop by a small chain and two long chains connect two 

other loops. cT33 is a straight loop and chain structure which has one big loop and three small 

loops (Figure 5.4). The aptamers were further analysed for the presence of G-quadraplex 

structures. The QGRS mapper analysis predicted the presence of one quadruplex forming 

regions in cT33 (Table. 5.1), while it was absent in the other aptamers. 
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Figure 5.3: Grouping of aptamers on the basis of percentage similarity of sequences where, 

comparatively more similar sequences were grouped together. 

 

Table 5.1: G-Quadraplex Prediction of all aptamers from QGRS Mapper. 

Tertiary structures of all four aptamers were predicted using the ensemble strategy described 

in chapter 3. The aptamer 3D structures so generated are shown in figure 5.5. Based on the 3D 

structure classification mentioned in chapter 3, all the four aptamers were classified. Aptamers 

cT12, cT22, cT33 belongs to the class of helical chain while cT21 belongs to the class of hairpin 

structures.  
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Figure 5.4: Secondary structures of aptamers cT12, cT21, cT22 and cT33 predicted by RNA Fold 

webserver. 

 

Figure 5.5: 3D structures of all four aptamers generated using 3D ensemble method. 
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5.3.2 Effect of pH and c-SELEX buffer on the aptamer structure 

To confirm the predictions of QGRS mapper, CD spectra of all the aptamers were studied in 

both water and c-SELEX binding buffer. All the four aptamers exhibited signature peaks 

corresponding to duplex B DNA with a positive peak at λ260nm - 280nm and a negative peak at 

λ240nm - 250nm. This clearly suggested that the aptamers hybridized to form regions of double 

strands which is also evident from the generated structures (Figure 5.6). The hybridized double 

stranded portions of all four aptamers can also be observed in the predicted 3D structures as 

indicated in the CD studies.  In case of aptamer cT33 the peaks evident for a G-quadraplex is 

observed with positive peaks at λ264nm and λ220nm and a negative peak at λ245nm.  

The stability of aptamers is greatly affected by pH which is known to affect the 3D structures of 

the aptamers. Hence the effect of the pH on the natural conformation of the aptamers was 

studied in the presence of the binding buffer used for c-SELEX (Figure 5.7). The four aptamers 

behaved differently under different conditions but at pH 4 all of them displayed smaller peaks. 

 

 

Figure 5.6: CD spectra of (A) cT12, (B) cT21, (C) cT22, (D) cT33 in water and SELEX Buffer. 
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For aptamer cT12, the peak intensity at 272nm and 245nm increased against pH conditions in 

the following order: pH 4 < pH 7 < pH 9 <pH 8 < pH 5< pH 6, with no apparent peak shift at all 

pH with the exception at pH 4. For aptamer cT21, the peak intensity at 272nm and 245nm were 

increased in the following order: pH 4 < pH 9 < pH 7 <pH 8 < pH 5 < pH 6, and a peak shift was 

observed at pH 5 by 5nm. In case of aptamer cT22, the peak intensity at 272nm and 245nm 

were increased in the following order: pH 4 < pH 7 < pH 6 <pH 8 < pH 5 < pH 9, and a peak shift 

of 1nm was observed when pH was shifted from 4 to 9; the aptamer was least stable at pH4 as 

evident from the CD studies (Figure 5.7 C). For aptamer cT33, the peak intensity at 272nm and 

245nm were increased in the following order: pH 9 < pH 4 < pH 8 <pH 7 < pH 5 < pH 6. This 

study reveals the characteristic spectral behaviour of aptamers at different pH conditions. On 

the basis of the peak intensities, it can be said that all the four aptamers are relatively stable at 

a pH range of 6-8. 

 

 

Figure 5.7: Effect of pH on the structure of (A) cT12, (B) cT21, (C) cT22, (D) cT33. 
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5.3.3 Binding affinity and protein-aptamer interactions 

The generated aptamer 3D structures and the pdb structure of the cTnT were docked in   web 

server. The results obtained were analysed in PLIP. All four aptamer interactions with cTnT 

were mainly hydrogen, hydrophobic interactions and salt bridges. Other interaction includes π-

cationic interactions which is however, less frequent. All the interactions are tabulated in the 

tables 5.2 to 5.5. In depth analysis of the interactions reveal very high number (16) of salt 

bridges in case of cT21 indicating a higher affinity of the aptamer towards cTnT protein (Table 

5.6).  A high number (10) of salt bridge was observed in case of cT33. Additionally, highest 

number (16) of hydrophobic patches observed for the aptamer cT33. The docking interaction 

studies highlighted that cT33 which forms a G-quadraplex structure has the best affinity for the 

target protein. 

The binding affinity and specificity of all the four aptamer candidates with the target protein 

(cTnT) and control protein (sTnT) were investigated by CD spectroscopy (Figure 5.8). There was 

an apparent change in ellipticity indicating their avid interaction with cTnT. An inverse relation 

was observed in all four aptamer cases where an increase in cTnT concentration resulted in a 

decrease in peak intensity in the CD spectra; this phenomenon was exploited to discern the 

binding affinity of the individual aptamers with the target protein. Unlike the target protein, the 

control protein cTnT did not produce any significant ellipticity change upon their interactions 

with the aptamers, indicating specificity of the selected aptamers towards the target protein.  
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Table 5.2: Prediction of interacting residues at the aptamer cT12-protein interface. 
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Table 5.3: Prediction of interacting residues at the aptamer cT21-protein interface. 
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Table 5.4: Prediction of interacting residues at the aptamer cT22-protein interface. 
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Table 5.5: Prediction of interacting residues at the aptamer cT33-protein interface. 
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A change in ICD signal upon increase in protein concentration is a direct indication of protein 

aptamer interaction (Garbett et al., 2007). The binding affinities of 0.4193±0.1561µM for cT12, 

0.17±0.2877µM for cT21, 0.5888±0.2884µM for cT22 and 2.6143±0.1091µM for cT33 were 

discerned. Isothermal Calorimetric titration of all four aptamers to cTnT resulted in a linear 

curve that yielded a dissociation constant of 14.42±1.5µM for cT12, 10.7±0.056µM for cT21, 

49.22±3.33µM for cT22, 13.1±21µM for cT33 (Figure 5.9). These values are in close agreement 

with the KD determined by CD study (Figure 5.10) and also indicated by docking analysis where 

the number of salt bridge, hydrophobic interactions and π cationic interactions were indicative 

of the strong interaction (table 5.6).  

 

 

Figure 5.8: CD spectra of (A) cT12, (B) cT21, (C) cT22, (D) cT33 in the presence of the target 

protein cTnT (0-5µM). 
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Figure 5.9: Isothermal titration calorimetry analysis for binding of (A) cT12, (B) cT21, (C) cT22, 

(D) cT33 aptamer to cTnT protein. 

 

Table 5.6:  Type and number of interactions for each of the aptamer from docking studies. 
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Figure 5.10: Curve fitting plots for KD (Binding affinity) calculation using data from CD 

measurements. 

5.4. Conclusion 

A modified SELEX technique, termed c-SELEX, has been designed and operated to successfully 

select specific aptamers against the cTnT. The technique offered less time (each c-SELEX cycle 

takes 4.5 hr) and simplicity than the conventional SELEX techniques. A total four aptamers were 

enriched and subsequently identified through the steps of c-SELEX (including negative c-SELEX), 

cloning, and molecular sequencing processes. Stabilities of the identified aptamers were 

analysed under different pH and c-SELEX binding buffer conditions. The target binding affinity 

of the generated aptamers was analysed through in-silico docking studies and finally, the 

affinity was confirmed by CD and ITC studies. The binding affinities and the sequence of the 

finally selected aptamers are mentioned in the table 5.7.  
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Table 5.7: Comparison of the binding affinities of the aptamers developed by c-SELEX process 

along with their sequences.  
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Chapter 6 

Conductive ink-based Electrochemical Paper 

Platform for cTnT Detection
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Conductive ink-based Electrochemical Paper Platform for cTnT Detection 

6.1 Overview  

Point of care (POC) diagnosis for diseases like CVDs is extremely important especially in case 

of CVDs like strokes and AMI as they may results in either mortality or lead to serious health 

problems (Kakoti and Goswami 2013). However, commercial biosensors on POC and home 

diagnostics for such diseases are limited. Hence, a considerable attention has been paid 

recently for the development of such POC devices for AMI. The POCs devices for healthcare 

applications should be easy to handle, inexpensive, user-friendly and most importantly, 

these should be highly sensitive and complied well the ASSURED guideline of WHO. In this 

direction, the electrochemical biosensors are the potential candidates as they could meet 

the aforesaid requirements, provided the detection reactions are properly crafted and 

suitable disposable and environmentally friendly sensing platforms are designed.   

Paper is one of the most widely used disposable platform for developing biosensors 

(Bordbar et al., 2021 ). It allows simple, cost-effective and large-scale production of the 

device. Paper has mechanical flexibility, hydrophilicity, and desirable dielectric properties. 

Moreover, the paper microstructure allows fluid transport through capillary action; hence 

no external pumping device for fluid flow on the platform is required. Paper also possesses 

surface properties that can easily be modified by some chemical or physical treatments to 

add flexibility to designs and applications of the resulting structures. Lightweight, 

renewable, and biodegradable are additional suitable properties that facilitated its 

commercial applications.  

For developing paper based devices, various other membranes are also coupled to the 

platform to achieve some functionality such as filtration and support structures. 

Nitrocellulose and PVDF membranes are the most commonly used materials for these 

constructions. There are two general parameters for membrane design, physical dimensions 

and chemical composition. The physical structure generally concerns parameters like 

surface area, surface roughness, pore size (if any) and distribution and membrane thickness. 

The physical structure of the membrane is more critical for filtering applications, while the 

chemical composition is more critical for structural support applications (van den Hurk and 
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Evoy, 2015). Nitrocellulose is widely used in lateral flow immunoassays such as western blot 

as well as in screen printed electrodes (SPE). 

SPE’s are simple electrochemical system manufactured by printing different types of ink on 

different substrates. Sensitivity of such system are also contributed by conductive inks, 

which are deposited on them. A conductive ink generally consists of a conductive material 

such as silver flakes, silver nanoparticles, silver nanowires, Graphene, Carbon nanotubes 

etc., a surfactant to provide surface tension and a solvent to disperse all the materials. A 

screen-printed module with three electrodes contains a working electrode, auxiliary 

electrode (counter electrode), and reference electrode. Electrochemical event of interest is 

carried out on working electrode. The applied potential on the working electrode is 

controlled by potentiostat as a function of reference electrode potential. It is composed of 

redox inert material in the potential range of interest. Since the event of interest happens 

on the working electrode, its surface should be well defined and clean to ensure proper 

measurement. The reference electrode provides a well-defined and stable equilibrium 

potential. It is used as a reference point against which the potential of other electrodes can 

be measured in an electrochemical cell. The counter Electrode is used to complete the 

circuit. When the potential is applied the flow of electrons happens through the working 

and the counter electrode. To ensure that the kinetics of the reaction occurring at the 

counter electrode do not inhibit those occurring at the working electrode, the surface area 

of the counter electrode is made greater than the surface area of the working electrode. 

(Elgrishi et al., 2018). 

The SPEs are generally made from carbon, gold, platinum, silver, or carbon nanotube inks. 

These are single use devices, inexpensive, specially designed to work with sample 

microvolumes, and they can be subjected to electrochemical analysis by various methods, 

such as cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave 

voltammetry (SWV), chronoamperometry (CA), and chronopotentiometry (CP). They are 

used successfully in the most varied fields that involve electrochemical analysis methods, 

such as quality control, research, detection of a wide range of analytes (i.e., antigens, 

enzymes, and heavy metal ions, high degree of efficiency) for its sensitivity. SPEs confer 

many advantages in comparison to the conventional diagnostic methods where detection of 

different analytes using immunological methods (ELISA) or even diseases and 
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microorganisms by molecular analysis (PCR, real-time PCR, LAMP, etc.) as they are easily 

convertible to POCs, they require very less sample and are easy to operate (Mincu et al., 

2020). Although SPEs are suitable candidates for rapid diagnosis, they have limitations. For 

instance, cross reaction with other non-target products can occur, which leads to poor 

selectivity of the method. 

In the current chapter a disposable paper based electrochemical biosensing platform for 

cTnT detection has been developed. The electrodes are printed on a nitrocellulose 

membrane by an in-house screen printing technique  and the compositions in the electrode 

has been optimized during the printing keeping in mind the required functionality for the 

sensors. The working electrode of the SPEs is prepared by a pencil led (Graphite) conductive 

ink which exhibits good conductance for the ink to function as an electrode material. 

Aptamer cT21 prepared in chapter 5 is immobilized over the SPEs for detection of cTnT, 

which is the gold standard biomarker for AMI detection.  

6.2 Experimental procedures 

6.2.1 Materials 

The screen-printing process used in this chapter was performed manually. The screen-

printing apparatus requires wooden frame, squeeze, polyvinylidene fluoride (PVDF) 

membrane, and nylon mesh for its crafting. cT21 ssDNA aptamer was purchased from IDT 

technologies (USA). Sodium lauryl Sulfate (SLS), Sodium dodecyl sulphate (SDS), 

Polyethylene glycol (PEG), KCl, NaCl, NaH2PO4, Na2HPO4,  Nitrocellulose blotting membrane 

(0.45µm) were purchased from HiMedia Laboratories Pvt. Ltd. Alkyl ketene dimer 1840 

(AKD) was purchased from Flourish Paper and Chemicals Limited (Mumbai, India). pencil led 

(graphite) for the preparation of conductive ink was purchased from Faber castle. 

Silver/silver chloride ink, milliQ water, acetone, isopropyl alcohol for printing reference 

electrode and carbon ink for control electrode was procured from sigma Aldrich.  

6.2.2 conductive ink formulation  

The conductive ink formulated in the current work consists of a conductive element, 

surfactant and a solvent. The surfactant gives the consistence for the ink which helps to 
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print it. Different surfactants like SLS, SDS and PEG at different concentrations were tested. 

The surfactants were dissolved in different solvents like milliQ water, acetone, isopropyl 

alcohol. The final ingredient for the generation of the conductive ink is a conductive 

material which has good electrochemical behaviour. For which pencil led is used that 

composed of graphite, clay and binder (wax, resins or polymers). Graphite is used 

extensively as an electrode material as it has great electrical properties and also is 

chemically stable. The pencil led was grinded into find powder in a mortar. The powder was 

then passed through a sieve to filter larger pieces. Different percentages of the fine graphite 

powder were mixed with surfactants and solvents. The mixture was then sonicated with a 

probe at 40 C for 30 min.  The ssDNA electrical properties were also studied to understand 

the behaviour of the aptamers when combined with the conductive ink.    

6.2.3 Platform selection 

The platform for developing a screen-printed electrode needs to be considered for its 

cohesion, hydrophobicity and electrical permittivity. PVDF membrane, Whatmann filter 

paper grade 4 were also tested for screen printing. The membranes were also tested by 

increasing their hydrophobicity by treating them with AKD. The membranes were soaked in 

1% (W/V) AKD solution in n-heptane and then heated on a hot plate at 1000 C for 5 min and 

cured for 30 min at 600 C before use.  

6.2.4 Electrode design 

The electrodes were designed in way to withstand strains generated during the clip 

connections. The nitrocellulose membrane is not sturdy to withstand the strain applied by 

three clips in a single portion. A directional approach for the printing to minimize the strain 

on the membrane was developed. This approach also ensure that the platform is stabilized 

and also prevents any fluctuation due to shaking of the platform on addition of sample 

analyte. A single geometry design with three different dimensions were chosen for the 

construction of the electrodes. The length and width of the electrodes were 1cm and 0.1cm, 

respectively. The working electrode has a circular portion with an area of 0.79 cm2 where 

the aptamer will be immobilized. The electrode designs are illustrated in the figure 6.1.  
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6.2.5 Screen printing technique optimization 

A wooden frame with mesh along with vinyl sheets, squeeze and transfer tape was 

purchased from amazon. The stencil-cut of the electrodes designed was made on to the 

vinyl sheet using a vinyl cutter. The obtained vinyl sheet with desired designs was then 

allowed to paste on to the wooden frame with the help of the transfer tape. The frame was 

then placed on the nitrocellulose membrane (substrate). The conductive ink was poured on 

to the frame over the stencilled vinyl sheet and then spread using a squeeze, which forces 

the ink (graphite-PEG) pass through the screen and transferred onto the nitrocellulose 

membrane to produce conductive paths for electrode connection, working and counter 

electrodes. The coated ink was air dried at room temperature. Later, Ag/AgCl paste was 

forced through the reference electrode design to obtain the reference electrode print. The 

adopted screen-printing technique is illustrated in scheme 6.1. 

 

Figure 6.1: The electrode design along with their dimensions used for SPEs.  

6.2.6 Fabrication of SPE 

The distance between each electrode (WE-RE, RE-CE and CE-WE) was optimized by 

performing the CV measurements. The SPEs were printed according to the optimized 

dimensions. The printed SPEs are tested for the conductance each electrode separately and 

only the ones which fall within the top of the bell curve are selected for further processing. 

The finalized SPEs are then immobilized with aptamer cT21 by physical adsorption. 2 nM 
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cT21 was immobilized on the circular WE by drop casting and then incubating the SPEs in a 

desiccator at 370 C for 4 hr to dehydrate the membrane. 

6.2.7 Electrochemical analysis 

Cyclic voltammetry (CV) and electro chemical impedance spectroscopy (EIS) measurements 

were performed in a Zahner Zennium Photo electrochemical workstation (Zahner-elektrik, 

Germany). All the measurements were performed with the potentiostat mode turned on 

and by selecting the 3-electrode system for the study. All the measurements were made in           

100 mM KCl in PBS. The CV studies were performed within a potential range of -0.5 V to 0.5 

V at a slew rate of 50 mVs-1.  

 

Scheme 6.1: The screen-printing technique adopted for preparation of SPEs. 

The EIS experiments were performed within kHz to mHz and the amplitude of the alternate 

voltage was 10 mV. All the measurements were performed in a dust free environment inside 

a faraday’s cage to prevent any external interference. cTnT samples of varying 

concentration (100 µl) were introduced on the WE of the SCP. The SCPs were incubated for 

5 min for cTnT to interact with cT21 aptamer. The SCPs were then washed gently by dipping 

in a beaker with MQ water thrice. The SCPs are then connected to the PECC workstation and 

100µl of the reaction buffer is introduced and the measurements were carried out as 

mentioned above.    
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6.2.8 Statistical analysis of data 

All the CV and EIS experiments were performed in triplicates and the measurements were 

recorded. The limit of detection (LOD) was calculated from the slope of the calibration curve 

for the cTnT detection by using the relation, LOD= Limit of blank (LOB) + 1.65 X SD of lowest 

concentration, where LOB = Mean of blank + 1.65 X SD of blank. 

6.3 Results and Discussion 

The purpose of the current chapter is to produce a proof-of-concept of a paper based 

electrochemical sensor to detect cTnT. A three-electrode system was generated on a paper 

by the screen-printing technique.  An indigenously prepared conductive ink was used to 

print the working electrode. The inks to print counter and the reference electrodes were 

commercially available carbon and silver/silver chloride ink, respectively. cT21 aptamer with 

best binding affinity that was selected in chapter 5 through SELEX, was immobilized on the 

working electrode by physical adsorption. Upon adsorption of the aptamer the resistance of 

the electrode system was increased. On introduction of the cTnT protein the resistance of 

the electrode system was increased further due to the binding of the cTnT protein to cT21 

aptamer. The concentration of the bound cTnT was directly proportional to the increase in 

the resistance of the system as revealed from the CV and EIS experiments. The above 

concentration dependent increased resistance phenomenon was used to calculate the LOD 

of the system. The procedure adopted in the current work is depicted in scheme 6.2. 

6.3.1 Conductive ink formulation 

The conductive ink components were screened by investigating the solvent solubility of 

surfactants, the effect of solvent on the paper platform, the percentage solubility of the 

surfactant, and the ability of the led powder to disperse in the solution. Based on the above 

factors it was observed that the dissolution characteristics of SDS in all the three solvents 

i.e., acetone, isopropyl alcohol and MQ water resulted in excess frothing and could not be a 

suitable surfactant. PEG was soluble in isopropyl alcohol only up to 20 %. An ideal surfactant 

percentage for a conductive ink is above 60%.  PEG was 100% soluble in MQ water. Hence, 

PEG in MQ along with led powder was finalized as the components for the conductive ink.  
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However, the percentage of PEG from 70 to 100 % generates highly viscous solutions and 

hence was not ideal for dispersing led powder. To overcome this problem, the components 

were sonicated at 4 0 C. The duration of sonication was optimized initially only to uniformly 

disperse the led powder in the PEG solution. However, later it was observed that increase in 

the duration of sonication led to decrease in the resistance of the conductive ink making it 

more conductive.  The effect of duration of sonication on resistance of the printed 

electrodes was measured (Figure 6.2) and found that a maximum of 40 min of sonication 

was sufficient as after 40 min the water is vaporised due to the generation of heat 

generated during the process.  

 

Scheme 6.2: Schematic representation of the generated electrochemical signal from the 

SPEs. 

 

Figure 6.2: Resistance measurements of sonicated probes at different time intervals. 
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Scanning Electron Microscopy (SEM) and laser Raman spectroscopy studies revealed the 

interactions occurring in the conductive ink solution especially between the PEG molecules 

and the graphite of the led powder. Raman spectroscopy is an efficient and informative 

method to characterize the graphite (Kim et al., 1992). Graphite displays peaks at 1350 cm-1 

called “D band” and 1580 cm-1 called as “G band”. Both the bands are the resultant of the 

SP2 carbon bonds. The G band is due to the in-plane vibrations of the SP2 hybrid bonds while 

the D band is due to the structural defects in the graphite structure. A high D/G ratio means 

high conductivity. The experiments exhibited peaks at 1350 cm-1, 1580 cm-1, 2670 cm-1 

which are characteristic of graphite (Figure 6.3 A).   The Raman spectra of the conductive ink 

were measured after different period of sonication (0 min, 15 min, 30 min). The D/G ratio at 

0 min was 0.1283, which was increased to 0.1774 at 15 min and to 0.707 at 30 min of the 

sonication (Table 6.1).  

The increase in D/G ratio was due to the SP2 molecules of the graphite which causes an 

increase in the D band following the reaction with the polyethylene functional groups of 

PEG molecules. The PEG molecule has a characteristic peak at 2845 and 2880 which were 

reduced drastically on sonication indicating the reduction in the number of polyethylene 

groups. The polyethylene groups interacted with SP3 carbons resulting in the decrease in the 

SP3 hybrid carbon molecules, which increased the conductance of the ink. Raman 

spectroscopy studies were complimented by the results of the SEM studies, which showed 

the polymer formation for 30 min sonication and formation of particulate matter conductive 

ink with no sonication (Figure 6.3 B). 

To further enhance the conductivity of the ink, it was doped with single walled carbon 

nanotubes and iron nanoparticles. Different compositions of the PEG (80 – 100 %) were 

tried and the resistance was measured (Figure 6.4).  A 30 min sonicated ink with void 

dopants was selected for printing the working electrode as it yields best electrochemical 

properties as in case of 100% PEG with no dopants gave least resistance with 1.1894 kΩ. 
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Figure 6.3: (A) Raman spectra of conductive ink at different periods of sonication. (B) 

FESEM from left to right: plain nitrocellulose, screen printed graphite electrode (no 

sonication) and screen-printed graphite electrode at 30 min sonication. 

Electrode Type D/G Ratio 

No Sonication 0.1283 

15 Min 0.1774 

30 Min 0.707 

Table 6.1: D/G ratio data extracted from the Raman spectrum of conductive ink captured at 

different period of sonication. 
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Figure 6.4: Resistance measurements of different composition of conductive ink.  

6.3.2 Platform selection 

The screen-printing images of conductive ink on various platforms is shown in figure 6.5.  

The PVDF membrane was not a good surface for the printing due to its high hydrophobicity, 

which hampered the ink adherence to the membrane. The printing characteristics were 

better in the nitrocellulose membrane in comparison to Whatman paper. The reason may 

be attributed to the high hydrophilic nature of the paper. Hence, an attempt was made to 

make the platform partially hydrophobic using 0.5% AKD. The printing was better on the as 

prepared hydrophobic Whatman paper in comparison to non-hydrophobic one, even 

though it was not as good as plain nitrocellulose membrane. Like PVDF membrane, the 

printing on hydrophobic nitrocellulose membrane was also poor for similar reason. The 

electrical permittivity of nitro cellulose membrane on functionalization results in 1-3% 

reduction depending on the type of functionalized material. This makes nitrocellulose an 

ideal candidate in terms of permittivity. Other properties like cohesion and hydrophobicity 

also matters equally. So, the plain nitrocellulose membrane was selected for further printing 

studies. 
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Figure 6.5: Different PEG compositions of conductive ink printed on (A) Whatman paper, (B) 

nitrocellulose membrane, (C) AKD treated Whatman paper, and (D) AKD treated 

nitrocellulose membrane. 

6.3.3 Screen printing technique optimization 

SPE when manually prepared generally yields inconsistent electrode performance. Hence 

the complete process was streamlined by considering every factor which could affect the 

printing consistency. The only factor which was difficult to maintain consistently was the 

applied pressure while printing with a squeeze. The following factors greatly affected the 

SPE performance: 

1. Number of layers of print 

2. Time space between printing of layers 

3. The angle of Squeeze while printing 

4. Number of iterations of printing with same aliquot of conductive ink 

5. Distance between each of the electrodes 

Increase in number of layers of the electrodes led to the change in the resistance, which 

decreased till 5 layers of printing, following which no further significant increase in the 

resistance was observed (Figure 6.6 A). Increase in number of layers for electrode printing 
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resulted in the filling up of the gaps which were present due to the mesh used during the 

SPE generation. Similarly, the resistance was analysed for the control and reference 

electrode (Figure 6.6 B). For the Ag/ AgCl paste, which was used for printing reference 

electrode, no significant change in resistance of the electrodes with respect to the number 

of layers was observed. Carbon ink that was used in the generation of counter electrodes 

had least resistance with a single layer. The time difference between printings of each layer 

was also studies and was found that the instant printing of the layers had the best yield with 

least resistance exhibited by the electrode (Figure 6.6 C). The angle of squeeze dictates the 

pattern of flow of the graphite and the clay present in the conductive ink. An angular 

squeeze position allows little clay particles to pass through the mesh of the wooden frame.  

An angle of 150 to 300 was the best angle for holding the squeeze to print (Figure 6.6 D).   

Number of layers of electrodes than can be printed with a single aliquot of conductive ink 

was also measured (Figure 6.6 E) and was observed that up to 10 layers can be printed in a 

single aliquot. The distance between each of the electrodes is also very important as the 

membrane creates impedance of its own in the 3 electrode SPEs printed. Hence resistance 

measurements were taken at different distance of the electrodes (Table 6.2). The distance 

of 0.1mm between the RE-WE and CE-WE and a distance of 1cm between RE-CE gave the 

highest conductance measurement. All the resistance measurements were was calculated 

for the SCPs by Kelvin technique which is a method of measuring the sheet resistance by 

four probe.  

6.3.4 Response characteristic of the aptasensor 

CV and EIS studies were performed to analyse the functioning of the SPEs and its 

performance as an electrochemical sensor. The initial characterisation of the electrode was 

performed at 50 mVs-1 by tracing the behaviour of the potassium ferricyanide as a redox 

indicator. The SPEs exhibits anodic peak at 0.35V and a cathodic peak at -0.16 V. A shift in 

both the peaks was observed on immobilization with cT21 with anodic peak at 0.2V and a 

cathodic peak at -0.14 V (Figure 6.7 A). The redox peak current decreased with increase in 

the concentrations of cTnT. The reason has been attributed to the interference of the 

charge transfer on the surface of the electrode caused by the negatively charged ssDNA 

aptamer, cT21. 
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Figure 6.6: Resistance measurements for different screen-printing technique: (A) Number of 

layers that can be printed to generate working electrodes with least resistance. (B) Number 

of layers that can be printed to generate reference and counter electrodes with least 

resistance. (C) Incubation time after printing each layer of working electrode. (D) Study of 

the effect of the contact angle of the squeeze while screen printing. (E) Study of resistance 

behaviour of same aliquot of conductive ink in terms of number of layers of prints made on 

the nitrocellulose membrane. 
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The current reduction was more or less the same till 1nM cTnT concentration following 

which then the reduction occurred linearly till 100 nM (Figure 6.7 B). The linear region of the 

biosensor on the basis of the CV experiments was 1 nM to 100 nM (Figure 6.8). The LOD was 

calculated in the linear region. In the linear range the curve follows the equation y = -

1.8982x +206.37. The LOD was 280.03 pM. 

 

Table 6.2: The distance between each of the electrodes and their respective current 

outputs. 
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Figure 6.7: (A) CV spectra of bare SPE, at different fabrication steps and in presence of the 

control protein sTnT. (B) CV peak current values of SPE at different concentrations of cTnT.  

 

Figure 6.8: Response curve of the decreasing peak current values with increasing cTnT 

concentration and the linear range used for calculating the LOD of the sensor. 

Impedance was also measured for the SPEs because it is one of the highly sensitive 

techniques for studying the adsorption process on the surface of the electrode. The 

impedance increased with increasing cTnT concentration as seen in the 1/Nyquist plots 
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(Figure 6.9). There was trend of increasing impedance signal from 1 nM to 20 nM. At 

concentrations of higher than 20 nM there is saturation in the impedance signal. Hence the 

EIS method was not suitable for LOD calculation. 

 

Figure 6.9: 1/Nyquist plots on the response of the generated cT21-SPEs toward cTnT 

concentration.  

6.4 Conclusion 

Herein, a disposable paper based electrochemical biosensing platform for cTnT detection 

has been developed using the aptamer cT21 as biorecognition element. The screen printed 

electrodes (SPE), prepared by a pencil led (graphite) conductive ink, were printed on a 

nitrocellulose membrane and the compositions in the electrode were optimized to achieve 

its best performance. The parameters considered for the optimization of the SPEs were 

thickness of the working electrode, distance between the electrodes, time lag between 

printing of electrode layers. The cT21 aptamer was physically adsorbed on the SPE and 

performance of the developed sensor was successfully analysed by CV and EIS. The LOD of 
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the sensor, discerned from the cyclic voltammetry experiment, was 280.03 pM and the 

linear detection range was 1 nM to 100 nM. The impedance spectroscopy studies also 

revealed similar pattern of increase in impedance with the increasing concentrations of 

cTnT.  The fabricated sensor could detect cTnT at a clinically significant much lower level. 

Notably, the cTnT levels in any healthy individual are < 5 nM.  

 

 

TH-3269_156106040



132 
 

 

 

 

 

Chapter 7 

Electrochemiluminescence-Based LFA Assay 
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Electrochemiluminescence-Based LFA Assay for cTnT Detection 

7.1 Overview  

Electrochemiluminescence (ECL) is an electrochemical reaction-based luminescence 

phenomenon where a charged species is generated at the electrode interface due to a 

potential-induced chemical reaction, which results in the formation of an excited state of 

ECL luminophore (Bachu et al., 2020). Upon return of the luminophore to the ground state, 

luminescent radiation in the visible region is emitted. The ECL, in short, is a combination of 

chemiluminescence and electrochemistry. The ECL mainly occurs in two ways: annihilation 

reaction and co-reactant reaction. Most initial sensor-based works were limited to 

annihilation reaction using ruthenium compounds as luminescent probes. The invention of 

co-reactant reactions enhanced the prospect of the sensor-based ECL for practical utility, as 

revealed by the surge of sensor-based publications (> 75%) and patents following the year 

2009. The first ECL bioassay, performed for oxalate ion detection, was reported in the 

1990s. Eventually, several platforms and materials for ECL assays were explored, such as 

quantum dots (Bard et al., 2002) and various other nanoparticles and nanomaterials (Ding et 

al., 2002). Quantum dots exhibit strong ECL peaks in the presence of certain co-reactants 

like K2S2O8 and H2O2. Hence, these fluorescent nanoparticles were adopted to develop 

biosensors following signal enhancement and quenching phenomena (Zou et al., 2004, Ding 

et al., 2006, Jhe et al., 2007, Jiang et al., 2007). 

Luminol is the most widely used co-reactant as it produces a strong anodic peak at λ425nm in 

alkaline conditions (Chen et al., 2011). The only disadvantage of luminol is that the ECL 

intensity at physiological pH is very weak and requires reagents that generate oxygen free 

radicals to enhance the ECL emission (Lin et al., 2008). Gold nanoparticles are explored as a 

catalyst to enhance the ECL signal to mitigate these plaguing problems (Zhang et al., 2014). 

The usage of gold nanoparticles reduces the problem only to a certain extent. Later on, it 

was observed that a combination of the quantum dots and luminol exhibits very good 

electrocatalytic behaviour. Hence in the current work, lumidot were used as a luminescent 

probe as it eliminates the need for unstable H2O2 and offers a stable and enhanced ECL 

signal (Dong et al., 2014). 
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Chromatographic papers have been intensively studied to create a biosensor support 

platform for point-of-care testing (POCT). These are cost-effective, biocompatible, and bio-

degradable materials and allow passive fluids diffusion through capillary channels in 

microfluidic devices, obviating the need for an external energy source. Paper platforms are 

growingly explored to develop lateral flow assays (LFA) based biosensors in research and 

commercial paradigms. LFAs are POCT devices, which are low-cost system widely used for 

the quantitative and qualitative detection of target analytes. It relies on the capillary 

movement of the sample through the test strip and is convenient to design for developing a 

portable device.  

The current chapter describes an ECL-LFA strip where cTnT is detected by exploring 

aptamer-protein-aptamer sandwich assay. CdSe@ZnS quantum dots, commercially known 

as lumidot, are catalysts to enhance the ECL signal. A DC voltage supply device has been 

coupled to the system to provide the potential for the specially designed LFA strips 

equipped with a two-electrode system to induce the ECL reaction.   

7.2 Experimental methods 

7.2.1. Materials 

ssDNA aptamer (cT33) and 5’ biotinylated cT21 aptamer were procured from IDT 

technologies (USA). KCl, NaCl, NaH2PO4, Na2HPO4, H2O2 (~50 w/v%), methanol (99.9%), and 

Streptavidin were purchased from HiMedia Laboratories Pvt. Ltd. Alkyl ketene dimer 1840 

(AKD) was purchased from Flourish Paper and Chemicals Limited (Mumbai, India). For the 

generation of lateral flow assay (LFA) platform, Whatman Grade 1 Filter paper, and Lumidot 

were purchased from Sigma Aldrich (USA). Nitrocellulose blotting membrane (0.45µm) was 

purchased from HiMedia Laboratories Pvt. Ltd. Blotting membrane was purchased from Bio-

Rad laboratories. Finally, a potential generating device (12V transformer), a general-purpose 

diodes 1N4007, Capacitors, resistors, LM7805 voltage controller, Multimeter were 

purchased from electronics dealers from Guwahati, Assam. 
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7.2.2 Docking studies 

The aptamers cT12, cT21, cT22 and cT33 exhibited best binding affinities to the target as 

revealed from the studies described in chapter 5. Four docking studies were performed for 

cTnT and the aptamers in patch dock web server.  The aptamer cT12, cT21, cT22 and cT33 

pdb files were generated for docking by adopting the procedure explained in the chapter 3. 

The cTnT protein pdb file was downloaded from the RSCB PDB server. The docking results 

were downloaded and then analysed in VMD. In VMD one aptamer and one docked 

complex was uploaded to verify the binding regions of the aptamers with the protein. The 

aptamers binding at different regions of the target proteins were selected for ECL_LFA 

sensor.  

7.2.3 DC voltage supply device 

A DC voltage supply device was installed to provide a required potential to the LFA platform. 

The step-down transformer produces 12 V at its output that fed into full-wave bridge 

rectifier, which converts the AC voltage into DC voltage. To reduce fluctuations for a steady 

voltage, the 1µF capacitor was connected to the rectifier. The voltage regulator IC LM7809 

controls the 12V DC input from the 1µF and produced 9V volt output. The output voltage 

was stored in the 0.1µF capacitor. The 9V voltage output was divided using a voltage divider 

circuit comprising two equal value resistors. The voltage divider enables the user to obtain a 

voltage in the range from -4.5V to +4.5V. Using the potentiometer, the voltage can be 

selected between -4.5V to +4.5V. To measure the value of the output voltage before it is fed 

into the device, a DC voltammeter was used. The circuit fabrication design is illustrated in 

the figure 7.1. 

7.2.4 LFA platform design 

Paper based LFA platform was prepared initially by designing the dimensions of the platform 

in adobe illustrator CS6 (Version 2020). Platforms with different dimensions of length and 

width were tested in order to minimize the time required for the solution to travel from one 

end to the other through capillary action. The capillary action was made directional by 

creating a base platform with AKD modified chromatography paper No 1. The paper was 
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dipped in a 1% (w/v) AKD solution in n-heptane. The paper was then heated on a hot plate 

at 100 °C for 5 minutes and then allowed to cure for 30 minutes at 60 ℃ prior uses. This 

hydrophobic paper was used as the back pad upon which the LFA platform was constructed. 

The blotting membrane was utilized as absorbent pad and sample pad. A Whatman filter 

paper grade-1 was cut and saturated with 0.1M KCl solution to make the conjugate release 

pad which aids conduction between both the electrodes. Nitrocellulose membrane (0.4 µM) 

was used as the stage to create test zones. The LFA strips were prepared by cutting sample 

pad (1cm x 0.3mm), conjugate pad (1cm x 0.3mm), nitrocellulose membrane (1.5cm x 

6.5cm), and absorbent pad. The electrodes had a geometrical surface area of 1cm x 0.3mm. 

The entire set up was glued one upon other with the help of a starch-based adhesive. The 

order of the membrane layers from bottom to top was chromatography paper < 

Nitrocellulose membrane < Whatman paper < Blotting membranes. There was a 2mm 

overlap between each of the layers of the LFA. The LFA platform designed is illustrated in 

the scheme 7.1.       

 

 

 

 

Figure 7.1: Circuit design of the DC voltage supply device fabricated for potential 

generation. 

7.2.5 Fabrication of LFA 

The generated LFA platforms were immobilized with aptamers by exploiting avidin-biotin 

chemistry. The strong physical absorption of avidin on nitrocellulose membrane is well 

documented (Tang et al., 2019). Streptavidin was directly adsorbed on to the nitrocellulose 
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membrane by drop casting and then incubating in a hot air oven at 370 C for 1hr. Once the 

streptavidin is immobilized onto the LFA strips, the streptavidin was then linked to the 

biotinylated cT21 aptamer. Scheme 7.2 illustrates the ECL-LFA strip generated and all its 

components. 

 

Scheme 7.1: Schematic representation of the LFA strip designed for the ECL sensor. The 

nitrocellulose membranes were screen printed with Ag/AgCl ink as reference ink and Carbon 

ink as working electrode by adopting the screen-printing procedure mentioned in chapter 6.   

 

Scheme 7.2: ECL-LFA strip developed and all its components. 
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7.2.6 Characterization of luminol and lumidot 

Luminol ECL is a very weak luminescence in neutral conditions without the aid of co-

reactants like boric acid or H2O2 and metal nanoparticles. The addition of the co-reactants or 

the metal nanoparticles results in an enhancement in the ECL signal. The catalytic effect of 

lumidot over luminol was reported by dong et al (2014) in a thrombin ECL sensor. The 

lumidot, luminol and the combination of the both were characterized by fluorescence and 

UV-Visible spectroscopy   

7.2.7 Electrochemical characterization of luminol and lumidot 

Cyclic voltammetry (CV) was performed on Zahner Zennium electrochemical workstation 

(Zahner-elektrik, Germany) in the potentiostat mode in a three-electrode configuration. 

Ag/AgCl (3 M NaCl), platinum wire (Pt) and gold electrode were used as reference, auxiliary 

and working electrodes, respectively. All the measurements were taken in the electrolyte 

solution containing 10 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) and 0.1 M KCl in PBS. The CV 

measurements were carried out in a potential range of -2 V to 2 V with amplitude of 10 mV. 

The slew rate was set at 100 mV/s. All the experiments were performed at RT in a dust free 

condition. 

7.2.8 Aptamer lumidot linking 

The lumidot and the aptamer cT33 were linked to each other by EDC-NHS chemistry. 

Lumidot (CdSe@ZnS) was spread and dried on an Eppendorf tube cap and mixed with 0.1 M 

Phosphate buffer (pH 7.4) with 10 mM EDC and 5 mM NHS. The solution was incubated for 

1 hr. The unreacted EDC was quenched with 2-mercaptoethanol. Finally, 5 µM of the 

aptamer (cT33, N13) was introduced into the above solution and incubated at 40 C 

overnight. Fluorescence and UV- Visible spectra of the individual solutions and the aptamer-

lumidot solution were recorded. 

7.2.9 Set up for ECL-LFA detection of cTnT 

cTnT solution was added to the ECL buffer solution (table 3.8 in appendix) which contains 

the lumidot linked to cT33 aptamer. The reaction buffer was incubated for 5 min at 370 C. 
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The reaction buffer concoction was added onto the sample of the LFA strip and the 

concoction was allowed to flow through. After duration of 15min with the aid of the DC 

voltage supply device a potential of 0.6 V was applied and the ECL signal response was 

captured.   

7.2.10 statistical analysis of data 

All the LFA experiments were performed in triplicates, and the resultant images were 

capture in a Nikon L830 Coolpix camera in dark conditions. The distance between the 

camera and the LFA strip was maintained constant with the aid of a tripod. Following which 

the captured images were processed and transformed into Red, Green, Blue (RGB) values 

through image J software to measure the pixel intensity of the individual colour. The 

obtained RGB values were statistically interpreted by calculating the mean of the data with 

their standard deviation (SD). The limit of detection (LOD) was calculated from the slope of 

the calibration curve for the cTnT detection by using the relation, LOD= Limit of blank (LOB) 

+ 1.65 X SD of lowest concentration, where LOB = Mean of blank + 1.65 X SD of blank. 

 

Scheme 7.3: Schematic representation of the steps involved in the ECL-LFA assay. 
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7.3 Results and Discussion 

The objective of the current ECL-LFA work is to develop POC-based rapid detection of cTnT 

for AMI diagnosis. A microfluidic ECL-LFA device has been designed and fabricated to detect 

cTnT on the basis of Electrochemiluminescence response signal. The LFA is made on a 

backpad made up of AKD modified grade 1 Whatman filter paper. The AKD modification 

makes the backpad hydrophobic and ensures the capillary flow in forward and not in 

downward direction. The blot membrane is used as the sample pad as it receives the 

reaction buffer +cTnT solution and the sample pad filters the reaction buffer and aids the 

flow of this reaction buffer concoction. The reaction buffer consists of luminol solution and 

aptamer cT33, which is conjugated with lumidot. The conjugation is achieved through EDC-

NHS chemistry. The cT33 lumidot complex acts as a biorecognition element which binds 

specifically to cTnT. The lumidot functions like a catalyst enhancing the ECL intensity.  

The reaction buffer concoction flows from the sample pad to the conjugate pad which is a 

reservoir of dehydrated KCl solution, which make the reaction buffer conductive and 

enables the ECL reaction to occur on application of potential. The reaction buffer mixes with 

KCl and then flows into the nitrocellulose membrane. The nitrocellulose membrane consists 

of the test zone which is immobilized with cT21 aptamer which is the capture molecule. The 

cT21 aptamer captures the cTnT-cT33-lumidot complex. A potential is applied and the 

lumidot by resonance energy transfer oxidizes luminol resulting in the emission of an anodic 

ECL signal. The ECL intensity is proportional to the concentration of cTnT present in the 

solution. 

7.3.1 Aptamers selection for ECL-LFA 

Docking studies were performed to find out two aptamers which binds to cTnT in a 

symbiotic pattern. Four aptamers cT12, cT21, cT22, cT33 were developed against cTnT. cT21 

has the best binding affinity among the four aptamers. Hence, cTnT-cT21 complex is docked 

against the other 3 aptamers. All the three complexes are visualized in VMD. The cT22 had 

same interaction region as cT21 (amino acid number 196 to 261) and was not considered for 

further study as the motivation behind the study was to identify an aptamer which 

complements cT21 and binds to a different region of the cTnT protein. cT12 and cT33 
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interacts with the amino acid sequence 122-179 and 131-190, respectively of the cTnT 

protein. Among cT33 and cT12, cT33 has the betted binding affinity. Hence cT21 and cT33 

aptamers were chosen for aptamer-protein sandwich assay. The binding regions of different 

aptamers with cTnT are illustrated in the figure 7.2. 

 

Figure 7.2: aptamer-protein docking interactions. (A) cT21 interaction with cTnT protein, (B) 

cT21 and cT33 interaction with cTnT, (C) cT21 and cT12 interacting with cTnT, (D) cT21 and 

cT22 interaction with cTnT. 

7.3.2 Dimensional optimization LFA strip  

The micro-fluid displacement in the proposed LFA strip is occurred through capillary forces. 

For the fluid to gain sufficient capillary forces to move through the microfluidic channel, the 

dimensions of the platform were optimized. To this effect, different widths of the LFA strips 

were crafted and examined the time required for the liquid to flow through the strips. 

Smaller the width higher was the flow rate. However, a minimum of 3mm width between 

the electrodes was required to ensure their contactless operations and to keep space for 

aptamer immobilization. Hence, width of 3mm was finalized for the LFA strip generation 

which has a flow rate of 0.83 ml/min. Various quantity of reaction buffer was introduced 
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into the strip and the volume at which the sample pad is filled with reaction buffer and has 

no overflow is selected as the sample quantity. The quantity required was 150 µl. The 

absorbent pad increases the capillary force by absorbing the excess fluid. 

The length of the absorbent pad and the fluid that can be injected into the LFA strip are 

proportional. The length of the absorbent pad was also optimized to 2cm x 3mm as at this 

dimension the absorbent pad gets saturated. The ECL-LFA strips designed for the current 

study is illustrated in figure 7.3.  

7.3.3 Characterisation of luminol and lumidot 

The fluorescence behaviour of both Luminol and lumidot independently and in their mixture 

were recorded. The purpose of the UV-Visible absorbance spectroscopy and the 

fluorescence spectroscopy was to understand the individual behaviour of both luminol and 

lumidot and also their behaviour in the presence of each other. Two peaks were observed 

for luminol at λ305nm and λ355nm in UV-visible absorption spectra ranging from λ300-400nm. The 

lumidot in an absorption spectrum of λ250-500nm exhibits a peak at λ260nm. The mixture of 

luminol + lumidot solution results in the increase in the peak intensity of both luminol and 

lumidot peak. Figure 7.4B shows the fluorescent emission spectra of the luminol (1 mM), 

lumidot (6 µM) and their mixture with same concentration. The maximum fluorescence 

emission peaks of luminol and lumidot were at ~λ425nm and at λ580nm, respectively.  

 

 

Figure 7.3: image of the ECL-LFA for detection of cTnT.  
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Figure 7.4: (A) UV-vis absorption spectra of luminol, lumidot, luminol + lumidot. (B) 

Fluorescence spectra of luminol, lumidot, luminol+ lumidot. 

The overlap of the emission peaks of the mixture with same concentration as the individual 

samples, implies the occurrence of resonance energy transfer (RET) between the two 

molecules. Also, in the case of the mixture the emission at λ425nm decreased drastically while 

the emission at λ580nm increased significantly indicating the RET occurrence between luminol 

and lumidot which plays a key role in the ECL of Luminol in presence of lumidot without 

addition of H2O2 or any other co-reactant. 

7.3.4 Electrochemistry of luminol and lumidot 

CV studies were performed to analyse the effect of luminol solution in the presence of 

lumidot as catalyst. The bare gold electrode in the potassium ferricyanide solution yields a 

characteristic peak at a potential of 0.4 V; when the solution was replaced with luminol 

solution, an anodic peak at 1.4 V and a cathodic peak at 0.15 V were detected. The 

intensities of these peaks increased by 25% in the presence of lumidot further established 

the catalytic effect of lumidot on luminol (Dong et al., 2014). Visible CV peaks of lumidot 

were not observed as it was in the solution and not immobilized on the electrode surface. 

The aim of this experiment was to establish that the lumidot can enhance the ECL peak even 

when it was in the solution and not on the electrode surface.  
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Figure 7.5: CV spectra of gold electrode bare, in presence of luminol and luminol+ lumidot.  

7.3.5 Detection of cTnT using ECL-LFA strips 

The ECL-LFA strips were connected to the DC voltage supply device. The cTnT was added to 

the aptamer cT33-lumidot solution and then the generated mixture was loaded into the 

sample pad. The cT33-lumidot-cTnT complex travelled from the sample pad of the LFA strip 

into the nitrocellulose membrane where the cT33-lumidot-cTnT complex was capture by 

cT21 aptamer. The unbound cT33-lumidot travels through the strip and was not captured in 

the strip. After an incubation time of 15 min, the potential was applied and the ECL 

luminescence was captured. The cT33-lumidot-cTnT complex reaches the nitrocellulose 

membrane in 3 min. However, to avoid any false positive result, an incubation time of 15 

min was adopted as these results in the reaching of the cT33-lumidots into the absorbent 

pad. The intensity of the blue colour developed was varying depending upon the 

concentration of cTnT. The emission of the ECL luminescence was the indication of the 

presence of cTnT in the given sample. 

7.3.6 Quantitative detection of cTnT  

The cTnT was quantified by capturing the images of the ECL luminescence. The ECL was 

generated by the RET between luminol and lumidot. The entire reaction is depicted in the 
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scheme 7.4. The images were cropped and only the ECL luminescence portion of the image 

was select for the generation of a calibration curve. First the images were processed in 

Image J software and the RGB values were determined. In most of the cases the red colour 

was absent or negligible. The green colour intensity varied from 2 to 30 with no specific 

pattern. Blue colour increased with the increased concentrations of cTnT. This is because of 

the luminol luminescence. The luminol luminescence is weak in the absence of a catalyst but 

in presence of lumidot the luminescence increased exhibiting a proportional behaviour 

between the increased concentration of lumidot and luminol luminescence. The 

experiments were done in triplicates and the mean and SD was also calculated to determine 

the LOD of the ECL-LFA platform.   

The LOB and the LOD of the ECL-LFA strip were calculated. The LOB was 42.55 pM and the 

LOD was found to be 42.71 pM. The linear range was observed from 100 pM to 10nM. The 

LOD was at 10 µM as at this concentration the blue intensity was ~255 which is the 

maximum intensity. Any further increase in the concentration of cTnT yields similar result. 

The curve (Figure 7.6) exhibits a dual behaviour the equation to calculate the cTnT levels can 

be divided into two regions. Till concentration of 10 nM the equation is y = 21.429ln(x) + 

107.63 which exhibits a logarithmic behavior and from 10 nM till its saturation at 10 µM the 

response curve follows another logarithmic behaviour with an equation y = 12.638ln(x) + 

144.75.  

 

Scheme 7.4: Reaction scheme of the ECL generation reaction occurring between luminol 

and lumidot on electrochemical oxidation of both the species.  
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Figure 7.6: The ECL response plot derived from the mean pixel intensity of luminol in 

presence of varying concentrations of cTnT (1pM to 10 µM). 

7.4 Conclusion   

cTnT is generally referred to as gold standard biomarker for AMI. A new approach to detect 

cTnT through LFA was designed which functions on the principle of ECL. A modified paper 

based LFA strip was devised by the method of screen printing. The printed strip was 

transformed into a 2-electrode system for ECL based detection using was silver/silver 

chloride ink as reference electrode and carbon ink as the working electrode. Metal 

nanoparticles called, lumidot, which are known to have catalytic effect over luminol was 

tagged on to the aptamer cT33, which was the probe molecule. With the help of the avidin-

biotin chemistry a capture probe cT21 was immobilized on the LFA strip to capture the cTnT-

probe complex. A DC voltage supply device was built to supply the potential to the LFA strip. 

The ECL-LFA strips were able to detect very low levels of cTnT in the ECL based sensors. The 

LOD of the system was 42.71 pM. The ECL-LFA strip proposed in this chapter is able to 

detect complete diagnostic spectrum of cTnT levels from 14nM which is the minimum basal 

concentration of cTnT (99th percentile) to the extreme value of 10 µM which is observed in 

the case of a very large AMI and myocarditis. Most of the previous works till date detect 
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cTnT in pM to fM levels. The physiologically significant range of cTnT is from 5 nM to 10 µM. 

The sensors developed till date fail to detect cTnT above 285 nM which does not cover the 

complete physiological range.   

Sensor platform LOD Range Reference 

Electro chemical (Thin film 

transistor micro device) 

285 nM Not available Agarwal et al., 

2018 

ECL (Photomultiplier tube and 

charged coupled device) 

8.57pM 14.28 – 14.28 pM Yang et al., 2017 

Electro chemical 

 

3.5 fM 0.028 – 285.7 pM Sharma and Jang., 

2019 

ECL (LFA based POCT) 42.71 pM 0.1 – 10000 nM Current Work 

Electrochemical (Screen 

printed electrodes) 

280.03 pM 1 – 100 nM Thesis Chapter 6 

Table 7.1: A comparison of performance of various aptamer-based sensors developed to 

detect cTnT.   
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The aim of the present work is to develop an aptasensor for MI using cTnT as a biomarker for 

the ailment. As a first step, an aptamer database “Aptabase" 

(https://www.iitg.ac.in/proj/aptabase/) was created by mining different aptamers available 

in the literatures to develop a general understanding on the nucleic acid aptamers and to 

offer a resourceful and interactive aptamer database to global aptamer scientists. The 

database provides some critical information about the aptamers, including general and 

specific targets, lengths, affinity to targets, buffer compositions, and GC content (%), and 

sequences. It could be regularly updated with the login facility offered to admin and 

aptamer developers, a feature that empowers the developers to add, refine and correct 

their data entry on demand without any need for coding skills. Additionally, a Google 

Analytics has been included to count the website users to analyze the interest traffics. 

However, the database should also be equipped with more plugins and widgets to further 

enhance the user experience. Some of the plugin like 2D and 3D structure generator and G- 

quadruplex finder needs to be included for future versions of the database. 

In the next work, an in-silico ensemble method for 3D modelling of ssDNA Aptamers was 

formulated. This study identified the GC content, GC bond percentage, and G:C ratio as 

limiting factors in predicting secondary structures by different web applications. These 

findings prompted us to conclude that Guanine residues play a key role in the algorithms 

used by these applications for generating secondary structures and linked tertiary structures 

of the aptamers. The study also illuminates the relationship between secondary structure 

generation applications and RNA Composer, which generated 3D structures with 100% 

similarity for the same sets of aptamer candidates when the structures were generated from 

the same ct files. However, the predicted secondary structures differed in different 

applications. The dissimilarity of the algorithms used in the applications is the principal 

reason for the observed facts. It emphasizes the need for an improved algorithm to yield 

accurate structures. Understanding the guanine residues' role may help create an improved 

algorithm. The 3D aptamer structures could be classified into different categories based on 

their 3D conformation and adopted a dynamic ensemble strategy that filters out the 

secondary structure generation applications, which need to be harnessed for generating the 

3D aptamer structure. "RNA Structure” and “UNA Fold” web applications work best for 

hairpin and stemloop structures, while “RNA fold” works best for helical chains and “Vector 
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builder” works best for globular structures. The ensemble method presented here provide 

precise information only if all the ensemble tools are accurate. However, currently the 

secondary structure generation tools need further improvement. One potential approach is 

to use artificial intelligence and machine learning tools to predict better secondary 

structures.  

Prior developing the aptasensor platforms, the cTnT proteins along with the control protein, 

sTnT were successfully cloned, expressed and characterized. Following which a modified 

SELEX approach called a c-SELEX was designed and performed to develop specific aptamer 

against cTnT. Four specific aptamer candidates cT12, cT21, cT22, cT33 were identified, 

among which cT21 and cT33 were selected for the current studies based on the binding 

energy values with the target. The c-SELEX procedure task could be completed in a week 

making it quick, requires less instrumentation and allows the complete protein to interact 

with the aptamer library. The efficiency of the c-SELEX method, however, needs to be 

validated with different targets to establish it as a general tool to develop aptamer for 

diverse applications.  

The first aptasensor developed in the current work was based on a disposable paper-based 

screen printed electrochemical platform with cT21 as recognition element and cTnT as the 

biomarker. The LOD (280.03 pM) and detection range (1nM to 100nM) offered by the 

aptasensor falls under the clinical range of 14 nM to 10,000nM.  The proof-of-concept 

conceived through the work thus, has a great potential to develop as an MI aptasensor 

device for POC applications. The current procedure for fabricating the aptasensor, however, 

can be further simplified by incorporating an automated screen-printing technique to 

construct the SPEs. Moreover, the conductive ink used in the current study needs 

improvement in terms of conductivity as it exhibits significant electrical resistance. The 

effect of heat on led powder and PEG during the process of preparing the ink should be 

investigated to achieve a best composite for the function. Further, an alternative method, 

such as SAM, for coupling the aptamer with the electrode may improve the sensitivity of the 

detection system. 

The second aptasensor was an ECL-based LFA platform for detection of cTnT. Metal 

nanoparticles, lumidots were harnessed for the catalytic activity to yield luminescence. The 
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characteristic features on this detection platform consist of dual aptamer sandwich assay 

where one aptamer is used as a capture molecule and the other is tagged with lumidot.  The 

ECL-LFA strips were highly sensitive and capable of detecting cTnT within it’s clinically 

relevant range. The LFA device developed through this study may be translated into a 

product of commercial interest with some improvements, such as coupling with a camera-

integrated device such as, smart phone to capture the pixel response to further analyse with 

suitable custom-made software loaded in the device for quantitative detection of the cardiac 

biomarker for diagnosis of MI.  
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