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A glimpse of the years that rolled, 

Well I must say a long journey toiled. 

Endless it firstly seemed to stride, 

My footsteps reminisce the time flied. 

The breath of life in each moment, 

Some ecstatic and some to torment. 

All crafted me to own my present existence, 

Strengthening me to persist and outdistance. 

Affirmation in judgment that endeavors for perfection, 

Each day I got to encounter a different perception. 

Admirations to dejections, today I apprehend, 

Carving me with the evolutions that mend. 

Today, accustomed I feel with the accomplishment, 

To pen my emotions with gratifying achievement. 

The heart pounds with mixed sentiments, 

Overwhelmingly today it leaves my temperament. 

The journey commenced now paves a new way, 

The blissfulness to embrace, Oh Lord, forever stay. 

Saloni… 
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ABSTRACT 

Cardiac biomarker Troponin I (TnI) is the inhibitory subunit of Troponin complex 

which binds to actin in thin myofilaments. It holds the actin-tropomyosin complex in 

place for calcium mediated regulation of cardiac muscle contraction. TnI have 

acquired significant diagnostic value since last two decades for its recognition as gold 

standard biomarker for Acute Myocardial Infarction (AMI). An elevated 

concentration of TnI in serum is associated with the occurrence of myocardial injury 

eventually leading to heart attack. Although, remarkable progress has been made in 

the diagnostics of cardiovascular diseases, nevertheless, the current medical 

techniques are unable to predict the rapid and cost-effective strategies. Since few 

years, the high sensitive TnI detection Abott iSTAT is used in hospitals and advanced 

healthcare systems but the cost being the major deterrent limits its accessibility to 

common mass.  Other TnI biosensing platforms based on antibodies also pose 

limitations of non-specificity and high cost due to its production. Therefore, DNA 

aptamers have been introduced in various therapeutic and diagnostic interventions to 

develop highly sensitive and cost-effective biosensing platforms. As compared to 

conventional antibodies based detection methods, aptamers offers stability acting as 

high affinity bioprobes for specific target recognition. Drawing conclusions from the 

previous reported studies of aptamer generation; our group has adopted a novel 

strategy for screening aptamers against TnI. The aptamers have been chemically 

synthesized by Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

methodology against apical regions of the biomarker instead of whole TnI protein. 

The aforementioned unique technique of selecting apical peptides was followed to 

render specificity and achieve sensitivity in designing aptamer based TnI biosensing 

platforms.  

The study initiates with heterologous expression of human cardiac TnI protein 

following ion metal affinity chromatography (IMAC) based purification along with its 

validation for stability and purity. Additionally, several biochemical and biophysical 

techniques were employed for studying the interaction and binding ability of 

synthesized DNA aptamers against C-terminal apical region (Tc18 and Tc35p) and N-

terminal apical region (Tn13.2a and Tn24.1) with full length biomarker TnI. Only C-



terminal aptamer-Tc18 was propagated for further studies due to its unique secondary 

structure folding that enabled better binding with TnI. 

After studying the interaction, both the aptamers were incorporated to design 

biosensing platforms for rapid diagnosis of AMI by detecting TnI levels. Preliminary, 

aptamer based immunodiagnostic microtiter sandwich assays were performed 

introducing a novel match-pair of aptamer with synthetic peptide for sensitive 

detection of TnI. The peptide used as bioreceptor was selected from studies 

previously reported in literature for effectively targeting TnI, thus eliminating the 

utility of antibodies. Furthermore, dot-blot based dipstick immunoassay has been 

demonstrated utilizing surface plasmon resonance of gold nanoparticles conjugated 

with Tc18 aptamer enabling visual signal readout. Moreover, the dot-blot assay was 

also expanded as Lateral-flow Immunoassay using Tc18 gold nanoconjugates for on-

site rapid detection of TnI.  

Additionally, in order to design rapid and cost-effective diagnostics for heart-failure, 

the novel match-pair of aptamer and peptide was used in developing an aggregator-

free gold nanoparticle assay for colorimetric detection of TnI. The assay comprised 

dual site-directed nanobioprobes of aptamer and peptide conjugated gold 

nanoparticles that interact with TnI at discrete binding sites causing their aggregation. 

The detection methodology was validated in human clinical samples for which AMI 

blood specimens were procured from our clinical partner Dr. Manojkumar Rohit, 

Cardiology Centre, PGIMER, Chandigarh under collaborative Mission project 

(PGI/IEC-11/2019-1398).  

Furthermore, to achieve ultra-sensitive TnI detection systems, electrochemical sensing 

platforms were implemented for rapid targeting of TnI. This study was accomplished 

in collaboration with CSIR-CEERI who developed gold metal coated electrodes and 

polysilicon Field Effect Transistor device comprising metallic gold coated gate 

terminal. Both the devices were manufactured using photolithographic 

microfabrication technology for on-site detection of TnI to diagnose myocardial 

injury. The functionality of the devices was potentially verified to detect TnI using 

biofunctionalization of thiolated Tc18 onto gold-surface. Moreover, another study 

comprising an advanced nanohybrid of graphene-oxide with aptamer conjugated gold 



nanoparticles has been developed for increasing the sensitivity of TnI detection. The 

study discovered novel charge conducting properties attributed by conformational 

switching of aptamer upon binding TnI.  

Comprehensively, the entire study encapsulates synthesis of cardiac biomarker TnI 

with detailed biochemical and biophysical characterization of Tc18 and Tc35p 

aptamers generated against C-terminal peptide fragment to interact with full length 

recombinant protein. These high affinity aptamers have been further demonstrated to 

target native human heart TnI spiked in complex serum matrix as well. In addition to 

this, the nanomolar binding strength of these aptamers have been investigated to 

design various biosensing platforms for early, rapid and cost-effective detection of 

TnI. Each biosensing platform surpasses the limit of detection from the preceding one. 

Majorly, the favorable binding competence of Tc18 aptamer for TnI was implemented 

to fabricate microtiter immunoassays, lateral-flow assays, colorimetric and 

electrochemical aptasensing platforms for point-of-care diagnostics of Myocardial 

Infarction.     
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Introduction   

Cardiovascular diseases (CVDs) involve heart and blood vessels comprising coronary 

heart disease, congenital heart disease, heart failure, thrombosis, etc. Amongst various 

CVDs, Acute Myocardial Infarction (AMI)/heart attack is the sudden cardiac muscle 

injury causing irreversible myocardial necrosis due to low or no blood supply 

(ischemia) to heart. AMI being considered as the leading cause of death accounted for 

17.9 million (32%) deaths globally reported by World Health Organization (WHO) in 

2019 [1][2][3]. The typical diagnosis of CVDs starts with ECG that in severe cases is 

followed by expensive techniques of computerized tomography (CT) and magnetic 

resonance imaging (MRI). ECG produces a static picture of cardiac condition with 

only 50% sensitivity and does not show the underlying severity of condition [4].  

In order to develop effective diagnostic strategies, we need to fill the gaps pertaining 

to high cost, lack of diagnostic precision following unreliable prognosis and delayed 

identification/diagnosis of patients. Early stratification of risk factors associated with 

AMI holds utmost importance for reducing costs by screening the hospitalization and 

streamlining the standard diagnosis for patients. The rapid and early diagnosis of AMI 

in good time owing to the symptoms is predominantly crucial for patient’s survival. 

Acknowledging the consistent progress in the diagnostics and therapeutics of cardiac 

diseases, still the current medical techniques are unable to predict the rapid treatment 

strategies [5]. European Society of Cardiology (ESC) and American College of 

Cardiology (ACC) guidelines of 2018 have defined CVD diagnosis as per fourth 

universal definition of AMI for patients meeting any of the three conditions: chest 

pain, alteration in ECG measurements and elevation of cardiac biomarkers in blood. 

Therefore, analytical measurements of cardiac biomarkers is a key important factor 

and is required for assisting and managing AMI diagnosis [6] [7].  

The earliest known cardiac biomarkers employed for AMI detection limited their 

applicability in diagnostics due to lack of specificity to cardiac tissues producing false 

positive results [8]. Relatively, cardiac biomarker troponin (cTn) became the 

biomarker of supreme choice for diagnosis of AMI as it has been considered the most 

sensitive and specific marker of myocardial necrosis [9]. Troponin protein as a 



Introduction 

2 

complex of three subunits: Troponin T (cTnT), Troponin C (cTnC) and Troponin I 

(cTnI) regulate calcium mediated integral component of contractile apparatus leading 

to contraction and relaxation of heart muscles [8]. Furthermore, among all the three 

variants, the inhibitory subunit Troponin I (TnI) is considered as the gold standard 

biomarker for AMI due to its myocardial specificity [10]. After the onset of 

myocardial injury, TnI level hikes to 50ng/ml in 3-6 hours and saturates to a 

concentration of about 500ng/ml, finally depleting to its normal concentration within 

6-8 days [11–13]. This long diagnostic window with parameters of kinetic release in 

blood circulation distinguishes TnI from other biomarkers as an ultrasensitive and 

specific detection biomarker for AMI.  

Conventional TnI biosensing techniques of microtiter immunoassays and polymerase 

chain reaction (PCR) suffer various drawbacks associated with low sensitivity and 

high cost yet constraining their practical applications. Moreover, huge and complex 

instruments such as Roche E 2010/602 TnI and Abott TnI testing have been 

implemented in clinical settings but cost-effective strategy still needs to be addressed 

concerning the unavailability of AMI diagnosis to poor masses [14]. The limitations 

pertaining to sophisticated laboratory set ups, high cost and long hours of detection 

restricts successful commercialization of present diagnostic strategies compromising 

with patient health. To this context, affordable, portable and low-cost TnI sensing 

platforms are required for AMI diagnostics. Studies have reported various biosensing 

platforms for the detection of TnI that use biological antibodies as biorecognition 

elements. However, disadvantages of batch to batch variation, in vivo production and 

short shelf life restrict their utility to some extent on commercial grounds. In this 

regard, artificial antibodies known as aptamers have discovered great potential for 

developing cost-effective, specific and reproducible detection strategies. Aptamers are 

generated using SELEX method (Systematic Evolution of Ligands by Exponential 

enrichment) an in vitro selection and amplification method for generation of target-

specific aptamers [15]. Considering the emerging requirement to address point-of-

care-testing (POCT) for AMI, aptamers can result in designing specific detection 

platforms that can hold a potential for affordable, rapid and early diagnosis of AMI. 

The parameters of sensitivity and physicochemical stability addressed by aptamer 
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based biosensing assays have gained extreme interest in detecting biomarker proteins 

with high affinity. Since long, aptamers have been incorporated for TnI detection in a 

wide range of biosensing platforms viz. optical [16], electrochemical [17], 

fluorescence [18], SERS [19], FET sensors (Field Effect Transistors) [20] and 

microfluidics based lab-on-a-chip assays [21].  

A viewpoint needs to be implemented to define and shape the heterogeneous nature of 

biosensing assays for cardiac biomarkers and narrow down our research to sensitize 

the present detection limits. This will elucidate the optimum treatment required within 

a particular time frame to the patient. Despite improvements in both sensitivity and 

cost effectivity, problems in assay standardization, interferences, imprecision, and 

pre-analytical variability may affect their clinical use persistence. In order to address 

all these issues, the current study has been focused towards designing platforms for 

early, rapid, low cost, accessible and sensitive methods for diagnosing AMI. The 

overall approach would be to increase the sensitivity of existing methods or to device 

novel methods using latest developments in the field of nanotechnology and surface 

immobilization techniques. The work emphasizes upon fabrication of portable and 

highly sensitive biosensors without compromising the point-of care testing for AMI 

diagnosis.  

To explore more work done and unfold the knowledge gaps pertaining to point-of-

care detection of cardiac biomarkers for management of myocardial infarction, the 

objectives of the study were framed as follows:   

Aims and Objectives 

1. Expression and purification of cardiac Troponin I and selection of DNA 

aptamers binding with biomarker protein. 

2. Biophysical and biochemical characterization of aptamers interacting with 

Troponin I. 

3. Designing of biosensing platforms for sensitive detection of Troponin I along 

with the validation studies addressing early and rapid point of care 

diagnostics for Acute Myocardial Infarction. 



Introduction 

4 

              

 

Based on outline of the proposed study and defined objectives, the thesis has been 

categorized into seven chapters which are summarized as follows. Each division 

addresses consecutive and oriented series of studies determined towards 

“development of aptamer based biosensing platforms for point-of-care diagnosis of 

cardiac biomarkers of Acute Myocardial Infarction (AMI)”.  

Chapter 1: Review of literature 

The chapter consists of present state-of-art for prevalence of global mortality due to 

cardiovascular diseases owing to the importance of cardiac biomarkers for risk 

stratification. It highlights the progress achieved for detecting human cardiac 

Troponin I-the biomarker of choice for Myocardial Injury. Moreover, thorough 

information about release of Troponin I and its clearance is explained in terms of 

occurrence of cardiac injury. Along with the current status of advancements 

established in the area of biosensors, the chapter provides detailed information about 

various biosensing techniques applied for detection of Troponin I. The major 

emphasis has been laid towards the advantages of DNA aptamers as efficient high-

affinity biorecognition elements over conventional antibodies in AMI diagnostics. A 
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background study pertaining to the developments proposed in aptamers mediated 

detection of Troponin I have been discussed. 

Chapter 2: Heterologous expression & purification of human cardiac Troponin I 

and selection of DNA aptamers binding biomarker protein 

This chapter describes about overexpression of human cardiac Troponin I in 

prokaryotic system along with purification of biomarker protein. The integrity and 

purity of recombinant Troponin I was characterized by various methods such as gel 

electrophoresis and mass spectrometry. Secondary structure analysis was performed 

using CD spectroscopy and binding efficiency was confirmed by ELISA. Moreover, 

homology models of Troponin I protein was made using I-TASSER server due to 

absence of high resolution crystal structure. 

The chapter also comprises of selection of DNA aptamers generated against apical 

peptide fragments of cardiac Troponin I through SELEX. The aptamers were 

characterized in silico by predicting their secondary structure using Mfold and 

tertiary structure via RNA composer. Moreover, biophysical techniques such as BLI 

explained binding strength of aptamers in terms of dissociation constant and CD 

studies explained the structural folding of aptamers. Other bioreceptors such as 

polyclonal antibodies and synthetic peptide specific to Troponin I are also 

introduced in this chapter. 

Chapter 3: Interaction studies of aptamers binding to cardiac Troponin I  

The studies in this section elucidate the ability of aptamers generated against the 

peptide fragment of Troponin I for binding full length biomarker protein. A 

combined approach of biochemical and biophysical characterization was adopted to 

study the effect of varying concentration of target Troponin I binding with aptamer. 

BLI studies incorporating binding kinetics provided information pertaining to 

binding affinity of aptamers. While CD studies were performed to examine 

structural changes in aptamers post interacting with target Troponin I. Both the 

techniques have unfolded various aspects of aptamer-target interaction. Moreover, 

the stability of complex formation of aptamers with Troponin I was studied via gel 

electrophoresis, EMSA and AUC. Moreover, in silico docking of aptamers and 
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Troponin I by HDOCK accompanied with PBDsum generate analysis predicted the 

binding residues at interface further elaborating the understanding of interaction. 

And microtiter assays revealed the efficiency of aptamers to target Troponin I in 

sandwich ELISA platform. 

Chapter 4: Immunoassays for detection of cardiac Troponin I 

This chapter discusses about aptamer based immunodiagnostic assays for detecting 

Troponin I. The proficiency of aptamers to bind Troponin I in a sandwich 

configuration has been demonstrated with synthetic peptide as novel match-pair 

bioreceptors. Aptamers are displayed to bind Troponin I as both capture and target 

bioprobes with high affinity in complex serum matrix as well. Additionally, the 

capability of aptamers to detect Troponin I have been validated in AMI clinical 

samples procured from PGIMER, Chandigarh. Another fast and reliable 

immunoassay known as dot-blot assays comprising aptamer conjugated gold 

nanoparticles as nanobioprobes to detect Troponin I have been discussed. Moreover, 

the competency of aptamers to detect Troponin I have been extended in paper based 

lateral-flow immunoassay as well.  

Chapter 5: Aggregator-free gold nano-sandwich based colorimetric detection of 

cardiac Troponin I 

This section of the study focuses upon a colorimetric biosensing platform for 

Troponin I detection using a unique match-pair combination of bioreceptors. 

Aptamer and peptide conjugated gold nanoparticles are implemented as site directed 

nanobioprobes that interacts with Troponin I at distant interface. This binding of 

both nanoconjugates to Troponin I reduce the inter-particle distance causing 

aggregation which changes color of the solution. Both the nanoconjugates of 

aptamer and peptide have been well characterized for their stability. The 

colorimetric assay produces instant naked-eye visual signal upon detecting Troponin 

I in serum samples abolishing interference of non-specific targets. Additionally, the 

colorimetric biosensor has been validated in AMI clinical samples identifying the 

applicability of high-affinity aptamer for point-of-care detection of Troponin I. 
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Chapter 6: Aptamer based electrochemical biosensing for sensitive detection of 

cardiac Troponin I 

The current study describes an aptamer mediated electrochemical biosensing platform 

for rapid sensing of Troponin I. The work was conceived under collaboration with 

partners at CSIR-CEERI who synthesized gold electrodes/chips and polysilicon FET 

device for aptasensing of Troponin I. The synthesized devices were characterized for 

their conductivity, stability and reproducibility proposing point-of-care 

electrochemical devices for monitoring myocardial infarction. The gold-thiol bonding 

enabled biofunctionalization of aptamer onto gold surface forming homogenized self-

assembled monolayer. The aptamer biofunctionalization was verified by various 

surface immobilization techniques such as Atomic Force Microscopy, Raman 

spectroscopy and contact angle measurements. Consequently, aptamer based sensing 

have been depicted to provide sensitive targeting of Troponin I.  

Chapter 7: A graphene-gold nanohybrid for electrochemical aptasensing of cardiac 

Troponin I 

The last chapter comprises nanohybrid of graphene oxide and gold nanoparticles that 

have been designed for enhanced synergistic electrochemical conductivity contributed 

by both nanomaterials. Aptamer conjugated gold nanoparticles biointerfacing 

graphene oxide have been implemented to fabricate nanohybrid based electrochemical 

aptasensor to improvise the Troponin I detection sensitivity. The designed nanohybrid 

has been well characterized for its stable chemical conjugation determining 

morphological and optical features. The developed aptasensor have been proposed in 

this section to exhibit instant Troponin I detection at ultralow concentrations further 

validated in human serum samples as well. An enhancement in the electrochemical 

signal has been explained emphasizing on Troponin I induced conformational 

rearrangement of aptamer. 

Summary and future perspectives 

In this chapter, I have summarized all the conclusions and findings obtained from 

each section of the proposed work. It also compiles and sums up the entire objectives 

of carrying studies further imparting a deep sense of knowledge connecting the results 
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achieved. In addition, this final division of the work recollects the conclusions 

discussing loopholes in current scenario of cardiovascular diseases point-of-care 

management. Finally, future implications of generated aptamers along with the 

designed aptasensing platforms have been discussed for their applicability in 

diagnostics of Acute Myocardial infarction.  



 

 

 

Chapter 1 
Review of Literature 
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1.1 Global burden of cardiovascular diseases 

Cardiovascular diseases (CVDs) have emerged as the leading cause of mortality and 

morbidity worldwide [22]. World Health Organization (WHO) in 2019 have 

estimated a death rate of 31% taking lives of 17.9 million people every year. With 

these rising death rates, according to WHO it is estimated that by 2030, it is supposed 

to take a toll of 25 million people annually (Fig.1.1)[23].  

 

Fig.1.1 Statistical data for global cause of death due to cardiovascular disease [27] 

Various heart heath care guidelines by American College of Cardiologists (ACC), 

European Society of Cardiology (ESC) and American Heart Association (AHA) and 

have been working for primary prevention of CVDs in terms of associated risk factors 

[24]. They claim that the potential risk factors of CVDs can be split into two 

categories: modifiable and non-modifiable. A person’s age, ethnicity, family history, 

socio-economic background contributes to non-modifiable risk factors. While 

modifiable risk factors that leads to CVD includes diabetes, hypertension, obesity, 
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elevated cholesterol levels, consistent consumption of tobacco, physical inactivity and 

most common improper nutritional practices [24][25]. Amongst mentioned risks, 

hypertension is one of the strongest factors that affect people of all the age groups, 

especially young adults (generally females) [26]. 

After being recognized as dominant and chief cause of death worldwide in 2001, 80% 

of CVD death toll globally is devoted to under-developed and developing countries 

such as India where burden of risk factors are high due to ongoing epidemiological 

transition [28]. Clinical reports have suggested a convincing association of CVDs 

with the ongoing pandemic as COVID-19 patient is prone to cardiovascular 

manifestations intervened by the route of entry of SARS-Cov-2 into host cells. 

Increased risk of mortality due to Covid-19 has reported repercussions from pre-

existing cardiovascular diseases. Latest studies have also reported a reverse scenario 

where Covid-19 itself can lead to various cardiovascular ailments such as myocardial 

injury, acute coronary syndrome and venous thromboembolism [29].  

1.2 Acute Myocardial Infarction (AMI) 

1.2.1 Pathophysiology of AMI 

Being the most severe instances of CVDs, Acute myocardial infarction (AMI) is 

considered as one of the paramount causes of cardiac deaths globally despite 

substantial advancements in prognosis over the last decade [30]. The pathogenic 

mechanism underlying the cascade of thrombotic events starts with the blockage in 

blood flow of coronary arteries due to the potential risk factors that causes damage of 

myocardial tissue forming a plaque in arteries (Fig.1.2) [31]. The initiation of AMI 

marks the rupture or erosion of coronary plaque which results in exposure of 

circulating blood to  a series of thrombotic core proteins causing platelet activation 

[32]. This atherosclerotic plaque interrupts the blood supply and oxygen to the 

myocardium that results in formation of an infarct as displayed by coronary arteries in 

[33]. Myocardial necrosis due to infarction ultimately leads to heart failure and 

inflammatory processes. Common symptoms underlying AMI is angina that 

originates from center of the heart or left side and travels through shoulder and back 

[34]. AMI is associated with chest pain/discomfort, vomiting, sweating, weakness, 
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arrhythmias and nausea and sometimes loss of consciousness. The immediate 

disturbance of coronary blood flow along with aforementioned symptoms defines it a 

life-threatening medical emergency that demands sudden risk management and 

treatment [35]. 

 

Fig.1.2 Pathophysiology of events underlining the occurrence of Acute Myocardial Infarction 

1.2.2 Cardiac biomarkers of AMI 

As defined by ACC and ESC-“A biomarker is a component/parameter that is 

measured and quantified as a characteristic indicator of a biological process of 

therapeutic intervention”  [36]. Cardiac biomarkers are reliable diagnostic solutions 

for management of CVDs as they can differentiate any changes in the pathogenic 

processes corresponding to heart disease or any other disease relatively correctly and 

rapidly [31]. They hold great importance enabling timely and accurate diagnosis and 

prognosis of acute coronary syndrome such as MI.  

In 1954, aspartate transaminase (AST) was reported by Karmen et al as first cardiac 

biomarker used in clinical practice [37]. Then lactate dehydrogenase (LDH) (1955) 

and creatine kinase (CK) (1960) were introduced as biomarkers for MI. But neither of 
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respective biomarkers were specific to cardiac tissues thereby compromising the 

applicability in AMI therapy [38]. Thereafter, Myoglobin-globular oxygen carrying 

protein was prioritized for differential diagnosis of myocardial necrosis [39]. 

Although being a sensitive indicator of cardiac damage, Myoglobin lacks myocardial 

specificity and gets excreted from circulation within 24 hours [40].  

The ideal cardiac biomarker for AMI should (a) possess cardiac specificity as pivotal 

significance, (b) rapidly release in sufficient detectable amount providing severity of 

condition, (c) detectable in blood circulation for long duration, (d) not be found in 

non-cardiac tissues [33][40]. Generally, apart from AST, LDH, CK/CK-MB and 

Myoglobin, myocardial necrosis appearance is marked by several other cardiac 

biomarkers such as Troponin. Ischemic cardiac biomarkers comprises Heart-type 

Fatty Acid-Binding Protein (H-FABP). While biomarkers of hemodynamic stress are  

natriuretic peptides- N-terminal brain natriuretic peptide (NT-Pro-BNP), Brain 

natriuretic peptide (BNP) and inflammatory and prognostic markers such as 

Interleukin-6 (IL-6), C-reactive protein (CRP) and Tumor necrosis factor-α (TNF-α) 

are reported. Another novel biomarkers include Choline, growth differentiation 

factor-15 (GDF-15) and Copeptin have been explored [36,40]. In this regard, Ahmad 

et al in 2012 discussed about the biomarkers implicated in each consecutive 

pathogenesis of AMI. Additionally, Table 1.1 enlists the comparative analysis of all 

the characteristic features of cardiac biomarkers. 

Biomarker 

First 

assay 

(year) 

First 

detection 

(hours) 

Maximum 

value 

(hours) 

Return to 

normal 

value 

(days) 

Sensitivity 

to myocytes 

Specificity 

to myocytes 

AST 1954 3-4 15-28 5 ++ + 

LDH 1955 5-10 60-144 12 ++ + 

CK 1960 3-9 10-20 3 ++ + 

CK-MB 1972 3-8 10-20 3 ++ ++ 

Myoglobin 1978 1-3 4-7 1-1.5 +++ + 

TnI 1987 3-7 10-20 10 ++++ ++++ 

TnT 1989 3-8 15-120 14 ++++ ++++ 

Table 1.1 Comparative analyses of cardiac biomarkers with their characteristic features [41] 
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1.3 Human cardiac biomarker Troponin I 

1.3.1 Gold standard biomarker of choice 

With the discovery of Troponin in 1965 followed by development of a 

radioimmunoassay in  1990s, cardiac troponin became the biomarker of choice for 

diagnosis of myocardial infarction[42][43][44]. Originally, Troponin was identified, 

purified and characterized by Professor Setsuro Ebashi in 1960 to establish molecular 

basis of muscle contraction regulated by Ca
2+

[45]. Cardiac Troponin forms the 

integral component of muscle contractile apparatus on thin filaments of cardiac and 

skeletal muscle fibers. Troponin proteins forms a complex of three subunits: Troponin 

T (cTnT) which interacts with tropomyosin, Troponin C (cTnC) which binds Ca
2+

 and 

Troponin I (cTnI) which inhibits the ATPase activity of actomyosin complex. In 

presence of Ca
2+

, a complex alteration in Troponin facilitates ATP-dependent 

interaction of myosin with actin leading to muscle contraction dislocating Troponin I. 

While in relaxed state, Troponin I binds with myosin and prevents its interaction with 

actin, holding the actin-tropomyosin complex in place [38]. TnC is not specific to MI 

as it is identically present in skeletal and cardiac muscle, whereas TnI and TnT 

differentiate their sequence identity in skeletal and cardiac muscle making them 

specific biomarkers for myocardial necrosis [46]. Furthermore, among all the three 

subunits, Troponin I (TnI) is considered as the gold standard biomarker for AMI due 

to its specific production site at the myocardium, prolonged diagnostic window and 

high specificity to cardiac diseases [47]. 

1.3.2 Structure-Function relationship of Troponin I 

The three isoforms of TnI are expressed in humans: fast and slow skeletal isoforms 

along with a special cardiac predominant isoform which is exclusively confined to 

myocardial tissues [48][49]. Human TnI isoform consists of 209 amino acid residues, 

with a molecular weight estimating 24 kDa as first amino acid methionine is removed 

during synthesis.  TnI comprises four α-helices with intercalating flexible disordered 

regions with its five domains: cardiac specific N-terminal domain (residues 1-33) with 

two phosphorylation sites, IT-arm (residues 40-136) having two α–helices binding to 

α–helices of C-terminal domain of TnT and the C-lobe of TnC, inhibitory domain 

(residues 137-146) interacting with actin-Tm and C-lobe of TnC, regulatory 
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domain/switch-peptide region (residues 147-163) that recognize hydrophobic patch of 

NcTnC and C-terminal mobile domain (residues 164-210) having a second actin-Tm 

binding site [50,51][49,52]. The important study proposed by Takeda et al in 2003 

was partial crystal structure for core domain of Troponin complex in Ca
2+

 saturated 

form (RCSB-PDB ID:4Y99). It revealed  46 kDa L-shaped conformation comprising 

all five domains connected via flexible linkers[53]. 

TnI contains extra 32 to 33 extra amino acids at its N-terminus distinguished from the 

skeletal TnI comprising two adjacent serine residues at 22 and 23/23 and 24 positions. 

This N-terminal domain is exclusively found in cardiac isoform of TnI having an 

important role in interaction of TnI with TnC regulating contraction and relaxation of 

heart muscles. Posttranslational modification of phosphorylation via Protein Kinase-A 

at Ser-23/Ser-24 disrupts the respective interaction of TnC-TnI dislocating TnI to 

cause relaxation of heart muscles. This respective PTM decreases the affinity of Ca
2+

 

for TnC altering interaction between two isoforms to cause contraction of cardiac 

muscles [48][54]. This Ca
2+

 switch of TnI can be explained as actomyosin complex 

formation which is sterically inhibited by TnI at low cytosolic Ca
2+ 

due to 

phosphorylation at
 
N-terminal serine residues. C-terminal of TnI binds to actin and 

lock tropomyosin inducing muscle relaxation. On the contrary, at high Ca
2+

 levels, 

single ion binds to regulatory N-terminal TnC provoking an intra-molecular 

conformational shift for interaction of TnC and TnI. This binding in turn pulls TnI 

away from actin permitting cross-bridge cycling by exposing all myosin binding sites 

free on actin inducing muscle contraction [52]. 

1.3.3 Troponin I release in blood  

The contractile protein of TnI gets released in the blood stream post 3-9 hours of 

infarction having a half-life of 2 hours in blood [38]. After the onset of myocardial 

injury, TnI levels hike upto 50ng/ml in a time frame of 3-6 hours and finally saturates 

to a level of about 500ng/ml that remains detectable for few days, finally depleting to 

its normal concentration [46].  

TnI increases in 4 to 6 hours, peaks at 12 hours returning to its basal levels in 3-10 

days (Fig.1.3) [36][33]. This long diagnostic window distinguishes TnI from other 

biomarkers as an ultrasensitive and rapid diagnostic biomarker for AMI [43][55]. TnI 

is expressed only in cardiac muscle and after infarction, remains detectable for 4-7 
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days and gets cleared from the circulation primarily by the reticuloendothelial system 

fragmenting into molecules that are cleared via kidney route [56].  

 

Fig.1.3 Release timing and persistence of various biomarkers after AMI [57] 

After myocardial infarction, TnI is supposed to release in blood from the cytoplasm 

accompanied with an irreversible sustained release for days due to myofibrils 

degradation. The studies have even reported that myocardial strain during pressure 

overload, mechanical stress, membrane permealization (through stretch-responsive 

integrins) and shedding of “blebs” from membrane along with proteolysis of TnI from 

Troponin complex induced by ischemia has been hypothesized to excrete biomarker 

from cardiomyocytes [58]. Researchers also report that pathways such as death 

receptor apoptosis, mitochondrial apoptosis, death receptor necrosis and 

mitochondrial necrosis have roles in myocardial death causing release of TnI into 

circulation [59]. Moreover, studies have revealed TnI release from apoptotic 

myocytes as an alternative reasoning for TnI elevations without clinical signs of 

ischemic conditions. Additionally, absence of myocardial ischemia is also governed 

by rise in Left Ventricular Dysfunction After Transient Pressure Overload (LVEDP) 

leading to TnI apoptosis, release and reversible stretch-induced stunning [60,61]. 

Unrelated to ischemia, TnI subunit release through bleb formation, oxygen supply 

imbalance, apoptosis, acute cardiac stress releasing catecholamines and integrins, 

inflammation and myocardial stretching. Moreover release of Troponin peptides have 

also been studies in detail by Wu and his co-workers in 2017 [62]. Cardiomyocyte 

necrosis being the most obvious reason of TnI release into circulation is also evident 

via Ca
2+

 leakage into cardiomyocyte cytoplasm leading to contraction of sarcomere 
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thus causing necrosis. Recent reports have studied TnI washouts through renal 

clearance after membrane damage due to necrosis or cell wounds that causes 

sustained release of TnI for days. Prolonged release of TnI after ischemic events due 

to slow exit from local myocardial injury or delayed necroptosis nullifies the 

clearance of TnI after every 24 hours [63].  

1.3.4 Clearance of Troponin I from circulation 

After the formation of clot in coronary blood vessel following AMI occurrence, 

muscle tissues undergoes severe ischemia accompanied by necrotization of ischemic 

muscle. This necrotization is associated with release of proteases from lysosomes and 

proteolytic cleavage of various intracellular proteins. This discloses that TnI is highly 

susceptible to proteolysis and its degradation rapidly cleaves N- and C-terminal 

regions whereas the central region (30-110 amino acids) is substantially stable. The 

comparative higher stability of central region is related to the complex formation of 

TnI with TnC. As a result, after 20-40 hours of AMI onset, the biomarker protein TnI 

is not found intact in bloodstream rather occurs as heterogeneous mixture of 

proteolytic fractions and as complex with TnC. Adding more to what has been 

mentioned, this proteolytic degradation not only occur in necrotic cardiomyocytes but 

also in blood circulation or collected serum samples. Besides, the complex 

biophysical and pathophysiological background related to posttranslational 

modifications of TnI (Phosphorylation, Glycation, Acetylation, etc.), it also undergoes 

intra-myocardial proteolysis of N-terminal by caspase and calpain [64–66]. 

1.4 Current biosensing techniques and challenges  

1.4.1 Limitations of state-of-art TnI biosensing 

Over the years, various biosensing strategies have been employed to detect cardiac 

biomarkers relevant to avert the risk of AMI reducing cost of healthcare management. 

AMI diagnosis is generally based upon specification of atleast two of three criteria: 

chest pain, ECG (Electrocardiogram) elevation of ST segment and elevation in 

cardiac biomarker TnI. Since the ECG monitoring reflects less accuracy in 

demonstrating the severity of condition due to poor diagnostic analysis as it presents 

normal signals even for CVD patients in emergency department. In fact 50-60% 

patients experiencing chest pain display normal ECG readouts making early diagnosis 

difficult [5]. Additionally, hospital settings these days comprises of complex 
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instrumentation such as TnI Roche E 2010/602 and Abott TnI for testing. But these 

techniques are associated with huge cost that needs to be addressed concerning the 

unavailability of AMI diagnosis to poor masses [14]. Taking all the aspects into 

consideration, designing of ultra-sensitive assays and development of biosensors for 

evaluating TnI levels in serum was adopted along with feasibility for POCT 

integration.  

1.4.2 Introduction to biosensors  

Ever since the discovery of first biosensor by Leland Clark (Father of Biosensor) in 

1962, biological sensors have unfolded various applications in therapeutics and 

diagnostics of biomedical sciences. Generally, a biosensor is a small device that is 

designed to detect and quantify biochemical target molecules applicative as 

impressive analytical objects in medical diagnostics and other research areas. It 

consists of three parts: biorecognition elements that recognize the biomarkers, a signal 

transducer depending upon biosensing strategy and a reader for recording response 

outcome (Fig1.4).  

 

Fig.1.4 Schematic showing general working process of biosensors 

It monitors the levels of different biomolecules such as proteins, nucleic acids or other 

biomolecular interaction. In principle, it is typically fabricated by immobilizing a 

bioreceptor moiety such as nucleic acids/proteins or antibodies on the transducer 

surface that modifies biochemical signal into quantifiable electronic readout. Here, 

cardiac biomarkers detection biosensing devices play a pivotal role to help improve 

diagnostic accuracy of AMI without any risk factors involved in the treatment [5]. 

Furthermore, biomarkers also aid in prognostic information about AMI that helps the 

clinicians towards desirable treatment protocols. 

1.4.3 Biosensors for TnI detection 

There is a huge range of biosensors developed for detecting biomarkers of CVD, most 

prominently TnI (Fig.1.5). Therefore, use of novel biosensors for targeting cardiac 
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TnI for rapid monitoring for AMI patients has been proved as a crucial diagnostic 

solution. Prior to fabrication of TnI detection devices, it becomes important to have an 

idea about the clinical cut-off levels of TnI in serum that are indicative of AMI 

occurrence [67]. TnI concentration of 0.03 ng/ml or 30 pg/ml has been implemented 

in clinical diagnostics to be dependent on its 99
th

 percentile reference with coefficient 

of variation at limit of detection (LOD). The respective 99
th

 percentile upper reference 

limit was employed to avoid mislead thresholds from higher for high-risk patients 

further reducing the false positive analysis rate to less than 1%. This threshold 

concentration of TnI is taken as the critical benchmark to differentiate between AMI 

and healthy individual as 99th percentile decision level for MI diagnosis [68] [69,70]. 

 

Fig.1.5 Biosensing methods for TnI detection [31] 

For designing TnI detection biosensors, WHO guidelines of ASSURED (Affordable, 

Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable 

to end-users) criteria should be used as reference for devising biomedical diagnostic 

assays for resource-limiting areas [71]. Currently, ACC and ESC guidelines for TnI 

biosensing relies upon the new 5
th

 generation hs-TnI assays that can detect 

concentrations 10-100 fold lower than the conventional assays.  

Moreover, hs-TnI assays has been very beneficial in non–ST-elevation myocardial 

infarction (NSTEMI) patients allowing single blood-test diagnosis permitting rapid 

treatment [36]. Various certified and clinically approved biosensor devices 

commercially used in hospitals are enlisted in Table 1.2 that has been designed in past 

years enabling hs-TnI detection. These assays empower in detecting TnI levels in 
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healthy individuals as an important decision making potential in emergency hospital 

departments. 

Commercially available Troponin 

assays 

99
th

 percentile 

cut-off (ng/mL) 

Time Cost 

(USD) 

i-STAT (Abott point-of-care, USA) 0.08 10 min 420 

ACS:180 (Bayer, Germany) 0.07 24 h 1200 

Dimension Vista (Siemens, Germany) 0.05 10 min 28,000 

Architect (Abott, USA) 0.04 10 min 19,000 

Table 1.2 Commercially available hs-TnI detection technologies [68] 

Over the years, different biosensing techniques have emerged for detecting trace 

levels of TnI to develop varied types of biological sensors for rapid and point-of care 

diagnosis of AMI. Although, the conventional strategies being labor intensive require 

prolonged measurements time. Therefore, sensitive biosensing approaches such as 

electrochemical sensors (EC) [72], field-effect transistor based biosensors (FET) [20], 

ELISA (Enzyme linked immune sorbent assay) [73],  surface plasmon resonance 

(SPR) based optical biosensors [74], fluorescence based biosensors [75] have taken up 

TnI detection for AMI surveillance. To which EC, SPR and FET based sensors have 

received phenomenal attention for POCT management [67]. Moreover, these 

techniques can be integrated with nanostructures or nanocomposites for sensitively 

enhanced operative devices. All these biosensor platforms enable highly sensitive 

detection of TnI aiding in rule in/rule out of AMI further combating the challenges 

encountered for serum measurements. Apart from what has been said, immobilization 

strategies onto biosensor devices, fluorescent/chemiluminiscent labeling, 

nanomaterials coatings or self-assembly monolayers (SAM) for biorecognition 

elements as-bioreceptors favor enhancement in signal readouts with improved sensor 

efficiency [76,77]. 

1.5 Nucleic acid DNA aptamers 

1.5.1 Aptamers as potential biorecognition elements 

The performance of any diagnostic assay/biosensing platform based upon sensitivity 

and specificity relies upon significance of biorecognition elements known as 

bioreceptors. These biological recognition elements bind or recognize specific 
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bioanalytes further transforming the signal measurement into a user-friendly readout. 

Majorly, bioreceptors such as enzymes, proteins, antibodies, nucleic acids and in 

some cases whole cells play a pivotal role in affecting the efficiency of target 

detection [78]. Since last 40 years from the production of first Mab in 1975 by 

Georges Kohler and Cesar Milstein, monoclonal antibodies (Mab) have been an 

integral part in diagnostics and therapeutics of biomedical research along with 

advancements in the improvisation of their binding potential. Although, in order to 

optimize the pharmacokinetics and binding affinity of antibodies towards their target, 

consistent intriguing research have been implemented, nevertheless their inherent 

limitations have impeded their progress in diagnostics [79]. After the magnitude of 

authentic research by scientific communities, the concluding rational acknowledged 

the antibodies not to be potent molecular probes. Various drawbacks pertaining to 

reproducibility issues, lengthy protocols of production employing animal models, 

high cost of antibody production, variation in binding efficacy due to batch-to-batch, 

undergoes salt or temperature induced denaturation, limited storage duration 

restricting their applicability in biomedical diagnostics. Moreover, their structural 

complexity, cross-reactivity, difficulty in synthesis against non-immunogenic targets, 

compromised sensitivity induced by steric hindrance due to large size and low target 

specificity ultimately has affected their reliability for development of biosensing 

platforms [79] [80].  

Whereas, nucleic-acid based artificial antibodies as potent biorecognition elements 

have gained intense scientific interest in the form of next-generation attractive 

bioprobes for biosensing. Ideally, emerging requirements of real-time detection with 

on-field applicability for biosensors have gradually been emphasized beyond the 

traditional needs of sensitivity and selectivity for detection of bioanalytes. To this 

context, since last three decades the conventional antibodies based biosensing 

platforms have been replaced successfully by chemical antibodies as therapeutic 

“missile”. Due to the shortcomings of antibodies, nucleic-acid  aptamers have been 

integrated in a variety of biosensing applications as “Aptasensors” that possess the 

capability to recognize a broad range of targets [79][81]. 

Aptamers are termed as “chemical antibodies” due to their three-dimensional folding 

ability to bind a specific target with utmost sensitivity, distinguishing from conventional 

protein based antibodies. By their attractive nature, aptamers are chemically designed 
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sequence defined biomoieties that represent a cost-effective, consistent and modifiable 

substitutes for antibodies [82]. Their unique properties consider them as chemical rivals 

of antibodies because of their adaptable advantages. Aptamers offer their inherent 

attributes of their cell-free ease of chemical synthesis, cost-effective bulk-production 

without any batch-to-batch variation with controlled modifications and less 

immunogenicity fulfills the aspect of “perfect molecular probe”. 

Specific target detection property of aptamers, their molecular stability even at 

various temperature/salt based physiological conditions compliments their higher 

shelf life as compared to antibodies. There is no harm to animals for synthesizing 

aptamers with very less costs involved in their production along with their supreme 

flexibility that enables multiple sites for interacting with their target molecules. The 

small size of aptamers allows their access to even pre-blocked or intracellular remote 

targets along with ease of modifications using fluorophore/linkers/other chemical 

groups [83][79][82]. All these features of aptamers define their tremendous potential 

to be used as specific and sensitive biorecognition elements in therapeutic and 

diagnostic technologies. Alongside, diverse modifications in synthesis process of 

aptamers enables their applicability for targeted delivery systems, stable conjugations 

with cells, aptamer-drug bioconjugate. The supreme flexibility and infiltrate analyte 

positioning as compact biomolecules differentiates the aptamers in clinical 

diagnostics for targeting biomarkers [84]. 

1.5.2 SELEX 

Aptamers are referred as single-stranded DNA/RNA that have capability to bind to 

their targets with high affinity and specificity diversifying from small organic 

compounds to large proteins and even live cells. The discovery of aptamers dates back 

to 1990s by an in vitro evolution procedure–SELEX (Systematic Evolution of 

Ligands by Exponential Enrischment) synthesized by two groups of researchers,  

Tuerk and Gold [15] and Ellington and Szostak [85]. The aptamer synthesis 

undergoes an iterative process- incubation of random oligonucleotide library sequence 

with target to screen high-affinity sequences. Next it consists of separation of bound 

aptamer sequences from unbound ones that are amplified by Polymerase Chain 

Reaction (PCR) (Fig.1.6). This process is repeated 10-15 times until an enriched pool 

of DNA aptamers is obtained which is further cloned and sequenced. A diversified 
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variation of SELEX methodologies has been studied including genomic SELEX, 

photo-SELEX, monoLEX, in vivo-SELEX, in silico-SELEX, whole cell-SELEX, etc. 

Moreover, Spiegelmers- L-ribonucleic acid aptamer is a RNA-like molecule having 

L-ribose units forming mirror-images of natural oligonucleotides [86]. SOMAmers 

(Slow off-rate modified aptamers) were introduced enhancing nuclease stability, 

specificity and affinity containing modified nucleic acid bases. Apart from this, other 

modifications incorporated phosphodiester linkage modification, truncations and end-

capping for generation of high-affinity DNA aptamers [87]. Other non-SELEX 

methods consists of non-equilibrium capillary electrophoresis of equilibrium mixture 

(NECEEM) that comprise incubation of random oligonucleotide library with target 

followed by separation of bound fragments without the need of amplification [88]. 

Another non-SELEX technique includes HAPIscreen-high-throughput method [83]. 

 

Fig.1.6 Schematic of steps followed in SELEX procedure 

The aptamers generated by SELEX procedure have been a crucial part of designing 

various point-of-care biosensing platforms for instance immunoassays such as ELISA, 

Dot-blot assays, Lateral-flow immunoassays, Electrochemiluminescence (ECL), 

Fluorescent based assays, Electrochemical assays, Colorimetric/optical assays of 

nanoparticles to detect biomarkers relevant to biomedical diagnostics. The flexible 

conformational properties of aptamers conferring to target-binding induced structural 

rearrangement, competitive replacement due to small size, target induced displacement 

encourages their diverse applications in sensing of diagnostic biomarkers [89][90].  



Chapter 1 

23 

1.6 Aptamer based immunodiagnostic assays 

1.6.1 ELISA 

Immunoassays/Immunodiagnostic assays are biochemical methods for quantitative 

estimation of presence or concentration of bioanalytes using biological receptor 

moieties. Introduction of immunoassay dates back to 1975 for the development of 

monoclonal antibody by Kohler and Milstein. Since then immunoassays were 

implemented in a wide variety of scientific disciplines, specifically clinical 

diagnostics [91]. And the limitations offered by antibodies based ELISAs were 

compensated by introduction of aptamer based immunoassays. They have attracted 

extensive attention offering improvised sensitivity and specificity. Taking aptamers as 

molecular recognition reagent (MRE), they were adapted as potential candidates for 

replacement of antibodies in ELISA. Aptamer based immunoassays were referred to 

as ELASA (enzyme linked apta-sorbent assay), ELAA (enzyme-linked aptamer 

assay), ELONA (enzyme-linked oligonucleotide assay), ALISA (aptamer-linked 

immobilized sorbent assay). Different variants of aptamer being used in ELISA 

format is shown in Fig.1.7. 

 

Fig.1.7 Schematic representation of aptamer-ELASA protocol [68] 

Various reports have shown aptamers to be widely used as capturing agents because 

of their ability to specifically bind with their target. To this context, immobilization of 

aptamers on the solid support is achieved by covalent linkage with two methods- (a) 

direct attachment using linkers/proteins as bio-coated sensing surface, (b) conjugation 
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onto functionally active surface. To achieve this, aptamer should be modified with 

chemical moieties such as amine, thiol or biotin and in some cases modification with 

oligonucleotide linkers enables flexibility between aptamer and solid surface. All 

these specifications regarding aptamer immobilization offers great target capturing 

due to oriented adherence of aptamer onto the surface [92][93,94]. Most aptamers 

based TnI detection ELISA comprises a common linkage of avidin-biotin interaction 

wherein streptavidin coated surface is used to capture biotinylated aptamers for 

immobilization. Recently, Gopinathan et al displayed an integrated microfluidics 

platform for TnI detection upto 12 ng/L [21].  

1.6.2 Dot-blot immunoassay 

Another important classification of immunoassays is fast and simple dot-blots due to 

their advantage of requiring very less samples. Dot-blot  immunoassays refers to 

deposition of analyte as small volume dots onto membrane for quantification of 

interaction between biomolecules (Fig.1.8) [95]. Aptamer based dot-blot assays have 

scrutinized in diagnostics as simple, fast, visual detection immunoassays as potent 

antibodies surrogates [96].  

 

Fig.1.8 Schematic representation of dot-blot assay 

With the use of gold nanoparticles as signal indicators, these dot-blot assays 

circumvent the incorporations of expensive enzymes/chemical substrates 

distinguishing from the basic ELISAs. They utilize the resonance light scattering of 

metal nanoparticles enhancing the sensitivity for detecting biomolecular interactions. 
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Dorraj and his co-workers in 2015 demonstrated an aptamer based dot-blot 

immunoassay to detect 5 ng/ml of TnI [16]. They used aptamer conjugated gold 

nanoparticles for detecting TnI and used silver enhancing solution for amplification of 

spot signals. In principle, gold particles reduce silver ions to metallic silver by acting 

as catalyst in presence of hydroquinone as reducing agent. This reduced silver 

deposits onto gold surface further enlarging the particles that enhances the visible 

signal [97].  Moreover thrombin biomarker and β-amyloid peptide for Alzheimer’s 

disease was also detected via dot-blot assay integrated with aptamer as biorecognition 

elements [98,99].  

1.7 Aptamer based colorimetric assays 

Although, florescent dyes and enzymes such as HRP have been incorporated to 

amplify the visual signal, but the discovery of nanotechnology to use metallic 

nanoparticles have made through novel biosensing strategies [100]. In recent years, 

gold (Au) and silver (Ag) nanoparticles due to their diverse applications of being 

well-dispersed and having SPR (surface plasmon resonance) possess the ability to 

cause transition in color of solution/test-strip/paper/membrane due to change in inter-

particle distance. Their spectroscopic change is a quantitative measure for aggregation 

or dispersion that corresponds to amount of target present. Specifically, gold 

nanoclusters have profound applicability in biological sensors owing to their 

exceptional optical and chemical properties. The feature of strong linkage with a wide 

range of biomolecular probes using thiol-gold covalent interaction allows diverse 

functional nanoconjugation. All these attributes have significantly focused on 

development of new-generation of nanoparticles based sensing strategies empowering 

specificity, enhanced sensitivity and stability [101][102]. Moreover, advantages of 

single-stranded DNA adsorption onto gold particles for specific biosensing have been 

dated back to conventional salt induced aggregation proposed by Chad A. Mirkin in 

1996 (Fig.1.9). The combination comprising optical properties of gold nanoparticles 

and aptamers as molecular recognition elements since then were implemented in 

numerous bioanalytes detection of biomedical importance [103].  

Various reports have been investigated for colorimetric detection of TnI incorporating 

aptamers and even peptides as replacement of antibodies. A previous study by Scott 

Banta in 2009 have shown peptide as biorecognition elements selected via phage 

display technique binding specifically to TnI [104]. Wang et al in 2011 demonstrated 
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PDMS gold nanoparticle sensing platform based on aptamer for TnI detection [105]. 

Moreover, an ultra-sensitive plasmon-exciton hybrid of gold particles-quantum dot 

based aptamer nanobiosensor have been designed for 0.4 fM detection of TnI [106]. 

Recently, a study reports change in color signal from purple to red based on self-

assembled heparin stabilized gold-nanorods using enzyme-free colorimetric sensor for 

detecting cardiac TnI upto 0.5 ng/ml [107].  

 

Fig.1.9 Schematic of salt based gold nanoparticle aggregation based assay [108] 

1.8 Aptamer based electrochemical assays 

Electrochemical biosensors rely on affinity based reactions undergoing due to 

interaction of immobilized biorecognition element and target molecules. The signal 

generation depends upon monitoring the change at transducer surface in terms of 

transition in current/voltage electrochemical signals. This change is subjected to 

charge based electron transfer as a resultant of target binding to bioreceptors such as 

antibodies, aptamers, peptide/proteins, thus converting chemical information to user-

friendly measurable signal. There are a wide range of electrochemical sensors 

designed for sensitive detection of TnI detection based upon aptamers as specific 

bioprobes. The categorical classification of electrochemical biosensors is divided into 

amperometric, impedimetric, potentiometric, voltammetric and conductance based 

sensors based upon their operational mode (Fig.1.10) [5][31]. An electrochemical 

sensor is robust, requires low-power, provides ease of miniaturization and is cost-

effective providing real time detection of analyte. The technique holds great promise 

for applications in detection of biological molecules relevant to biomedical 

diagnostics as point-of-care due to their sensitivity and reliability for target detection.  
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Fig.1.10 Schematic representation of different types of electrochemical biosensor [109][110][111] 

Recently, profound attention has been centered on integration of nanomaterials such 

as gold nanoparticles and other advanced nanocomposites such as graphene, MoS2, 

carbon nanotubes (CNT), etc. to increase sensitivity in electrochemical biosensing. 

Besides that, nanomaterials improve the electrochemical intensity due to their 

catalytic and electrical conductivity imparted by large surface area. Alongside 

nanomaterials impart reactivity, bioprobes conjugation, roughness enhancing electron 

transfer capacity [112]. Graphene oxide-an advanced nanomaterial possessing high 

mechanical strength and electrical conductivity  has been implemented for sensitive 

detection of TnI lowering down the detection limit [113][114]. The nanohybrid of 

graphene-oxide and gold nanoparticles have also been applied for TnI detection using 

antibodies in sandwich configuration [115].  Lopa et al in 2019 developed AuNP 

integrated titanium metal substrate conjugated with DNA aptamer for TnI detection to 

address AMI in patients [116]. Changill Ban in 2015 designed an electrochemical 

aptasensor based on voltammetric measurements of TnI using silica nanoparticles 

modified with ferrocene with 24 pg/ml of detection limit [117]. Another novel 

aptasensor based on aptamer-MoS2 nanoconjugates was designed for TnI sensing upto 

1pM using impedance spectroscopic method [118].  

Moreover, after the invention of FET systems by Bergveld in 1970, the evolutions of 

respective transducer in a wide range of biosensor applications have been witnessed. 

FET comprises of semiconductor sensing path, connecting source (S) and drain (D) 
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electrodes, to capture targets. Modulation of bias potential to third electrode (gate) is 

done where channel conductance is varied by detection of targets. This is further 

measured and processed by electrical system [119]. Silicon nanowire Field effect 

transistor (Si-FET) based real-time detection of TnI has also been demonstrated 

displaying aptamer-TnI interaction by various groups for biomedical diagnostics of 

AMI [20,120].  
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2.1 Overview 

 

Human cardiac Troponin I is an important subunit of cardiac Troponin complex that 

coordinates calcium mediated interaction of actin-myosin regulating the contraction 

and relaxation of myocardial muscles [7]. TnI is presented as single isoform 

consisting of 209 amino acid residues, with molecular weight estimating   24 kD                

[121]. The requirement of TnI expression and purification became essential due to 

high costs associated with the naturally isolated TnI. However, the techniques utilized 

for TnI isolation from cardiac tissues were labor intensive yielding very less amount 

of pure protein. Therefore, recombinant DNA technology was incorporated for 

production of this crucial biomarker protein. Many studies have reported expression 

and purification of human TnI following mammalian expression system using 

complex expression plasmids. Heterologous systems such as Escherichia coli and 

yeast system of Pichia pastoris has been used by various groups for high yield stable 

expression of the protein along with different expression vectors. The other 

expression system was adding huge costs and produced unstable TnI offering 

posttranslational modifications of TnI [122]. Due to its unstable behavior owing to 

degradation by certain proteases, the protein was co-expressed with its other members 

of Troponin complex i.e. TnC and TnT [123]. Additionally, Ban and co-workers have 

reported comparatively facile and stable expression of TnI that has been followed in 

this work along with modifications at various stages of purification [110].  

Cardiac TnI holds paramount therapeutic value in cardiac failure diagnostics which 

demands rapid detection strategies employing point-of-care management. High 

affinity biorecognition elements such as single-stranded DNA aptamers are highly 

selective for target binding without offering any batch-to-batch variation in their 

production unlike antibodies. Low-cost production, structural stability and ease of 
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chemical modification aligns with significant advances in aptamers based sensing 

platforms offering potential applications in the field of biomedical diagnostics [124]. 

Many groups have reported aptamers against full length TnI protein but their 

limitations pertaining to low binding affinity and lower detection limit or sensitivity in 

assay have restricted their utility. Dorraj and his group reported aptamer TnIApt 23 

exhibiting its applicability in dot-blot assay [16]. Moreover, aptamers Tro4 and Tro6 

were reported by Ban et al for electrochemical detection of TnI [110]. In both the 

cases, the aptamers lacked sensitivity in TnI detection assays. To this context, the 

major issue was to generated DNA aptamers exhibiting high affinity for TnI along 

with effective performance in TnI biosensing assays. 

Consequently, this chapter describes about overexpression and purification of 

recombinant cardiac biomarker TnI along with some modifications for optimizing a 

high yield protein. Alongside, the characterization studies of aptamers against specific 

apical peptides of TnI have been discussed. The aptamers have been further 

investigated to bind full length TnI protein. Altogether, this approach of target 

selection for generating aptamers against TnI has been adopted for the first time.  

2.2 Experimental approaches 

2.2.1 Materials and instrumentation 

The gene construct containing the full length protein sequence for human cardiac TnI 

was obtained from Genscript, HongKong. Primers sequences for T7 promoter and 

terminator sequence was from IDT technologies. Plasmid isolation kit was of Thermo 

Scientific. Fast digest restriction enzymes from New England Biolabs (NEB). 

Kanamycin monosulfate  ntibiotic, IPTG (Isopropyl β-D-1-thiogalactopyranoside), 

PMSF (Phenylmethylsulfonyl fluoride), Luria Bertani broth, Coomassie Brilliant blue 

dye G-250 for media preparation was from Sigma Aldrich /Merck. All the chemicals 

used were of analytical or molecular biology grade. Cardiac TnI protein from human 

he rt tissues w s procured from sigm  for control experiments. HOOK™ Peptide 

Coupling Kit (Sulfhydryl Reactive) from G-Biosciences was purchased for coupling 

proteins. Trypsin in-gel digestion kit was used from Sigma. Lateral-flow TnI test 

cards were obtained from Recombinogen and Oscar. Anti-TnI monoclonal antibody 

was taken from Cloud-clone Corporation. PVDF membrane from Millipore, 

California, USA. 
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Gel electrophoresis assembly was of BioRad. GE healthcare nanodrop was used for 

measuring concentrations of DNA and protein. MALDI (Matrix assisted laser 

desorption ionization) Mass Spectrometry TOF/TOF 5800 was used for mass analysis 

from AB Sciex. GE healthcare Amersham semi-dry transfer was used for western 

blotting. Jasco J-815 CD instrument was used for CD spectroscopy. UV-spectroscopy 

measurements were taken using BioTek Synergy H1 spectrophotometer (UK). Octet 

K2 system (Pall Life sciences, Fremont, CA 94538) was used for performing binding 

kinetics studies. PCR thermal cycler was of BioRad. Western blotting transfer 

electroblotter was from Amersham. Syngene Gbox GG6 (Maddison, USA).gel doc 

instrument was used for acquiring images. 

2.2.2 Bacterial strains, Media and Competent cells preparation  

 Cloning host: E. coli str in DH5α  

 Expression host: E. coli strain BL21 (DE3)  

 Media: Luria Bertani (LB) broth was used to prepare media for bacterial cell 

culture in deionized w ter. The medi  w s sterilized  t 121˚C by  utocl ving for 

15 minutes at 15 lb/inch2 (psi) pressures.  

 Competent cells preparation: Primarily, 5 ml of LB media was inoculated with 

100 µl of frozen glycerol stock of BL 21  nd DH5α. The cells were grown 

overnight  t 37˚C for 12-16 hours under constant shaking at 220 rpm. A secondary 

culture of 50 ml LB was inoculated in a conical flask and cells were allowed to 

grow until OD600 reaches 0.4-0.6  t 37 ˚C. The b cteri l cells were kept in ice-

cold conditions and 40 ml of cells were centrifuged at 4000 rpm for 10 min. The 

cell pellet was resuspended gently in 1-2 ml following 20 ml of 0.1 M MgCl2 (Ice 

cold). After then centrifuging bacterial cells at 4000 rpm for 10 min, supernatant 

was discarded. Finally, the bacterial cells were resuspended in ice-cold 0.1 M 

CaCl2 and aliquots of 200 µl each were prepared. The cells were left undisturbed 

 t 0˚C for 2 hours followed by long-term storage at -80˚C. 

2.2.3 Transformation of bacterial cells 

For transforming bacterial cells, 2 µl of recombinant plasmid was added to 200 µl of 

E. coli competent cells which were incubated in ice for 30 minutes and subjected to 

he t shock  t 42˚C for 1 min in hot w ter b th. This w s followed by  n immedi te 
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ice shock for 5 min to which 800 µl of pre-warmed sterile LB media was added. 

Incubation of the transformed cells  t 37˚C for 1 hour w s done under sh king  t 220 

rpm. The cells were gently spre d onto the pl te which w s incub ted  t 37˚C for 12-

16 hours till the bacterial colonies were grown.  

2.2.4 Plasmid isolation and clone confirmation 

The confirmation and validation of procured gene construct for harbouring the correct 

sequence of cardiac biomarker TnI was accomplished by performing restriction 

double digestion and sequencing PCR experimentation. To this context, DNA plasmid 

was isolated from transformed colonies of E. coli DH5α str in producing high copy 

number of recombinant plasmid pET28a(+).  

Briefly,   single colony from tr nsformed DH5α E. coli cells was inoculated in 10 ml 

LB broth  nd the culture w s incub ted  t 37˚C for 12-16 hours under 220 rpm 

shaking. 5 ml of cultured cells were harvested by centrifugation at 5000 rpm for 8 min 

in a microcentrifuge tube. After discarding supernatant, the cell pellet was subjected 

to plasmid isolation performed using Thermo Scientific GeneJET Plasmid Miniprep 

Kit.    

a. Restriction double digestion: Recombinant plasmid pET-28a (+) harbouring TnI 

gene was used as template for performing double digestion with two restriction 

enzymes BamHI and XhoI accommodating TnI gene sequence. Briefly, 50 µl of 

reaction mixture comprising the following composition was used: 

 Plasmid DNA (90 µg/ml): 12 µl 

 BamHI (NEB, 20 U/ µl): 2 µl 

 XhoI (NEB, 20 U/ µl): 2 µl 

 10x Digestion buffer: 5 µl 

 Nuclease free water: 29 µl 

The re ction mixture w s incub ted  t 37˚C for 1.5 hour. The digested DNA along 

with pET-28a (+) vector control and undigested plasmid was run on 0.8% agarose gel 

electrophoresis containing 0.5 µg/ml of EtBr. 1 kb DNA ladder was run for size 

demarcation. The bands were resolved under 80 Volts for 1.5 hour using 1x TAE 

buffer and DNA was visualized under Gel Doc for capturing image. 
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b. Sequencing PCR: A PCR reaction was set for amplifying TnI gene fragment using 

forward primer that hybridize with T7 promoter region lying upstream of template 

and reverse primer hybridizing with T7 terminator region lying downstream of 

template DNA. A reaction milieu of 10 µl each with composition as follows was set 

for forward and reverse primer mix: 

Forward primer PCR mix                                                         Reverse primer PCR mix    

Template: 1 µl Template: 1 µl 

Sequencing buffer: 1.5 µl Sequencing buffer: 1.5 µl 

T7 promoter primer: 1 µl T7 terminator primer: 1 µl 

TRR mix: 1 µl TRR mix: 1 µl 

Nuclease free water: 5.5 µl Nuclease free water: 5.5 µl 

PCR amplification was performed by using BioRad thermal cycler which involved 

initi l den tur tion of pl smid  t 96˚C for 1 min followed by 24-25 cycles of each of 

den tur tion  t 96˚C for 10 sec,  nne ling  t 50˚C for 15 sec, extension  t 60˚C for 4 

min respectively. An eventu l infinite hold w s set  t 4˚C. 

 2.2.5 Overexpression and Purification of human cardiac TnI 

Full length TnI gene construct cloned in expression vector pET-28a(+) at multiple 

cloning site between restriction enzymes BamHI and XhoI along with 6x His tag at C-

terminal region was designed. The designed gene construct in Fig.2.1 was procured 

from Genscript, HongKong with proper codon optimization for heterologous bacterial 

expression. The recombinant plasmid was overexpressed by primarily transforming 

the bacterial expression host strain BL21 (DE3). An isolated single bacterial colony 

from transformed plate was inoculated in 10 ml LB broth supplemented with 50 

µg/ml kanamycin at 37°C under shaking at 220 rpm for 10-12 hours as primary 

culture. The secondary culture (1000 ml LB) was inoculated using 1% of primary 

culture along with 50 µg/ml kanamycin and incubated at 37°C under shaking till 

OD600 reaches 0.6. The culture was kept at 4°C for 2 hours followed by an induction 

in expression with 0.2 mM IPTG. Post induction, bacterial culture was incubated at 

18°C for 16 hours under 200 rpm shaking. After incubation at low temperature, 
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harvesting of cells by centrifugation at 5500 rpm was done for 20 minutes in cold 

conditions and washed with 10 mM PBS pH 7.5. The cell pellets were stored at -20°C 

for short term and -80°C for long term preservation followed by running 12% SDS 

PAGE for confirmation of expression. 

 

Fig.2.1 Gene construct of cardiac TnI protein 

The harvested cells were subjected to lysis by suspending them in resuspension buffer 

containing 8 M urea along with protease inhibitor tablets and 1 mM PMSF under 

rotation at 4°C. The cells were further fragmented by sonication for 15 minutes at 

25% amplitude under ice cold conditions. The ruptured cell debris was separated from 

clear supernatant by hard centrifugation at 12000 rpm for 50 min at 4°C. The 

supernatant containing the protein was purified by immobilized metal affinity 

chromatography (IMAC) mechanism of Ni-NTA to bind imidazole ring in 6-His tag 

amino acid residues of protein. The column was washed and equilibrated with 

resuspension buffer comprising 8M urea followed by loading of supernatant for 

binding of protein under rotation for 1 hour at 4°C. Urea refolding protocol was used 

to extract a high purity yield avoiding degradation of protein. After binding of protein 

to Ni-beads flow through was collected and column was washed with subsequent 

decreasing concentration of urea containing buffers (6 mM to 0 mM Urea). TnI bound 

to column was separated using elution buffer containing an immensely high 

concentration of imidazole. The eluted protein fractions were run on 12% SDS PAGE. 

The fractions with pure bands were dialyzed to remove imidazole with decreasing salt 

concentration of buffers and stored at -20°C for at most 10 days during which all the 

experiments from the respective batch of protein were performed. 

The concentration of purified TnI was estimated by measuring UV absorbance value 

at 280 nm using nanodrop. The theoretical mol r  bsorption coefficient ε w s t ken 

from ExPASY tool. All the physiochemical properties of human cardiac TnI such as 

molecular weight, isoelectric point (pI), number of amino-acid and molar extinction 

coefficient were calculated by submitting the respective full-length amino acid 

sequence to ProtParam tool of ExPASY server (http://web.expasy.org/protparam/). 
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2.2.6 SDS PAGE and MALDI-TOF 

The expression pattern of recombinant TnI was analytically investigated by running 

12% discontinuous SDS PAGE (Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis). SDS-PAGE technique separates proteins based on their mass under 

the electric field. The proteins for separation migrate towards cathode as SDS being 

an anionic detergent denatures the proteins imparting negative charge. Briefly, 20 µl 

of cell lysates of cultures were mixed with 5 µl of laemmli buffer containing SDS and 

β-mercaptoethanol as reducing agent. The prepared samples were heated in a boiling 

water bath for 5-10 minutes and loaded into wells of stacking gel of 1mm thickness 

for separation along with a pre-stained protein marker. The electrophoretic separation 

was performed at 80 volts until protein bands reached resolving gel soaked in 1x TGS 

buffer after which gel was run at a constant voltage of 100 volts. Similarly, the eluted 

fractions of purified protein were also investigated under SDS-PAGE analysis. After 

completion of electrophoretic run, the gel was immersed in Coomassie blue staining 

solution for visualizing protein bands followed by destaining solution. MALDI-TOF 

(Matrix assisted laser desorption/ionization-Time of flight) or mass spectrometry was 

performed to characterize mass of purified TnI protein. The eluted protein fraction 

was concentrated in an Amicon concentrator tube (Millipore) to remove excess of salt 

and was subjected to intact mass analysis. Furthermore, MALDI-TOF MS/MS 

analysis was performed comprising of cleavage of protein to peptide fragments and 

measurement of m/z ratio of peptide ions determined with respect of time required for 

flight. The protein band was excised from gel followed by washing and destaining and 

subjected to trypsin digestion using Sigma trypsin in-gel digestion kit. Peptide mass-

fingerprinting generated the absolute mass of individual peptide constituting to 

theoretical mass of the protein. This is conceived by database searching in Mascot that 

interprets mass spectral data into protein identities. Mascot provides comparison of 

the observed spectra to a database of known proteins and matches the most likely hits. 

2.2.7 Lateral flow test card and Western blot analysis 

Recombinant TnI was verified for its binding ability/functionality by testing it on 

commercial lateral-flow test card from Oscar and Recombinogen that consisted lining 

of anti-TnI monoclonal antibodies (Mab). Briefly, 50 µl purified TnI of varying 
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concentrations was added to sample pad and analyzed for formation of line in test area 

indicating presence of protein.  

The homogeneity of purified recombinant TnI was confirmed through western 

blotting. The protein sample was resolved using 12% SDS-PAGE in a vertical 

electrophoretic system at 100 volts. The gel was fixed by incubating in transfer buffer 

(25 mM Tris, 192 mM Glycine, 20% methanol) for 10 minutes and transferred onto 

PVDF membrane using a semi-dry electroblotter at 30 volt for 3-4 hours. After 

washing with transfer buffer for 10 minutes, the membrane was blocked using 5% 

skim milk in 1x PBS (pH 7.5)  t 4˚C for overnight to prevent non-specific absorption. 

After repeated washing with 1x PBST (0.1% Tween 20) three times, membrane was 

probed with anti-TnI Mab in 1:5000 µl dilution in block buffer. The membrane was 

incubated for 2 hours at room temperature following repeated washing as described 

before. Further, HRP conjugated anti-mouse antibody (1:3000 µl dilution in block 

buffer) was added and incubated for 1 hour in dark conditions under medium shaking. 

The membrane was washed again and blot was developed using Luminata Forte 

Western HRP substrate and image was taken using gel-doc.  

2.2.8 Circular Dichroism spectroscopy  

In principle, the difference in absorption pattern of left-handed circularly polarised 

light (L-CPL) and right-handed circularly polarized light (R-CPL) occurring with a 

molecule containing one/more chiral chromophores is referred as CD. CD was 

performed for secondary structure analysis of recombinant TnI. The spectrum was 

recorded in near-UV CD range of 190-260 nm λ under N2 atmosphere equipped with 

quartz cuvette of 1.0 mm path length at scanning speed of 50 nm/min. 5 µM TnI 

diluted in 10 mM phosphate buffer (pH 7.5) to which the measurement scan was 

baseline corrected. To further substantiate the precision of measurement, commercial 

heart tissue isolated TnI was also scanned. A number of 3 CD scans were recorded for 

each sample measurement which was averaged for final signal. 

2.2.9 Microtiter binding assay 

The binding efficiency of TnI was evaluated by indirect ELISA using commercial 

anti-TnI M b. Briefly, 2.5 μg/ml TnI w s co ted onto polystyrene pl te using 100 
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mM bic rbon te buffer (pH 11)  nd incub ted overnight  t 4˚C. The pl te w s w shed 

with 1x PBST (0.1% Tween 20) three times following blocking with 1% casein 

solution. Primary Ab anti-TnI Mab generated in mouse was added in a concentration 

gradient starting from 1:6k-1:192k dilution  nd incub ted for  nother 2 hours  t 37˚C. 

The wells were washed again and HRP labeled secondary Ab raised in mouse was 

added in dilution 1:5000 µl in 1x PBS. After incub ting pl te for 50 minutes  t 37˚C, 

repe ted w shing w s performed  nd  ddition of 80 μl of TMB substr te to e ch well 

w s done. 60 μl of stop solution (2N H2SO4) was added to cease reaction until color 

developed in no protein control. The intensity of yellow color was measured by 

ELISA plate reader at 450 nm. The assay was performed along with negative control 

BSA and positive control commercial TnI.  

2.2.10 In silico structure prediction of TnI 

The crystal structure of TnI in RCSB PDB is present as a part of three Troponin 

subunits- Troponin T (cTnT), Troponin I (cTnI) and Troponin C (cTnC). Therefore, 

sequence based three-dimensional structure modeling of TnI subunit was performed 

by retrieving FASTA format amino-acids from Uniprot-a protein sequence database 

with ID: UniProtKB-P19429 (TNNI3_HUMAN). The sequence was submitted to I-

TASSER (Iterative Threading ASSEmbly Refinement)-a protein structure prediction 

tool. First, it identifies from PDB the structural templates using multiple threading 

approach LOMETS, constructed by iterative template-based fragment assembly 

simulations with full-length atomic models. 

2.3 Results and discussion 

The pl smid isol tion from DH5α b cteri l cells yielded 90 ng/µl of DNA pl smid  s 

measured by nanodrop which was subjected to restriction double digestion and 

sequencing PCR. Double digestion of plasmid which was performed using restriction 

enzymes BamHI and XhoI demonstrated a fall out corresponding to approximately 

630 bp for TnI gene containing 210 amino acids in lane 3. While lane 1 represents 

vector pET-28a(+) and band in lane 2 shows recombinant vector pET-28a(+) 

containing TnI gene (Fig.2.2).  
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Fig.2.2 Double digestion of pET28a(+) plasmid carrying TnI gene 

Subsequently, results of Sanger DNA sequencing PCR were analyzed by Finch TV 

server that confirmed sequence of human cardiac TnI when aligned with Genscript 

optimized nucleotide sequence with 100% sequence similarity. Moreover, the coding 

gene sequence of TnI optimized by Genscript was translated to protein sequence by 

ExpPASy Translate tool resulting in amino-acid sequence of human cardiac TnI in 

first open reading frame (https://web.expasy.org › tr nsl te).  The derived amino-acid 

sequence gave 100% identity when aligned with Uniprot deposited TnI protein 

sequence using protein BLAST tool (https://blast.ncbi.nlm.nih.gov). 

2.3.1 Expression and Purification of TnI 

Post transformation of pET28a(+) plasmid bearing TnI gene in BL21 cells, bacterial 

colonies were screened by kanamycin antibiotic selection method. The overexpression 

of TnI w s optimized  t 0.2 mM IPTG induction  t low temper ture of 18˚C for 16 

hours. Subsequently, after harvesting cells, the expression was confirmed by running 

12% SDS-PAGE that demonstrated an intense band post IPTG induction in lane 2. 

Additionally, lane 3 and 4 shows soluble expression of protein after treatment with 

resuspension buffer containing 8M urea in Fig.2.3(a). TnI containing 6x His tag was 

purified via Ni-NTA affinity chromatography following on-column urea refolding 

purification. The elution fractions displays a band near 28.5 kDa along with the flow 

through and wash fraction in Fig.2.3(b). Further characterization via western blot 

using anti-TnI Mab also confirmed the purity of TnI. When estimated by nanodrop, 1-

2 mg/ml yield of purified TnI was obtained as calculated using theoretical molar 

extinction coefficient derived from ExPASy tool. 
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Fig.2.3 SDS-PAGE for (a) Expression of TnI (b) Purification of TnI with western blot (below) 

2.3.2 Characterization of recombinant TnI 

a. MALDI was used for validating purity and homogeneity of purified recombinant 

TnI that displayed a peak for intact mass of protein at 28.5 kDa in Fig.2.4(a). This 3 

kDa extra mass was attributed to 6x His tag along with sequence from pET-28a (+) 

vector region. Further, peptide mass finger-printing via MALDI-TOF MS 

implementing tryptic digestion of TnI into peptide fragments was analyzed by 

MASCOT server. The observed peptide fingerprint spectra complied with cardiac TnI 

of Homo sapiens origin aligned with protein database search displaying probable 

matching hits with sufficient promising scoring in Fig.2.4(b).  

 

Fig.2.4 MS analysis of TnI (a) MALDI (b) MALDI-TOF MS with MASCOT search 

b. Lateral flow test card analysis demonstrated a positive signal in test line area 

when purified TnI in varying concentrations was made to flow via sample pad 

elucidating the recombinant TnI holds functional properties for binding to its 

corresponding receptor moieties Fig.2.5(a). 

c. CD spectroscopy in near-UV region for λ 190-260 nm depicted a negative peak at 

208 nm corresponding to second ry structure fold of α-helix for recombinant which 
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coincided with commercial human heart TnI signature. Moreover, the CD profile of 

recombinant TnI also complied with the already reported 3-D structures of TnI 

subunit of Troponin complex (RCSB-PDB: 4Y99, 1J1E and 1J1D) [125]. The α-

helical content was found to be 56.26% Fig.2.5(b).   

d. An indirect binding microtiter ELISA was performed for exploring the 

capability of recombinant TnI to interact with commercial antibodies wherein TnI 

along with a negative and positive control was reacted with monoclonal anti-TnI 

antibody. The assay demonstrated efficient recognizing activity of recombinant TnI 

when compared to positive control of commercial TnI as seen in Fig.2.5(c). This 

investigated the diagnostically active properties of TnI for detecting antibodies and 

other bioreceptors. 

 

Fig.2.5 Characterization of recombinant TnI binding ability (a) Lateral-flow test card analysis 

showing band in test line area (b) CD spectra of recombinant and commercial TnI with inset 

t ble depicting α-helical content (c) Indirect binding ELISA for TnI sensing with Mab 

In silico structure prediction analysis for TnI subunit was performed due to absence of 

availability for its 3-D structure in RCSB-PDB repository. To this context, sequence 

based structure threading by I-TASSER server revealed filamentous structure of TnI 

comprising presence of α-helices linked by flexible loops (Fig.2.6).  

 

Fig.2.6 Three-dimensional structure of TnI predicted by I-TASSER server 
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2.4 DNA aptamers specific to cardiac TnI 

Generally, delineating from the already reported approaches to synthesize aptamers 

against TnI in literature [16,126–129], our technique was inclined towards generating 

extremely specific DNA binders by taking peptide fragments of TnI as template to 

design aptamers. Linear peptides were predicted by using bioinformatics tool 

SVMTriP (Support Vector Machine utilized by combining the Tri-peptide similarity 

and Propensity scores). It uses machine learning algorithms such as Support Vector 

Machine (SVM), Artificial Neural Network (ANN) and Hidden Markov Model 

(HMM) to locate linear epitopes in protein sequence.  

2.4.1 Aptamer generation using SELEX  

SELEX, an in vitro selection method was used as a combinatorial chemical approach 

for generating DNA aptamers against TnI.  A library of 86 nucleotides comprising a 

random DNA sequence of 40 bases flanked by 23 bases forward and reverse primer 

sequences was used. The affinity based SELEX method was utilized in which TnI 

peptide as target molecules were covalently conjugated to column matrix followed by 

selection and enrichment of efficient DNA binders. The procedure occurs in column 

with all the spatial conformation of the target peptides in the column matrix. In this 

SELEX procedure, alternating cycles of positive and negative binding were facilitated 

to create a natural selective pressure on the oligos selecting specific aptamers against 

target peptides of TnI.  

Affi-Gel 10 affinity matrix (BioRad) was used for coupling that utilizes esters of N-

hydroxysuccinimide derivatized cross-linked agarose gel bead support. The Affi-Gel 

10 support contains a neutral 10-atom carboxyl spacer arm that covalently binds to 

amide group of TnI peptide molecules by anhydrous coupling mechanism.  

2.4.2 Biochemical assays and electrophoretic separation of aptamers 

a. Indirect binding ELISA: A microtiter binding ELISA was performed to examine 

the binding ability of aptamers specific to TnI peptide towards full length TnI 

protein. Briefly, 2.5 µg/ml recombinant TnI was coated onto polystyrene wells of 

microtiter ELISA plate using 100 mM bicarbonate buffer (pH 11) and was 

incub ted for overnight  t 4˚C. Next d y, pl te w s w shed thrice using 1x PBST 

(0.1% Tween 20) and blocked with 2% BSA for an hour at room temperature. 

After repeated washing, biotin labeled aptamers were added in a concentration 
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gradient of 7-500 nM along with a positive control binder and negative non-

binder. After incub ting the pl te for two hours  t 37˚C,  nti-biotin HRP labelled 

secondary antibody raised in mouse was added using a dilution factor of 1:5000 in 

1x PBS (pH 7.5). After 45 min of incubation following repeated washing, 80 µl of 

TMB was added and 60 µl stop solution 2N H2SO4 was added to cease color 

development after which absorbance was recorded at 450 nm for yellow color. 

b. Gel electrophoresis: The synthesized aptamers were characterized for their purity 

and size by running 1% agarose gel and 10% native PAGE to analyze their 

migration pattern. DNA samples of 50 ng/µl were prepared and mixed with 

loading dye and was run on agarose gel for 1 hour under 70 volts with 1x TBE 

(Tris Borate EDTA) as running buffer. While, continuous native PAGE was run to 

analyze the native conformational folding state of aptamers using 1x TBE as 

running buffer under a constant voltage of 80 volts. Samples were mixed with 

tracking dye and heated at 95°C for 5min prior to loading in the wells along with 

50 bp DNA ladder. SyBr green dye staining was used for illuminating the gel and 

visualization.  

2.4.3 Biophysical characterization of aptamers specific to TnI 

a. Bio-Layer Interferometry (BLI): It is an optical dip and read label-free 

technique to study and evaluate the strength of biomolecular interactions in real-

time. It comprises ligand such as protein or nucleic acid immobilized on a matrix 

of fibre optic sensor chip to analyze its interaction with target sample. The 

interaction of biomolecules in turn alters interference pattern of white light 

reflected from sensor tip producing a change in optical thickness at bio-sensor tip. 

This induces wavelength shift proportional to binding intensity measured in terms 

of equilibrium dissociation constant KD. ForteBio software analysis 9.0 directly 

provides binding affinities, rate of association and rate of dissociation in less than 

20 minutes of time using very small concentration of sample (nM) once the 

conditions are optimized.  
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Fig.2.7 Schematic illustration of basic experimental assay steps in BLI 

BLI was performed to examine affinity of aptamers generated against TnI peptide 

regions towards full length TnI protein. Sample preparations require a range of 

concentrations for the immobilized protein/aptamer and analyte, appropriate buffer 

controls are taken to check non-specific binding. Briefly, an optimized concentration 

of 50 nM biotin conjugated aptamers were immobilized on streptavidin conjugated 

sensor tip and further dipped in well of greinier black microtiter plate containing 50 

nM TnI along with blocking and washing in 1x PBS solution. The sample volume 

required for each well is 200µl and experimental steps consisted of baseline for 60 

sec, followed by aptamer loading for 300 sec on sensor tip and 300 sec of association 

and dissociation steps individually. Additionally, reference sensors were used for 

removal of any non-specific interactions with aptamers (Fig.2.7).  

Alternative binding experiment was performed by immobilizing 50 nM of His tagged 

recombinant TnI onto Ni-NTA sensor tip and binding was observed with both 

aptamers separately. 200 µl of 50 nM Tc18 and Tc35p were prepared with buffer 

controls that were subtracted by reference sensors. The sensors were saturated with 

TnI for 300 sec loading followed by washing to remove unbound TnI and dipped in 

aptamer containing wells for 300 sec as association and dissociation each to evaluate 

dissociation constant. 

b. Circular Dichroism: The secondary structural analysis to decipher 

conformational folding of DNA aptamers was inspected using CD spectroscopic 
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measurements. When circularly polarized light interacts with asymmetric chiral 

molecules in solution; extent of difference in absorption is recorded as change of 

ellipticity (Δε) me sured in degrees which further provide inform tion  bout 

secondary structure of biomolecules attained in solution. CD spectra were 

recorded in quartz cuvette of path length 0.2 cm with a bandwidth of 1.0 nm and a 

resolution under the far-UV wavelength range 200 to 320 nm for DNA aptamers. 

Experiment lly, 2.5 μM  pt mers in 10 mM PB (pH 7.5) were he ted  t 95˚C with 

every measurement recorded as 3 scans in continuous mode at 50 nm/min scan 

speed and then averaged to achieve better signal to noise ratio.  

2.4.4 Secondary structure prediction of synthesized aptamers 

a. The nature of folding pattern of single stranded DNA aptamers was determined by 

predicting their secondary structures. Their two-dimensional structures were 

deduced by using Mfold server (http://www.bioinfo.rpi.edu/applications/mfold) 

with folding parameters similar to experimental conditions in vitro as: NaCl=137 

mM; Mg
2+
=0 mM; temp=25˚C [130]. 

b. While, 3-dimensional tertiary structures of DNA aptamers were predicted by 

using webserver RNA Composer- an automated RNA structure 3D modeling tool 

(due to unavailability of 3D structure prediction software for single-stranded 

DNA). [131]. 

2.5 Results and Discussion 

Instead of synthesizing aptamers against full length biomarker, purpose behind 

generating aptamers against apical peptide fragments TnI was to screen extremely 

specific nucleic acid binders that can target full length biomarker by targeting its 

peripheral regions. This method was practiced to achieve DNA aptamers that can 

detect TnI with high specificity avoiding non-specific interactions. The strategy 

moreover enabled the fabrication of match-pair based immunoassays and biosensing 

platforms for ultrasensitive biosensing of TnI.  

SVMTriP server predicted two linear peptide regions of TnI from both apical regions 

for generation of aptamers based upon highest score (Fig.2.8). It takes latest input 

sequence from IEDB database (Immune Epitope Database) and Support Vector 

Machine (SVM) that combines Tri-peptide similarity and Propensity scores 

(SVMTriP) to achieve better prediction performance. A 13 residues sequence from N-
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terminal region 27-39 amino acid and 12 residues linear peptide C-terminal apical 

region 187-198 amino acid were selected (Table 2.1). The peptide fragments thus 

selected for aptamer generation was predicted to be helix and loop regions of TnI 

protein. The selected peptide was chemically synthesized by solid phase peptide 

synthesis mechanism and further purified by HPLC (High Performance Liquid 

Chromatography). The purified products were obtained as lyophilized powdered 

peptides of approximately 12 mg each with proper mass analysis by MALDI. 

 

Fig.2.8 SVMTriP analysis for peptide prediction of TnI 

S.R. No. Peptide fragment Region No. of amino acids Terminal 

1. RAYATEPHAKKKS 27-39  13 N-terminal 

2. VGDWRKNIDALS 187-198  12 C-terminal 

Table 2.1 Selected peptide fragments from both apical regions of TnI 

2.5.1 Selection of aptamers 

Single stranded DNA library of 40 nucleotides random region flanked by forward and 

reverse primer of 23 nucleotides each is mentioned: DNA Library (86 nucleotides) 

5'-TAGGGAAGAGAAGGACATATGAT-(N40)-TTGACTAGTACATGACCACTTGA-3' 

A total of 10 cycles were run for multiple and repeated incubation rounds of positive 

DNA binders with target TnI peptides followed by their isolation and PCR 

amplification to generate specific DNA aptamers. The screened set of DNA aptamers 
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were cloned in bacterial vectors along with their sequencing. Eventually, the selected 

set of nucleic-acid sequences were synthesized commercially and procured sequences 

were investigated for their affinity based characterization towards full length 

biomarker cardiac TnI. The sequential layout of basic protocol followed for 

generating DNA aptamers by using SELEX is mentioned in Fig.2.9. 

Four aptamers were screened and enriched by SELEX procedure- Tn13.2a and 

Tn24.1 against N-terminal peptide region of TnI protein while Tc18 and Tc35p 

against C-terminal region of TnI (Table 2.2). Fig.2.10 displays 3-D structural 

representation of apical regions of TnI protein selected for aptamer generation. 

 

Fig.2.9 Schematic representation of SELEX cycles for aptamer screening against TnI peptides 

SR. 

No. 

Aptamers Sequence Length 

(base) 

Target 

fragment 

Target 

sequence 

1. Tn13.2a TAGGGAAGAGAAGGACATA

TGATCGACAGATCATATGG

CCGAGAATATTAGCGTGCA

AAGCTATTGACTAGTACAA

GATCACTTGA 

86 N-terminal RAYATEPH

AKKKS 

2. Tn24.1 TAGGGAAGAGAAGGACATA

TGATCGACAGATCATATGG

CCGAGAATATTAGCGTGCA

AAGCTATTGGCTAGTACAT

GATCATTTGA 

86 N-terminal RAYATEPH

AKKKS 

3. Tc18 TAGGGAAGAGAAGGACATA

TGATCACGGCATGTTGACT

AGTACATGACCACTTGA 

55  C-terminal VGDWRKNI

DALS 

4. Tc35p TATTGGAGCGATCGGTCCG

CGAAGGACATCATATGTCC

TTCTCTTCCCTA 

50 C-terminal VGDWRKNI

DALS 

Table 2.2 List of aptamer sequence screened for both apical regions of TnI protein 
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Fig.2.10 Structural representation highlighting both apical regions of TnI chosen for synthesis 

of DNA aptamers 

2.5.2 Biochemical assays and electrophoretic separation 

a. Indirect microtiter ELISA: All four aptamers generated against TnI peripheral 

peptides were investigated by indirect binding ELISA to detect full recombinant 

biomarker TnI. According to absorbance curves at 450 nm, only aptamers 

targeting C-terminal apical region of TnI (Tc18 and Tc35p) displayed efficient 

interaction while aptamers synthesized for N-terminal apical region of TnI 

(Tn13.2a and Tn24.1) did not bind actively (Fig.2.11).  

 

Fig.2.11 Microtiter binding ELISA for aptamers binding to both apical regions of TnI 

The reason for non-efficacious interaction of N-terminal aptamers could be 

speculated as unavailability/masking of binding interface on TnI protein due to its 
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folding pattern. Consequently, C-terminal specific aptamers-Tc18 and Tc35p 

were propagated in further studies. The curves elucidate more concentration 

dependent occupancy of Tc18 binding interface on TnI protein than Tc35p. 

Therefore, ELISA results suggests better binding of Tc18>Tc35p when compared 

to positive control Tro4 aptamer from literature and a negative control aptamer 

avoiding non-specific binding with TnI [110]. 

b. Gel electrophoresis: In order to confirm presence of oligomerization or 

association states of screened aptamers, electrophoretic mobility assays were 

performed. 1% agarose gel was run for mass characterization of aptamers showing 

restricted mobility of Tc18 as compared to Tc35p corresponding to their size and 

purity in Fig.2.12(a). Additionally, series of acrylamide cross-linking were tried to 

optimize gel running conditions to which 10% acrylamide gave reproducible 

results. After SyBr green staining native PAGE gel displays an intense band of 

Tc18 near 55 bp and an accelerated migration of Tc35p near 50 bp ladder 

Fig.2.12(b). This indicates that aptamers comprises monomeric units which not 

only depends upon charge to mass ratio, but on physical shape/structure attained 

by aptamers/molecules in solution.  

 

Fig.2.12 Migration profile of aptamers (a) Agarose gel electrophoresis (b) Native PAGE 
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2.5.3 Biophysical characterization of aptamers 

a. BLI: The binding strength in terms of dissociation constant (KD) of aptamers Tc18 

and Tc35p for full length cardiac biomarker protein TnI was deciphered using BLI. 

Biotin labeled aptamers-Tc18 and Tc35p were immobilized onto streptavidin sensors 

and their binding was investigated with equimolar TnI. As evidenced from global 

fitting analysis of kon and koff curves in Fig.2.13, Tc18 exhibits higher binding affinity 

of 1.06±0.7x10
-9 

M as compared to Tc35p with 1.84±1.05x10
-7

 M suggesting the 

results to be in support with microtiter binding ELISA. The higher binding affinity of 

Tc18 can be attributed to its hair-pin loop conformation for interaction with TnI. 

Subsequently, binding affinity analysis performed using Ni-NTA sensor immobilized 

His tag recombinant TnI with DNA aptamers also generated similar KD values. This 

reverse binding analysis was performed to further validate ability of aptamers to bind 

TnI protein suggesting role of aptamers both as capture and target bioreceptor 

moieties.  

 

Fig.2.13 BLI curves showing dissociation constant KD for aptamers binding TnI (a) Tc18 (b) Tc35p 

b. CD Spectroscopy: The conformational folding pattern of DNA aptamers attained 

during in vitro experiments in physiological buffer was examined by CD 

spectroscopy. Both the aptamers- Tc18 and Tc35p depicts similar CD signature 

corresponding to B-form of DNA helix [132]. The spectroscopic scans were recorded 

under far-UV wavelength range of 200 to 320 nm in 10 mM PB (pH 7.5). A negative 

signal at 245 nm and positive peak signal at 270 nm along with a negative peak 

between 220-230 nm relates to poly[d(AT)] configuration of B-DNA [133]  

(Fig.2.14).  
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GC content and other parameters were calculated by GC content calculator which was 

found to be 43.63% for Tc18 and 50% for Tc35p (http://mcb.berkeley.edu) (Table 

2.3). The moderate GC% content establishes the DNA aptamer stability for high 

temperature enabling easy unfolding and folding while performing in vitro interaction 

experiments.  

 

Fig.2.14 Secondary structure conformation of aptamers binding TnI by CD spectroscopy 

S.R. No. Aptamer GC content Length Mol Wt Tm 

1. Tc18 43.63% 55  17 kDa 71˚C 

2. Tc35p 50% 50 15 kDa 72˚C 

Table 2.3 Calculation of GC% content of aptamers binding TnI 

2.5.4 Structure prediction of aptamers 

a. Mfold server was used for predicting secondary structure of aptamers to reveal 

their nature of folding pattern. The sequence of aptamers along with in vitro 

experimental conditions parameters was submitted.  The server predicted structure 

of Tc18 aptamer with hair pin loop like conformation and Tc35p having stem-like 

extension with protruding arms (Fig.2.15). These secondary structures might play 

role in interacting with TnI elucidating their mechanism of binding or might be 

assisting in further folding of aptamers into more stable tertiary structures.  
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Fig.2.15 Secondary structures of aptamers predicted by Mfold server 

b. Furthermore, tertiary structures of aptamers were deduced using RNA 

Composer by submitting vienna file format as input obtained from Mfold. As seen 

in Fig.2.16, 3-D structure of Tc18 depicted a uniform helical conformation and 

Tc35p attained a two-way opposite folding pattern. As a result, tertiary structure 

can provide critical information regarding the TnI-aptamer interaction giving 

insights for binding interface of their interaction. 

 

Fig.2.16 Tertiary structures of aptamers predicted by RNA composer 
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2.6 Development and characterization of polyclonal antibodies against 

recombinant TnI 

Polyclonal antibodies (PolyAb) were synthesized in 4-6 weeks old New Zealand 

white (NZW) rabbit by subcutaneously injecting 250-300 µg/ml of recombinant TnI 

emulsified with Freund’s complete  djuv nt (FCA). After first immunization, five 

successive second ry boosters doses of TnI emulsified with Freund’s incomplete 

adjuvant (FICA) were injected at intervals of every 21 days. The blood from the 

immunized rabbit was collected on every 5
th

 day of injection by making it bleed via 

ear vein. The serum was separated by centrifugation and complement system was 

inactivated by heating at 56°C for 20 min. The antibodies were purified by passing 

through Protein-A packed agarose bead column to isolate IgG fraction of antibody 

followed by ammonium-sulphate salt based purification technique [134][135].  

Characterization of polyclonal antibodies 

a. The ability of synthesized PolyAb to bind TnI was investigated by performing 

indirect binding ELISA. Briefly, 2.5 µg/ml of TnI was coated onto ELISA 

polystyrene wells using 100 mM bic rbon te buffer (pH 11)  t 4˚C  llowing 

overnight incubation. After washing plate with 1x PBST (pH 7.5), vacant sites 

were blocked with 1% casein solution for 2 hours at room temperature. Following 

repeated washing, all five booster antibodies along with pre-immune sera were 

added in a titer gradient from 1:1k to 1:62k for two hours  t 37˚C. After w shing 

the plate again, anti-rabbit HRP labeled secondary antibody was added (dilution 

1:10k)  nd pl te w s kept for 50 min incub tion  t 37˚C. TMB substr te w s 

added and reaction was stopped using H2SO4. As a result, Fig.2.17(a) shows III 

booster antibody displaying maximum binding response with TnI in each titer as 

compared to other boosters. Another indirect ELISA was performed to elucidate 

specific TnI binding of III booster PolyAb along with positive and negative 

control proteins that revealed specificity of generated PolyAb towards TnI in 

Fig.2.17(b). 
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Fig.2.17 (a) Microtiter ELISA for all 5 boosters PolyAb synthesized against TnI (b) 

Microtiter binding ELISA of III booster antibody with TnI and other controls 

b. The binding strength of PolyAb for TnI was quantified using BLI in terms of 

dissociation constant KD. 50 nM III booster PolyAb was immobilized onto AR2G 

sensor by using amine-coupling chemistry. After blocking the sensor with 

ethanolamine following washing with 1x PBST (pH 7.5), sensor tip was dipped in 

equimolar TnI solution for association and dissociation along with reference 

sensors in working buffer. A comparison with anti-TnI commercial monoclonal 

antibody was performed for reference. As a result, comparable KD values for 

PolyAb were calculated as Mab demonstrating proportionate binding affinity 

towards TnI (Fig.2.18). 
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Fig.2.18 BLI curves of Mab and PolyAb with their dissociation constant 

2.7 Selection and characterization of peptide specific for cardiac TnI 

Scott Banta and his co-workers generated peptide fragment as a bioreceptor moiety 

specific against cardiac TnI by using polyvalent phage display technique [104]. They 

have isolated linear peptide motifs that can recognize human cardiac TnI which were 

synthesized by peptide-synthesis facility and purified by HPLC. The 12 amino-acid 

peptide was modified with lysine and alternatively cysteine at C-terminal for ease of 

conjugation. The peptide parameters were analyzed using ExPASy Protparam enlisted 

in Table 2.4 

Peptide Sequence Size 

(kDa) 

Length Iso-electric 

point 

Nature of 

peptide 

Pep-C FYSHSFHENWPSC 1.6 13 amino-acids 6.92 Acidic 

Pep-K FYSHSFHENWPSK 1.7  13 amino-acids 7.69 Basic 

Table 2.4 Peptides selected from literature specific to TnI 

Characterization of peptide 

a. The synthesized peptide was characterized for its purity by using mass 

spectrometry analysis in Fig.2.19(a) showing a peak at 1.6 kDa with 100% 

intensity.  

b. CD spectroscopy was performed to gather information about secondary structure 

folding of 10 µM of peptide dilution in 10 mM PB (pH7.5). A negative CD 

ellipticity  t λ 195 nm corresponding to r ndom coil w s observed under f r-UV 

CD range in Fig.2.19(b). 
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Fig.2.19 Characterization of peptide specific to TnI (a) MALDI showing peak of 1.6 kDa (b) 

CD spectroscopy showing random coil folding of peptide (c) BLI sensogram showing binding 

analysis of peptide with TnI (d) Indirect binding ELISA of peptide with TnI 

c. The binding strength of peptide towards recombinant TnI was evaluated using 

BLI technique by immobilizing lysine modified 50 µM of peptide onto AR2G 

sensor via amine-coupling chemistry. Binding towards equimolar TnI was 

analyzed with association and dissociation curves deducing KD=1.33±0.7x10
-8

 M 

with R
2
=0.93 Fig.2.19(c).  

d. To further investigate interaction of peptide with TnI, indirect binding ELISA was 

performed for which peptide was labeled with biotin. Briefly, 2.5 µg/ml TnI was 

coated for overnight onto plate which was blocked with 2% BSA solution for 2 

hours.  Biotinylated peptide was added from 0-60 µM followed by incubation for 

2 hours  t 37˚C. The detection w s done by using HRP l beled strept vidin. 

Peptide was able to target TnI at low concentration as well without any non-

specific interaction in Fig.2.19(d). 

e. In silico analysis for 3-dimensional structure prediction of peptide was done by 

using PEP-FOLD3-de novo peptide structure prediction server that employs 
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coarse-grained force field providing a high resolution best model using default 

parameters of 100 set of simulations [136]. As a result, peptide attained a helical 

conformation along with loop region which might hold binding properties to 

interact with TnI in Fig.2.20. 

 

Fig.2.20 Tertiary structure of peptide predicted by PEP-FOLD3 server 

f. Additionally, the peptide was conjugated to BSA carrier with peptide coupling kit 

utilizing sulfhydryl group (cysteine) of peptide. Using heterobifunctional cross-

linker, NHS ester in sulfo-SMCC reacts first with primary amines on carrier 

protein BSA forming covalent amide bonds followed by reaction of maleimide 

group with peptide’s sulfhydryl groups with stable thio-ether bonds. The 

conjugation was characterized by MALDI analysis deciphering 71 kDa intact 

mass of peptide-BSA bioconjugate compared to BSA in Fig.2.21(a). Additionally, 

10% SDS-PAGE demonstrated restricted mobility of BSA-peptide conjugate as 

compared to peptide in Fig.2.21(b).   

 

Fig.2.21 Characterization of Peptide-BSA conjugates by (a) MALDI (b) SDS-PAGE 
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2.8 Conclusion 

In this chapter, we have discussed about expression of human cardiac TnI and 

its stable purification using modified urea refolding protocol. Recombinant TnI 

has been characterized for its purity through MALDI showing a peak at 28.5 kDa, 

SDS-PAGE showing gel bands without any impurities and indirect ELISA 

exhibiting the binding ability. The structural stability of TnI was confirmed by 

comp ring its CD sign ture with commerci l hum n he rt TnI th t depicts α-

helical content. 

This division of work also entails DNA aptamers synthesized by SELEX against 

both apical peptides of TnI. As a conclusion, C-terminal peptide specific 

aptamers-Tc18 and Tc35p at a low concentration of 7 nM were able to recognize 

and bind recombinant TnI as envisaged by microtiter binding ELISA. The binding 

affinity of aptamers as revealed by BLI was KD=1.06x10
-9 

for Tc18
 
and 1.84x10

-7
 

for Tc35p respectively. The migration pattern of both the aptamers was 

investigated by gel electrophoresis that demonstrated their monomeric subunit 

existence and respective size based mobility under the effect of voltage. Mfold 

deciphered aptamers with unique secondary structures comprising hair-pin loop 

(Tc18) and stem-loop (Tc35p) folding which was corroborated with B-DNA 

polymorphic form CD signature with negative dip at 245 nm along with positive 

signal at 270 nm and another negative dip at 220-230 nm relating to poly[d(AT)] 

configuration. This structural integrity at physiological buffer (pH 7.5) enabled 

specific recognition of TnI through C-terminal peptide in biochemical ELISA. In 

silico 3-D structure prediction analysis of aptamers using RNA composer and TnI 

via I-TASSER server was performed to provide deep insights for studying their 

interaction interface which will aid in developing AMI diagnostic platforms. 

Moreover, PolyAb and specific peptide have been incorporated as additional 

bioreceptors specific against TnI.  

Taking into account the protein preparation and selection of aptamers performed 

for N-terminal and C-terminal peptide fragments of TnI, only C-terminal DNA 

binders were found to bind full TnI protein. For now, we have characterized these 

aptamers but still there are many aspects regarding their behavior of interaction 
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with peptide tail of TnI that are to be studied in detail. To this context, next 

chapter will focus upon certain investigations-firstly, the effect of TnI binding on 

aptamers; secondly, nature of interaction of aptamers with TnI; thirdly, does 

aptamer-TnI form a stable complex or is it just a surface immobilization based 

binding?  



 

 

 

Chapter 3 
Interaction studies of aptamers 

binding to cardiac Troponin I  
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3.1 Overview 

 

The subsequent approach highlighted in this chapter was to investigate the binding 

pattern of aptamers generated against C-terminal peptide region with full length 

recombinant TnI biomarker protein. The binding properties are driven by the 

secondary and tertiary structures/nature of folding pattern of aptamers that includes 

base pairing forming loops, hairpins, stem, bulges, etc. Moreover, the shape 

complementarity between the aptamer and TnI along with hydrogen bonding, ionic 

bonding, dipole-dipole bond, aromatic π-π stacking and London dispersion forces 

forms their intermolecular interactions. The biomolecular recognition between 

aptamers and TnI defines the utility of aptamers to be used as high-affinity 

bioreceptor molecules for fabricating biosensing platforms [137].  

Therefore, this chapter comprises biochemical method of microtiter binding assays 

and other biophysical methods of Circular Dichroism (CD) spectroscopy, Microscale 

Thermophoresis (MST) and Biolayer Interferometry (BLI) to study interaction of 

aptamers with TnI. The respective studies were executed to provide information 

regarding structural changes and binding strength of aptamers defining their affinity 

for TnI. Moreover, aptamer-TnI complex formation has been intensively studied using 

other high-end characterization methods of analytical ultracentrifugation (AUC), gel 

filtration chromatography and electrophoretic mobility shift assay (EMSA).  
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Additionally, a broad learning regarding structural binding for aptamer with TnI C-

terminal region has been addressed by in silico docking studies. Adding more to what 

has been mentioned is the major missing link for unavailability of three-dimensional 

structure prediction tools for single-stranded (ss) DNA. To date, researchers use RNA 

3D structure determination servers considering the folding pattern of RNA similar to 

ss DNA [131].  The chapter also describes about the residues of TnI engaged in 

binding to nucleic acid residues of DNA aptamers.  All the characterization 

techniques in conjunction with docking studies have provided a better 

conceptualization pertaining to interaction patterns of aptamer with target TnI. 

Moreover, studies regarding the binding of synthetic peptide as parallel bioreceptor 

have also been discussed. 

3.2 Experimental approaches 

3.2.1 Materials and Instrumentation 

Recombinant cardiac TnI, Human heart isolated natural TnI (Sigma) for reference, 

Aptamers Tc18 and Tc35p (IDT Technologies). All the interaction study experiments 

were performed using physiological buffer 10 mM phosphate buffer (pH 7.5) referred 

to as 1x PBS along with Tween 20 (0.1%). Each experiment was repeated three times 

to which data is averaged and mean values were plotted against the protein 

concentration with standard deviation. 

Spectroscopic measurements for ELISA were taken using BioTek Synergy H1 

spectrophotometer (UK). Binding studies were performed using MST-Nanotemper 

Technologies (Monolith NT.115) and BLI Octet K2 system (Pall Life sciences, 

Fremont, CA 94538 USA). Conformational studies were performed using Jasco J-815 

CD instrument for spectroscopic analysis. Sedimentation experiments were done on 

Beckman Coulter Life Sciences, Proteome Lab XL-A/XL-I (US). BioRad gel 

electrophoresis assembly was run for non-radioactive gel shift assay (EMSA). 

3.2.2 Microtiter binding assays 

a. The binding ability of both aptamers were primarily inspected using indirect 

ELISA by coating 1-20 ng/ml of TnI along with non-specific protein using 10 mM 

bicarbonate buffer (pH 11) for 12-16 hours at 4˚C. The wells were washed three 

times with 300µl 1x PBST (pH 7.5) followed by blocking vacant sites using 2% 

BSA in 1x PBS for 2 hours. After again washing the plate, 500 nM of both 
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biotinylated aptamers Tc18 and Tc35p were added and incubated for 2 hours at 

37˚C. Post repeated washing, 1:5000 µl HRP labeled streptavidin was allowed to 

bind biotinylated aptamers. TMB substrate solution was added for signal 

development and 2N H2SO4 stop solution was used to cease reaction until color 

developed in control. Absorbance was recorded at 450 nm. 

b. The binding efficiency of aptamers for detecting TnI in combination with 

commercial anti-TnI monoclonal antibodies (Mab) was investigated using 

sandwich ELISA. Briefly, 2 µg/ml anti-TnI Mab was coated onto polystyrene 

plate for overnight. The wells were blocked using 3% BSA for 2 hours followed 

by washing with 1x PBST (pH 7.5). Afterwards, 1-10 ng/ml TnI was added and 

incubated for 2 hours at 37˚C. Post repeated washing, 500 nM of biotinylated 

Tc18 and Tc35p were added alternatively and incubated for another 2 hours. HRP 

conjugated streptavidin in 1:5000 µl dilution was used for detection. Post 

incubation for 1 hour, TMB substrate along with stop solution was added for 

signal development and plate was read at 450 nm.  

3.2.3 Biolayer Interferometry (BLI) 

The affinity of aptamers specific to TnI as a function of TnI concentration was 

explored with binding kinetics experiment of BLI. Briefly, biotin labeled 50 nM Tc18 

and Tc35p was immobilized onto streptavidin sensors for 600 sec until saturation was 

achieved. After washing step of 60 sec in 1x PBS, series of association and 

dissociation for 300 sec each with TnI dilutions (40-160 nM) were examined for 

binding. Regeneration of sensor tips as removal of bound TnI was performed with 

intermittent washing with glycine-HCl (pH 2.5). The results were analyzed in 

Fortebio software analysis 9.0. 

The binding affinity of aptamers generated against TnI peptide fragment was also 

interrogated in serum matrix with 1:10 µl dilution in 1x PBST. 100 nM of biotinylated 

aptamers were immobilized onto streptavidin sensor until saturation. The aptamers 

were dipped sequentially in wells containing human serum spiked with natural heart 

tissue isolated TnI (4-35 nM) with recurrent washing and regeneration.  
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3.2.4 Microscale Thermophoresis (MST) 

It is biophysical analysis for studying interactions between biomolecules based on 

detection of change in target fluorescence induced by temperature as a function of 

dilutions of a non-fluorescent ligand. This observed fluorescence change is based on 

a) temperature related intensity change (TRIC) of fluorescently labelled probe 

affected by binding, b) thermophoresis and particles movement in microscopic 

temperature gradient. The change in chemical microenvironment of fluorescent probe 

and alterations in biomolecular hydration shell result in relative fluorescence change. 

This is in turn induced by temperature gradient used to determine binding affinities. 

Without any surface immobilizations, MST offers measurement of biomolecular 

interactions directly in solution.  

For experimentation, 100 µg/ml TnI was tagged with 80 µl solution of 1mg/ml 

fluorescent dye FITC which employs isothiocyanate group to react with amino 

terminal and primary amines in protein suspended in bicarbonate buffer pH 9. 

Varying dilutions of unlabeled aptamers (0.006-200 nM) in 1x PBST were titrated 

upto sixteen dilutions and mixed with 100 nM FITC labeled TnI. The mixture was 

allowed to interact and loaded on Monolith NT.115TM capillaries. The results were 

analyzed in Monolith NT.115 instrument (Nanotemper) software. 

3.2.5 Circular Dichroism (CD) Spectroscopy  

In order to study changes in secondary structures of aptamers Tc18 and Tc35p as a 

function of increasing concentration of target biomarker TnI, CD spectroscopy was 

performed. 2.5 µM of Tc18 and Tc35p was heated at 95˚C and cooled to normal 

temperature prior taking the scans. Far-UV CD measurements were taken as DNA 

bases absorb light differentially in λ range 200-320 nm [7]. Different dilutions of TnI 

from 10-80 µg/ml in 10 mM phosphate buffer (pH 7.5) were incubated with both 

aptamers alternatively for 15 min under shaking conditions. CD scans for each 

aptamer-TnI complex was recorded in a quartz cuvette of 0.2 cm path length with 

bandwidth 1.0 nm and 50 nm/sec scan rate. Each scan was baseline corrected to 

minimize signal to noise ratio and was averaged for 3 accumulations. 

Furthermore, differential CD spectroscopy was performed wherein only Tc18 aptamer 

was titrated with 0-1 molar concentration TnI with an interval of 0.25 M. Each 

concentration of complex was incubated for 15 min and CD scan was accumulated for 

average three measurements. 
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3.2.6 Analytical Ultracentrifugation (AUC) 

AUC is a quantitative method to analyze biomolecules in complex mixture by 

monitoring their optical behavior and their sedimentation in real time under influence 

of a strong gravitational force. The basic principle of ultracentrifugation is similar to 

normal centrifugation: separation of components of a solution on the basis of their 

size and density (viscosity) of the medium (solvent) for their dynamic behavior 

(sedimentation velocity) or systems in equilibrium (sedimentation equilibrium) [138]. 

Sedimentation velocity experiment (SV-AUC) was performed where solute 

movement in high centrifugal field is related to hydrodynamic shape, size and 

interaction of molecules. The experiment was performed on Beckman Coulter that 

provided sedimentation coefficient value (s) based on movement of molecules under 

centrifugal force achieved by solving the Lamn equation as Svedberg unit [139]. 

SV-AUC of aptamers Tc18 and Tc35p and their complex with TnI was performed to 

study their complex-formation tendency. Briefly, 400 μl of 100 nM aptamers and 

equimolar ratio of aptamer-TnI complex was centrifuged at 10,000 rpm. AUC 

continuous distribution measurement was done with An50 Ti Rotor at 260 nm for 

aptamers and at two different wavelengths 260 nm and 280 nm for aptamer-TnI 

complex. AUC data was analyzed using SEDFIT that displays a plot of sedimentation 

coefficient as svedbergs (S) vs continuous distribution model for sedimentation 

coefficient distribution. 

3.2.7 Electrophoretic Mobility shift assay (EMSA) 

A label-free EMSA/gel shift assay was performed to study interaction of DNA 

aptamers with TnI without use of radioactive probes to qualitatively detect the 

formation of aptamer-TnI complex formation [140]. Briefly, 1.5% agarose gel of 

around 1 cm thickness was prepared in 0.5x TBE buffer containing EtBr. Different 

concentrations of 10 μl TnI (0-150 μM) were incubated with 10 μl 50 nM aptamer in 

EMSA binding buffer at 37˚C for 30 minutes. The samples were loaded onto gel and 

run for 1 hour at 70 volts and migration pattern in the gel was observed under BioRad 

Gel Doc system for imaging. 

3.2.8 Size exclusion chromatography (SEC) 

SEC or molecular sieve chromatography is a method in which biomolecules are 

separated according to their size and molecular weight. Larger molecules are excluded 

from stationary gel matrix and flow through the column more quickly than smaller 
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molecules suggesting the phenomenon- smaller the molecule, longer the retention 

time. Analytical grade column Superdex® 200 10/300 GL from GE healthcare with 

25 ml of bed volume was used along with AKTA pure chromatography/fast protein 

liquid chromatography system (FPLC) system in a cool cabinet at 4°C. Aptamer Tc18 

and Tc35p separately and their complexes with TnI was loaded onto the column in 

equimolar dilution after incubation for 30 min at 0.5 ml/min flow-rate. The column 

matrix was pre-equilibrated with 100 ml of 1x PBS (pH 7.5) experimental buffer prior 

to separation of aptamer-TnI complex.  

3.2.9 In silico analysis of aptamer-TnI interaction 

Primarily, electrostatic potential of TnI was deduced using PDB2PQR-an automated 

pipeline for Adaptive Poisson-Boltzmann solver (ABPS) online web server 

(https://www.cgl.ucsf.edu). This was performed to determine overall charge on TnI at 

physiological pH 7.4 that could decipher probable binding sites for negatively charged 

aptamers.  

Further, in order to recognize the interaction of aptamers generated against C-terminal 

apical peptide fragment with full TnI protein, docking studies were performed. 

HDOCK: protein–protein and protein–DNA/RNA interaction server was used based 

on hybrid strategy (http://hdock.phys.hust.edu.cn). It utilizes FFT-based global 

docking program, referred as HDOCKlite that globally samples putative modes of 

binding in HDOCK server, incorporating evaluation of an improved shape-based 

pairwise scoring function. PDB structure of TnI (I-TASSER) as receptor and aptamers 

(RNA Composer) as ligand were submitted to input query of HDOCK, along with 

adding of C-terminal apical fragment residues for which aptamers were generated. 

Furthermore, residues involved in interaction were determined by PDBsum cleft 

analysis (PDBsum Generate) - an EMBL-EBI server that provides an overview of 

contents for each 3D macromolecular structure deposited in the PDB  

(https://http://www.biochem.ucl.ac.uk/bsm/pdbsum/). 

3.3 Results and Discussion 

3.3.1 Biochemical assay of aptamers binding to TnI 

An indirect binding ELISA was performed where varying TnI concentration was 

immobilized on surface and both aptamers were investigated for binding. As a result, 

Tc18 and Tc35p aptamers could detect even 1 ng/ml TnI displaying high affinity of 

aptamers towards TnI in Fig.3.1.  
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Fig.3.1 Indirect ELISA of aptamers binding varying dilutions of TnI 

Moreover, when efficiency of aptamers was analyzed as match-pair in sandwich 

ELISA with commercial Mab, Tc18 surpassed Tc35p in binding TnI at low 

concentrations of 0.1 ng/ml avoiding any non-specific interactions [Fig.3.2(a) and 

(b)]. Therefore, it can be concluded that aptamers can function as efficient match-pair 

bioreceptors to design immunoassays for detecting TnI in trace levels. 

 

Fig.3.2 Sandwich microtiter assay of aptamers with Mab to detect TnI (a) Tc18 (b) Tc35p 

3.3.2 Binding kinetics of aptamers with TnI 

a. Biolayer Interferometry: The affinity of binding for aptamers with respect to 

varying dilutions of rTnI was estimated by performing BLI kinetics experiment. 

The dissociation constant (KD) was calculated with ForteBio software analysis 9.0 

using global fitting for association (kon) and dissociation (koff) curves in equimolar 

stoichiometric ratio that provided R
2
 values of regression for data fitting (Table 3.1).  
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SR. No. Aptamer KD  R
2
 

1. Tc18 2 ± 0.16 x 10
-9 

 0.97 

2. Tc35p 3.5 ± 0.54 x 10
-8

 0.95 

Table 3.1 Dissociation constant values (KD) of aptamers binding recombinant TnI 

protein 

The KD value represented an average of three independent runs for each TnI 

concentration [Fig.3.3(a) and (b)]. As evident from table, Tc18 shows higher binding 

affinity in terms of KD that can be substantiated with its hair-pin loop like structural 

conformation studied in chapter 2. The structural integrity of both the aptamers 

enables their better interaction with TnI further supporting the ELISA results. 

Moreover, somewhat similar KD values were obtained for BLI kinetics performed in 

serum with association and dissociation curves fitted globally providing a strong 

affinity of aptamers to recognize TnI in complex serum matrix [Fig.3.3(c) and (d)].  

 

Fig.3.3 BLI sensograms showing binding kinetics for aptamers Tc18 and Tc35p respectively 

with varying dilutions of TnI (a and b) Assay in buffer and (c and d) Assay in spiked serum 
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b. Microscale Thermophoresis:  MST technique was employed to validate the 

binding affinities of aptamers towards TnI protein obtained irrespective of 

dissociation coefficient calculated using BLI. An average dissociation constant of 

three MST experiments for each aptamer was calculated which was found in 

agreement with BLI data. Tc18 affinity of interaction with TnI was evaluated as 

KD=27±0.47 nM and Tc35p was KD=0.28±0.17x10
-7

M. 

 

 

Fig.3.4 MST curves for affinity studies of aptamer towards TnI (a) Tc18-TnI (b) Tc35p-TnI 

3.3.3 Conformational studies of aptamer-TnI interaction  

CD spectroscopy with varying concentration of TnI was performed to decipher the 

alteration in secondary structures of aptamers upon binding with TnI. Each 

concentration was allowed to incubate prior to scan in 320-200 nm wavelength range. 

As evident from Fig.3.5(a) and (b) a consistent drop in peak at 220 nm with each 

increasing concentration of TnI was observed.  This change from positive to negative 

ellipticity displaying a transition from B-DNA form to A-DNA (B-A transition) was 

indicative of strong conformational polymorphism in Tc18 and Tc35p secondary 

structure upon TnI binding [132]. Comparatively, Tc35p aptamer demonstrated subtle 
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changes in ellipticity measure than Tc18 which can be attributed to their respective 

secondary structure folding and nature of interaction with TnI. Both aptamers 

presented TnI induced structural switching corresponding to increase in TnI 

concentration. 

 

 

Fig.3.5 CD scans of aptamers showing structural-switching with increasing TnI (a) 

Tc18 (b) Tc35p 

Moreover, differential CD experimentation was performed to analyze the efficiency 

of aptamer to sustain its structural integrity after interacting with TnI. CD scans of 

Tc18-TnI complex in Fig.3.6 deciphered B-DNA form of Tc18 which upon titration 

with consecutively increasing protein was dominated by α-helical CD signature of 

TnI. Gradual loss of Tc18 aptamer secondary structural content with appearance of 

TnI at equimolar ratio explained interaction of many aptamer molecules to single TnI 

molecule. This target induced conformational isomerization has been further 

corroborated with progressive signal loss of aptamer near 240 nm and 270 nm. As a 

consequence, we can infer that very small amounts of aptamers are required for 

designing TnI detection platforms. 
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Fig.3.6 Differential CD of aptamer-TnI interaction showing loss in aptamer signal at equimolar ratio 

3.3.4 Biophysical analysis for aptamer-TnI complex formation 

a. Non-radioactive EMSA: Both aptamers were investigated for their ability to 

form complex with full TnI biomarker protein. Different concentrations of TnI 

were incubated at room temperature with both aptamers separately. As evident 

from Fig.3.7, a decrease in band intensity of Tc18 and Tc35p was observed with 

increasing TnI concentration suggesting the involvement of aptamers in forming 

complex with TnI [140]. Alternatively, it can be concluded that aptamer involved 

in complex formation experiences restricted mobility in agarose gel due to 

bulkiness of band that can be seen in the form of smearing. A non-specific 

aptamer was observed for binding with TnI as negative control.  

 

Fig.3.7 Non-radioactive EMSA gel of aptamer-TnI complex formation 
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The label-free gel shift assay for studying aptamer-TnI complex formation was 

further observed for a wide range of TnI from 0-150 µM. The relative difference 

in migration pattern of aptamer-TnI complex was compared to aptamer alone. 

Moreover, quantification of gel-shift assay was estimated in terms of measuring 

decrease in intensity of free aptamer with diminishing band using image 

processing software Image J. This decrease corresponded to engagement of 

aptamer Tc18 [Fig.3.8(a) and (b)] and Tc35p [Fig.3.8(c) and (d)] in complex 

formation with TnI [141]. 

 

Fig.3.8 ImageJ analysis of decreasing unbound aptamer band intensity with gel-shift image 

showing bands for (a and b) Tc18 (c and d) Tc35p 

b. AUC: Sedimentation velocity experiment (SV-AUC) was performed to analyze 

complex formation of aptamer-TnI that provided continuous distribution model 

for sedimentation coefficient distribution. The experiment provided sedimentation 

coefficient value (s) by solving the Lamn equation as Svedberg unit based on 

settling of complex and aptamers alone. The data was solved using SEDFIT-a 

software for analysis of AUC and other hydrodynamic data (NIH) [142]. As 

evident from Fig.3.9(a) and (b) an increase in sedimentation coefficient measured 

in Svedberg unit (S) was observed for aptamer-TnI complex as compared to 

aptamers. This was explained as heavier particles sediment faster and has higher 

Svedberg (s) due to change in shape after forming complex. The shape difference 

is resultant of mass to size ratios of complex compared to their individual shapes 

in unbound form. The bulky behavior as represented by enhanced sedimentation 



Chapter 3 

71 

coefficient is evident of stable complex formation in the form of single peak. It 

performs data analysis by setting meniscus from each end for raw data and 

processing parameters such as density, frictional ratio and output with least rmsd 

and accepted residuals.  

 

Fig.3.9 SV-AUC curves showing increase in sedimentation coefficient for (a) Tc18-TnI 

complex and (b) Tc35p-TnI complex; as compared to aptamers only 

c. Size exclusion chromatography: SEC or gel filtration chromatography was 

employed for analyzing aptamer-TnI complex formation. An equimolar ratio of 

TnI-aptamer complex and TnI separately was injected into the column and 

examined for elution at different volumes. A single peak of Tc18-TnI and Tc35p-

TnI complexes [Fig.3.10(a and b)] was observed deciphering their stable 

interaction in solution forming a complex.  This can be verified by bulkiness of 

complex which elutes out prior than TnI.  

 

Fig.3.10 SEC purification curves of (a) Tc18-TnI complex (b) Tc35p-TnI complex; and TnI 
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3.3.5 Electrostatic surface potential and in silico docking studies  

Electrostatic surface potential map of TnI was generated using PDB2PQR with color 

codes showing an overall charge of ±54.33 V which quantifies atom potentials and 

atom-by-atom contributions to solvation energy. The red (electronegative) and blue 

(electropositive) color depicted relatively more positive charge residues on clefts 

corresponding to C-terminal TnI fragment. This renders that region as an ideal 

docking site for negatively charged DNA aptamers (Fig.3.11). 

 

Fig.3.11 Electrostatic potential analysis of charge distribution on TnI structure 

An elaborated flow-chart demonstrating the protocol followed for docking is depicted 

in Fig.3.12. HDOCK server was used for aptamer-protein docking by providing PDB 

files of receptor (TnI) and ligand (aptamers). HDOCK renders a user-friendly web 

server access to hybrid algorithm of template-mediated modeling and docking of 

protein–DNA complexes. It performed sequence similarity search and structure 

prediction providing top ten docked models as deduced by template based modeling. 

It efficiently integrates various sequence search components, model building, 

template selection and global docking exhibiting the binding site of both aptamers at 

C-terminal apical region of TnI. The first model with highest scoring was analyzed for 

identifying the binding residues involved in interaction of aptamer and TnI by using 

PDBsum generate.  
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Fig.3.12 Flow-chart of aptamer-TnI docking studies 

PDBsum Cleft analysis provided cavity/pockets present over the protein and their 

volumes that are involved in binding with ligand via hydrogen bonding. Table 3.2 

enlists binding residues highlighted in structural map of TnI-Tc18 (Fig.3.13) and TnI-

Tc35p (Fig.3.14) interactions with C-terminal fragment. PyMOL was used as 

visualization software to display binding residues within 4Å distance range [143]. 
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S.R. No. Troponin I-Aptamer Residues  of TnI and aptamer 

at binding interface 

1. TnI-Tc18 Asp190-C43 2.2 Å 

Trp191-A42  3.3 Å 

Trp191-T33 2.6 Å 

2. TnI-Tc35p Asp196-G8 2.9 Å 

Leu198-C37-P-C38 3.8 Å 

Asn194-A22 2.7 Å 

Table 3.2 List of predicted binding residues involved in aptamer-TnI interaction 

 

 

Fig.3.13 PDBsum generate analysis predicting binding-interface residues for Tc18-TnI interaction 
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Fig.3.14 PDBsum generate analysis predicting binding-interface residues for Tc35p-TnI interaction 

3.3.6 Peptide interaction studies with TnI  

The development of aptamer-aptamer assays may pose similar charge based 

repulsion; therefore, synthetic peptide synthesized by Banta et al as discussed in the 

last chapter (Section 2.7) was studied for its interaction with TnI. Moreover, dual 

aptamer poses the limitation of steric hindrance in designing platforms.   

a. BLI binding kinetics was performed with peptide as a function of TnI 

concentration with intermittent washing and regeneration.  AR2G sensor was 

immobilized with 50 µM peptide and was dipped in wells containing varying TnI 

dilutions for 300 sec of association and dissociation each. KD=4.46±1.5x10
-8

 M 

was achieved by using global fitting analysis with R
2
=0.96 Fig.3.15(a).   

b. In silico docking studies were performed to predict interaction of peptide specific 

for TnI using GRAMM X-a protein-protein docking tool. PDB files of TnI 

receptor generated by I-TASSER and peptide ligand by PEP-FOLD was submitted 

as input. It employed smoothed potentials, knowledge-based scoring to produce an 

average of 100 predictions as output. Our findings in conjunction to a recent 
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report also predicted that Lys58 and Glu66 of TnI are non-covalently linked with 

Trp10 of peptide in Fig.3.15(b) [144]. PyMOL was used for molecular 

visualization of PDB files [143].  

 

Fig.3.15 Peptide-TnI binding characterization (a) BLI sensogram of peptide binding with 

varying TnI dilutions (b) Docking studies of peptide-TnI highlighting binding residues (c) 

Indirect binding ELISA of varying peptide dilutions with TnI (d) Sandwich ELISA of peptide 

to detect TnI with commercial Mab 

c. To further investigate interaction of peptide with TnI, indirect binding ELISA was 

performed for which peptide was labeled with biotin. Briefly, 2.5 µg/ml TnI was 

coated for overnight onto plate which was blocked with 2% BSA solution for 2 

hours.  Biotinylated peptide was added from 0-60 µM followed by incubation for 

2 hours at 37˚C. The detection was done by using HRP labeled streptavidin. 

Peptide was able to target 0.1 ng/ml TnI without any non-specific interaction 

displayed in Fig.3.15(c). Additionally, sandwich ELISA of peptide was performed 

wherein, 10 µg/ml of BSA peptide conjugate was immobilized and TnI dilutions 

was detected using anti-TnI commercial Mab in Fig.3.15(d). Peptide is able to 

detect TnI in sandwich ELISA configuration as well upto 0.7 ng/ml. 
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3.4 Conclusion 

This segment of work encompasses interaction patterns of aptamers-Tc18 and Tc35p 

towards full cardiac TnI protein. The binding affinity of aptamer was quantified with 

respect to TnI concentration by various biophysical techniques comprising BLI and 

MST in terms of dissociation constant (KD). As a result, Tc18 displayed KD=2x10
-9

M 

that certainly surpasses KD=3.5x10
-8

M of Tc35p in binding kinetics studies. BLI 

kinetics experimentation performed in human serum spiked with varying TnI deduced 

similar KD values as with physiological buffer experiments. This was further 

substantiated by MST calculated KD values that further validated the dissociation 

constant values as KD=0.60x10
-9

M for Tc18 and KD=0.28x10
-7

M for Tc35p. 

To this context, both aptamers were subjected to microtiter binding assays where 

aptamers was examined to bind varying TnI dilutions which demonstrated the ability 

of aptamers to efficaciously bind 1 ng/ml TnI. Further, sandwich microtiter ELISA 

demonstrated 0.1 ng/ml TnI detection by both aptamers suggesting their applicability 

as match-pair bioreceptors. Both the approaches of binding affinity studies by 

BLI/MST and quantification studies via microtiter assays displayed Tc18 as compared 

to Tc35p a better binder interacting with TnI.  

Furthermore, conformational changes in aptamer upon TnI binding were 

investigated through CD spectroscopy. The apparent structural modification upon 

TnI binding in Tc18 was comparatively significant due to hair pin loop-like 

conformation that opens up to bind the target as compared to Tc35p. Additionally, 

differential CD experiment deciphered the requirement of only trace amounts of 

aptamer to detect TnI.  

Next, we studied the complex formation property of aptamer-TnI by using 

biophysical characterization techniques of AUC, SEC and non-radioactive EMSA. 

The increase in sedimentation coefficient Svedberg’s unit confers to formation of 

aptamer-TnI bulky complex as single entity compared to aptamer as control. 

Moreover, the restriction in mobility of bulky aptamer-TnI complex was analyzed by 

non-radioactive gel shift assay. As concentration of TnI increased in aptamer-TnI 

mixture, the band intensity of aptamer diminished due to indulgence of aptamer in 
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complex formation with TnI. Simultaneously, GFC purification as per its principle 

eluted aptamer-TnI complex prior to TnI protein as a single peak. Thus, consequently 

we can conclude that aptamer can interact with TnI via its C-terminal tail and forms a 

stable complex in solution as single biomolecular entity. The attribute of stable 

complex formation can enable these aptamers to pursue relevance in 

immunodiagnostic assays for TnI detection. The in vitro results of aptamer-TnI 

interaction studies have been supported by in silico docking studies that has provided 

nucleoside bases of aptamer involved in binding with amino-acid residues of C-

terminal region of TnI. The residues of Tc18 have been predicted from the bottom 

loop region whereas residues of Tc35p have been predicted from stem region to bind 

TnI. This further supports our study inferences of all the assays stating Tc18 to be a 

better binder than Tc35p.   

After digging deeply into interaction and binding pattern of aptamers with TnI, it was 

concluded that aptamers undergo structural changes that can be targeted for designing 

detection platforms. As deciphered from biophysical and biochemical characterization 

of aptamer-TnI binding, Tc18 has demonstrated better competency towards 

interacting with TnI protein via its C-terminal region. Moreover, their stable complex 

formation can render development of rapid detection strategies with utmost sensitive 

targeting of TnI. In this regard, preliminary biosensing platforms were designed using 

simple immunodiagnostic assays discussed in the next chapter to detect TnI.  



 

 

 

Chapter 4 
Immunoassays for detection of  

cardiac Troponin I 
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4.1 Overview 

 

Microtiter immunoassays employ antigen-antibody interactions to study presence of 

any protein biomarker [145]. Antibodies based ELISA adds more cost to the entire 

test due to its production requiring animal that causes batch-to-batch variation. 

Moreover, the steric hindrance associated with huge molecular weight of antibodies 

compromise with sensitivity of the assays promoting non-specific interactions.  In 

marked contrast to this, aptamers or synthetic peptides based assays deliver stable 

molecular probe replacements for antibodies in assays known as ELASA/ELONA 

[146–148]. This chapter describes the utility of aptamers generated against the apical 

C-terminal region of TnI in developing sandwich immunoassay TnI detection 

platform. Alongside, a novel match-pair of aptamer-peptide bioreceptors have been 

used to design the immunoassay completely eliminating the utility of polyclonal 

antibodies.  

Simultaneously, aptamer based dot blot/aptablotting have been discussed in this 

chapter that is an easy, rapid and cost effective technique commonly used in detection 

of biomarker proteins in a biological sample [149]. As compared to ELISA, they are 

distinct type of diagnostic assays that circumvent the need of enzyme conjugates and 

can be performed within shorter duration of time requiring very less sample spotted 

directly onto membrane. Tc18 aptamer has been conjugated onto gold nanoparticles 

(GNPs) to investigate their binding efficacy as nanobioprobe for detection of TnI. The 

corresponding LSPR effect generated by aptamer gold nanoconjugates further allows 

visible naked-eye sensitive detection of TnI [150]. This has been further extended to 

develop lateral-flow immunoassay.  
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4.2 Experimental approaches 

4.2.1 Materials and Instrumentation 

Trisodium citrate dehydrate, Hydrogen tetrachloroaurate (III) trihydrate, (3-

Glycidyloxypropyl) trimethoxysilane (GOPS), Monobasic dihydrogen phosphate and 

Dibasic monohydrogen phosphate, Bovine serum albumin (BSA), TMB substrate and 

Silver enhancement kit were from Sigma Aldrich (India). 5′ biotin labeled aptamers 

Tc18 and Tc35p and thiol modified Tc18 aptamer with a -S-S-(CH2)6 linker at 5′ end 

was procured from IDT technologies. The selected TnI binding peptide with a 

cysteine moiety at 5′ end was chemically synthesized and HPLC purified by our own 

peptide synthesis facility [104]. Recombinant TnI and commercial human heart TnI 

(Sigma) was used as targets. Dipstick nitrocellulose (NC) membrane used for dot-blot 

assay was taken from MDI. Anti-TnI monoclonal antibody was taken from Cloud-

clone Corporation. HRP-labeled secondary antibodies were purchased from Sigma. 

All experiments were performed in 1xPBS (pH 7.4) and glasswares were rinsed with 

aqua regia further retreated with GOPS prior to use.  

UV-Visible spectroscopy measurements were taken using BioTek Synergy H1 

spectrophotometer (UK). Transmission electron microscopy (TEM) was performed 

using JEOL 2100 (USA). Gel based characterizations were done with BioRad gel 

assembly. Malvern Zetasizer was used for DLS measurements. 

4.2.2 Immunodiagnostic assays  

The assay is composed of aptamers based sandwich ELISA platform in two formats to 

detect TnI. Firstly, aptamers serve as capture bioprobes wherein the aptamers are 

immobilized onto the surface of microtiter plate. Secondly, aptamers serve as target 

bioprobes that comprises of reverse configuration targeting TnI from above. In both 

variants, anti-TnI PolyAb is used in combination serving as second bioreceptor to 

form sandwich. Lastly, an aptamer-peptide based sandwich ELISA is performed as 

novel match-pair to detect TnI. The efficacy of aptamers in sandwich assays is 

validated by spiking commercial human heart TnI in serum.  
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Fig.4.1 Schematic representation of aptamers in sandwich ELISA platform for TnI detection 

as (a) Capture probes (b) Target probes  

a. Aptamer as capture probes 

A sandwich microtiter assay was performed wherein biotin labeled aptamers Tc18 

and Tc35p were captured onto the surface as illustrated in Fig.4.1(a). Briefly, 3 

µg/ml streptavidin in 10 mM bicarbonate buffer (pH 9.5) was incubated overnight 

at 4˚C. After 3x washing using 1x PBST (0.1% Tween 20), wells of microtiter 

plate was blocked with 3% BSA made in 1x PBS (pH 7.5) for 2 hours. Then, 500 

nM biotin labeled Tc18 and Tc35p aptamers preheated at 95˚C was added and 

allowed to bind with streptavidin at 37˚C for 2 hours. Post washing unbound 

aptamer, TnI along with non-specific protein control was added in 0.4-25 ng/ml 

dilutions following incubation at 37˚C for another 2 hours. Afterwards, rabbit 

anti-TnI PolyAb was added in 1:1500 µl dilution (approx. 30 µg/ml) into each 

well and was allowed to bind TnI for another 2 hours. Anti-rabbit HRP labeled 

secondary antibody was added following 1 hour incubation. TMB solution was 

added for color development which was ceased by adding 2N H2SO4 stop solution 

when signal started to develop in no protein control.  

b. Aptamer as target probes 

Aptamers were used in reverse configuration wherein 3 µg/ml PolyAb was coated 

onto microtiter wells using 10 mM bicarbonate buffer (pH 9.5) with overnight 

incubation at low temperature. The wells were washed using 1x PBST for removal 

of excess unbound Ab and blocked with 3% BSA solution for 2 hours. TnI was 

added in a concentration varying from 0.1-20 ng/ml and plate was kept for 2 hours 
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at 37˚C. After repeated washing, 500 nM biotinylated Tc18 and Tc35p aptamers 

were added as target bioprobes [(as illustrated in Fig.4.1(b)] alternatively after 

heating for 5 min at 95˚C and cooling back to normal in ice. HRP labeled 

streptavidin in 1:5000 µl dilution was added for 1 hour for obtaining signal.  

The capability of aptamers to detect TnI in real samples was investigated by 

performing the above designed sandwich assay platforms in serum spiked with 

commercial human heart isolated TnI. Both versions of aforementioned assays 

were adopted in 1:10 µl diluted serum sample of healthy subject. The assays were 

optimized by performing in triplicates. A standard calibration curve for sandwich 

assays of aptamers was plotted as TnI concentration (ng/ml) against mean 

absorbance at 450 nm to identify TnI concentration in any unknown sample.  

c. Peptide-Aptamer match-pair immunodiagnostic assay 

Aptamer was also interrogated in combination with commercial peptide to detect 

TnI studied from literature by Banta’s group, previously mentioned in second 

chapter. A sandwich based microtiter assay was performed wherein 10 µg/ml 

peptide conjugated with BSA carrier protein was coated onto polystyrene wells 

using 10 mM bicarbonate buffer (pH 9.5). Next day, plate was washed with 1x 

PBST and blocked with 5% skim milk for 1.5 hours and 0.4-50 ng/ml dilutions of 

TnI was added. The plate was incubated for another 2 hours at 37˚C and 500 nM 

biotinylated Tc18 and Tc35p aptamers were added in alternate assays. Both 

aptamers were heated at 95˚C for 5 min and cooled to normal to attain its 

conformational folding for binding TnI. After repeated washing, streptavidin-HRP 

in 1:5000 µl dilution was added for detection. Similarly, the unique combination 

of aptamer-peptide match-pair was used to detect commercial TnI spiked in 

human serum along with a standard curve. 

4.2.3 Aptamer based immunodiagnostic assay verification in clinical samples 

A total of 40 AMI clinical samples and 20 healthy samples were obtained from 

PGIMER, Chandigarh. Serum was separated from blood and stored for long term at -

20˚C.  

a. For performing aptamer based sandwich immunoassay with clinical samples, 3 

µg/ml streptavidin was coated for overnight onto polystyrene wells of ELISA 

nunc plate at 4˚C. The plate was washed three times with 1x PBST and blocked 
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with 3% BSA solution for 2 hours. Afterwards, biotinylated Tc18 and Tc35p 

aptamers were added post denaturing them for 5 min at 95˚C. After 2 hours of 

incubation, all positive and negative samples (1:1 dilution in 1x PBST) were 

added in duplicates and allowed to bind for another 2 hours at 37˚C. Rabbit anti-

TnI PolyAb was added for 2 hours and detection was done via HRP labeled anti-

rabbit secondary antibody. 

b. The selectivity of both aptamers to specifically detect TnI in clinical specimens 

was examined by spiking probable biomarkers in 1:10 µl diluted serum that can be 

found in circulation. Thyroglobulin, Lactalbumin, Lysozyme, BSA, NT-Pro-BNP, 

BNP, Myoglobulin were spiked in sufficiently higher concentrations in healthy 

serum along with a clinical sample of AMI patient containing TnI. Sandwich 

ELISA was performed wherein Tc18 and Tc35p aptamers were used as capture 

probes along with anti-TnI PolyAb.  

c. The control experiments were performed with two randomly selected AMI 

positive samples. Briefly, streptavidin coated plates were used to capture 

biotinylated Tc18 and Tc35p aptamers and both AMI serum samples were added 

followed by incubating plate for 2 hours. Anti-TnI PolyAb was added in 1:1500 µl 

dilution which was recognized by HRP labeled anti-rabbit secondary antibody. 

4.2.4 Aptamer as nanobioprobe: Dot-blot assay 

Drawing conclusions from the results discussed in last chapter, Tc18 was found to be 

a better binder as compared to Tc35p. Therefore, applicability of Tc18 aptamer was 

expanded to design nanobioprobe for performing naked-eye visible analytical dot-blot 

assay. To this context, thiolated Tc18 aptamer was conjugated onto gold nanoparticles 

for directly detecting TnI spotted on nitrocellulose (NC) membrane dipsticks. The 

assay was further extended to detection of commercial TnI spiked in human serum as 

well. Moreover, the sandwich novel match-pair of aptamer-peptide was also examined 

separately. 

a. Synthesis of aptamer gold nanoconjugates and its characterization 

GNPs were synthesized by citrate reduction method as reported in literature [151]. 

Briefly, 50 ml solution of 0.01% (w/v) HAuCl4 in milli-Q water was boiled 

following subsequent addition of 1 ml tri-sodium citrate 0.1% (w/v) with vigorous 
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stirring. Gradually, red color colloid solution started forming within fraction of 

minutes when tri-sodium citrate reduced Au (III) ions. The gold colloid solution 

was put to boiling again under stirring for another 10 minutes.  

Freshly prepared GNPs were primarily washed and concentrated to OD 1 @ 520 

nm corresponding to approximately 7.00×10
11

 particles/ml which were used to 

perform all the experimentation [152]. For bioconjugation, 1 μM Tc18 aptamer 

thiol-linkage was reduced with 0.1 M DTT solution with 37˚C incubation for 30 

minutes making final volume to be 200 μl [153]. DTT prevents formation of any 

disulphide bond between aptamers allowing direct contact of free SH groups 

with GNPs [154]. After reduction, thiolated aptamer was dialyzed for 2 hours 

against 10 mM PB (pH 8) and added dropwise to concentrated GNPs under 

constant rotation in a round bottom flask [155] [156]. Afterwards, GNP-A 

solution was purified by washing 3x by milli-Q water at 9500 g for 20 minutes 

and pellet was suspended in PB (pH 7.5). The prepared GNPs and GNP-A were 

characterized by UV-spectroscopy, DLS, TEM and agarose gel shift. 

Characterization: Diluted samples of GNPs and nanoconjugates of GNP-A 

were prepared by resuspending in 10 mM PB (pH 7.5). Respective drops of both 

samples were placed onto carbon coated TEM grids until drying. Extra solution 

was removed and negative staining via 2% phosphotungstic acid (PTA) was 

done for 30 minutes for GNP-A. Diluted samples of GNP and nanoconjugates 

GNP-A were subjected to size measurement in Malvern zetasizer. UV 

measurement for both GNP and GNP-A was measured by taking spectrum at λ 

400-700 nm to measure shift in gold plasmon post conjugation of aptamer. 

b. Aptamer nanobioprobe based dot-blot assay 

3 μl TnI dilutions from 0.001-1000 ng/ml was spotted onto NC membrane 

dipsticks containing 50 μg/ml BSA in 1x PBS (pH 7.5) and incubated at room 

temperature for 2 hours. The vacant sites on membrane were blocked with 2% 

BSA solution for 30 minutes. After blocking, membrane was dipped in 

concentrated GNP-A solution for 2 hours. Post binding of GNP-A with TnI, 

membrane was washed thrice for 1 minute each with block buffer. The blots 
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were developed by adding equimolar volume of both solutions in silver 

enhancing kit until desired intensity coloration was seen with respect to control. 

The membrane was rinsed in DI water to remove extra silver stain solution. The 

photographic images were captured and quantification of spots was done using 

ImageJ analyzer that determined raw integrated density of spots corresponding 

to TnI concentration. Various other cardiac biomarkers such as N-terminal-pro 

BNP (NTP), Brain Natriuretic peptide (BNP), Myoglobin and other proteins 

BSA were also investigated for the unambiguous selectivity and specificity of 

assay. Similarly, dot-blot assay was performed for commercial human heart TnI 

spiked in 1:10 µl diluted healthy sera samples in 1x PBST. A calibration curve 

was plotted for spot density corresponding to TnI concentrations using ImageJ.  

4.2.5 Aptamer based Lateral-flow immunoassay (LFIA) 

The Tc18 aptamer was further studied to detect TnI on paper based LFIA for 

developing a rapid TnI detection test. Briefly, Tc18 were conjugated onto GNPs as 

discussed above to develop gold nanobioprobes which was adsorbed onto conjugate 

pads along with 10 µl of 5% sucrose followed by speed drying under vacuum at 

30˚C for 30 min hours. Alternatively, 2mg/ml of anti-TnI PolyAb was lined onto 

NC membrane and dried at 37˚C for 1 hour. The membrane was then blocked with 

2% PVA containing 1% skim milk for 15-20 min under shaking conditions. Post 

blocking, the strips were washed twice with blocking buffer for 5-10 min under 

shaking and dried at 37˚C for 20 min. The various components of LFIA were 

assembled as sample pad and conjugate pad containing GNP-A nanobioprobe at one 

extreme end and absorbent pad on the other side of NC membrane. Various Tn 

dilutions from 0.1-1000 ng/ml along with two non-specific control cardiac 

biomarker-BNP and NT-Pro-BNP were added onto sample pad and capillary action 

was observed for development of color onto test line. 

4.3 Results and discussion 

4.3.1 Aptamer based sandwich ELISA  

Tc18 and Tc35p aptamers were investigated as efficient probes to detect TnI via 

sandwich microtiter assay. In first version, both aptamers were used as capturing 
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bioreceptors using avidin-biotin linkage to bind TnI from its apical peptide region. 

While PolyAb targeted TnI from above by multiple epitopic sites; thereby 

enhancing the signal intensity. Both the aptamers displayed sensitivity upto 0.4 

ng/ml of TnI as seen from absorbance at 450 nm without any non-specific 

interactions in Fig.4.2(a).  

 

Fig.4.2 Sandwich ELISA of Tc18 and Tc35p aptamers used as capture probes (a) 

Aptamers detecting TnI in experimental buffer (b) Aptamers detecting commercial human 

heart TnI spiked in serum along with positive control Tro4 aptamer (c) and (d) Calibration 

curves of both the aptamers Tc18 and Tc35p for serum spiking studies 

The performance of aptamers as capture probes was also examined to detect 

commercial human heart TnI spiked in healthy serum sample. A positive control 

aptamer (Tro4) selected from literature generated against full length TnI was also 

investigated along with Tc18 and Tc35p aptamers [117]. As observed in Fig.4.2 (b) 

both the aptamers could target as low as 0.2 ng/ml of TnI delineating their exceptional 

target specificity in complex matrix. Both aptamers were observed to perform better 

than commercial Tro4 aptamer. A calibration curve for each aptamer was plotted to 

identify TnI concentration in unknown sample in Fig.4.2(c) for Tc18 and (d) for 

Tc35p. 



Chapter 4 

87 

Simultaneously, potency of aptamers Tc18 and Tc35p was displayed for recognizing 

TnI as target bioreceptors. In reverse configuration, only Tc18 detected TnI, 

probably due to its flexible hair-pin loop like structure whereas Tc35p did not.  It was 

speculated that long stem-loop straight conformation of Tc35p offered steric 

hindrance in binding TnI along with PolyAb in sandwich ELISA format. The assay 

displayed sensitive TnI detection for Tc18 at 0.15 ng/ml avoiding non-specific 

interactions in Fig.4.3(a). The competence of Tc18 as an effective target bioprobe was 

also displayed to detect human heart TnI spiked in complex serum medium in 

Fig.4.3(b). As a result, efficient response of Tc18 aptamer target probe was observed 

that was plotted as standard curve showing linear fitting for TnI dilutions Fig.4.3(c).  

 

Fig.4.3 Sandwich ELISA of Tc18 aptamer used as target probe (a) Tc18 detecting TnI in 

experimental buffer (b) Tc18 detecting commercial human heart TnI spiked in serum (c) 

Calibration curve of Tc18 aptamer for serum spiking studies 

4.3.2 Aptamer-Peptide match-pair sandwich ELISA 

The peptide used here was selected from the literature synthesized by Banta et al that 

has been mentioned in the second chapter. As inferred from the last chapter that 

aptamer binds at C-terminal region and peptide binds distantly; this unique match-pair 

of aptamer and peptide was studied for the first time in sandwich based configuration 

to detect TnI. Peptide-BSA carrier conjugate was captured for detecting TnI along 

with Tc18 aptamer as target bioprobes. As a result, only Tc18 aptamer exhibited 

efficient targeting of TnI in combination with peptide owing to its flexible hair-pin 

loop folding. The match-pair could detect a lowest dilution of 0.4 ng/ml TnI avoiding 

interference from non-specific proteins further displaying immuno-sandwich 

detection of TnI in Fig.4.4(a). When the assay was performed with human heart TnI 

spiked in serum, Tc18 aptamer-peptide match-pair displayed effective competency 

upto 0.7 ng/ml in Fig.4.4(b). A standard calibration curve with linear fitting was 

plotted for identifying TnI in unknown sample [Fig.4.4(c)]. 
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Fig. 4.4 Aptamer-peptide sandwich ELISA (a) TnI detection in experimental buffer (b) 

Detection of commercial human heart TnI spiked in serum (c) Calibration plot for aptamer-

peptide sandwich assay serum spiking studies with schematic showing TnI targeting by 

match-pair bioreceptors  

4.3.3 Aptamer based ELISA verification in clinical samples 

After examining the efficacy of aptamers Tc18 and Tc35p to detect natural TnI spiked 

in serum samples, their competency in clinical samples was validated. A total of 40 

AMI positive samples along with 20 negative samples were analyzed for presence of 

TnI content. Alternate sandwich ELISA for all clinical samples was performed 

wherein both aptamers were used as capture bioprobes and PolyAb was used for 

recognition. Tc18 aptamer based clinical sandwich assay displayed three false 

negative in Fig.4.5(a). Similarly, Tc35p demonstrated only 1 sample to be false 

negative and 1 out of 20 negative samples displayed false positive absorbance values 

as shown in scatter plot of Fig.4.5(b).  

 

Fig. 4.5 Aptamer based ELISA of clinical samples (a) Sandwich ELISA of Tc18 for detecting 

TnI in clinical samples (b) Sandwich ELISA of Tc35p detect TnI in clinical samples 

The statistical unpaired t-test for both aptamers Tc18 and Tc35p based sandwich 

ELISA of clinical samples demonstrated two-tailed P-value<0.0001 with positive 
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predictive value (PPV)=100% and 98% respectively and negative predictive value 

(NPV)=86.95% and 95% respectively. However, the sensitivity of Tc18 with 93.75% 

was less than Tc35p with 98% nevertheless, Tc18 was 100% specific than Tc35p with 

only 95% specificity [Fig. 4.6(a)]. The better binding efficiency of Tc18 can be 

attributed to previous results of this chapter and studies in chapter 3 where Tc18 has 

demonstrated more affinity towards target TnI due to its structural folding.  

 

Fig. 4.6 (a) Statistical analysis of both aptamers to detect TnI in AMI clinical samples (b) 

Sandwich ELISA of aptamers showing specificity studies of non-specific proteins spiked in 

serum along with TnI containing clinical samples (c) Sandwich ELISA of Tc18 showing 

control studies by taking two clinical samples (d) Sandwich ELISA of Tc35p showing control 

studies by taking two clinical samples   

Moreover, Tc18 and Tc35p aptamer based sandwich assays were also performed to 

examine significant interference of other possible abundant biomarker proteins found 

in sera. Both the aptamers didn’t demonstrate any non-specific interactions with other 

targets spiked in very high dilutions into serum, maintaining their specificity for TnI 

in Fig.4.6(b). A sandwich ELISA with all possible controls was also performed for 

both the aptamers alternatively along with two random AMI positive clinical samples. 
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As observed in Fig.4.6(c) and (d), we can conclude that no interference was restricting 

categorical recognition of TnI by both the aptamers in clinical samples. Thus we can 

contemplate that both the aptamers Tc18 and Tc35p are exhibiting efficacious binding 

in sandwich ELISA platform for target TnI that has been validated in clinical samples 

as well. 

4.3.4 Dot-blot immunoassay: Tc18 aptamer nanobioprobe 

Tc18 aptamer gold nanoconjugates based dot-blot assay was adopted to develop a 

simple diagnostic approach for detecting TnI. By using strong thiol-gold covalent 

linkage (             45 kcal/mol) [157], chemical conjugation of aptamer onto GNPs was 

achieved as shown in Fig.4.7 [158][144][154]. An optimized 2 μM aptamer assembly 

was immobilized at pH   8                           to form stable GNP-A nanoconjugates. GNP-A were 

stabilized by salt aging phenomenon through stepwise addition of NaCl to promote 

maximum receptor loading by decreasing the repulsive forces between alike charged 

DNA moieties [159].  

 

Fig.4.7 Schematic illustration for synthesis of Tc18 GNP-A nanoconjugates 

The GNP-A nanobioprobe was characterized for its morphological stability by TEM 

showing subtle change in shape of spherical GNPs (Fig.4.8a inset) compared to GNP-

A in Fig.4.8(a). UV-spectroscopic measurement in Fig.4.8b displayed a red shift of 4 

nm post conjugation. Furthermore, an increase of 5 nm in hydrodynamic radii of 

GNP-A was observed via DLS measurement as shown in Fig. 4.8(c and d).  
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Fig.4.8 Characterization of GNP and GNP-A (a) TEM micrograph of GNP-A with inset 

showing spherical GNP (b) UV spectrum showing 4 nm peak shift for GNP-A conjugation (c 

and d) DLS histogram of GNPs and GNP-A 

After confirmation of GNP-A bioconjugation, dot-blot assay was performed where 

silver enhancement solution was used to develop spot intensity by precipitation of 

metallic silver that enlarges GNP-A bound to TnI [16]. Fig.4.9(a) depicted clear spots 

that intensified with increasing TnI concentration as compared to no protein control. 

This visual qualitative analysis was corroborated with quantification of dots using 

ImageJ analyzer that measured raw integrated density for each spot.  

Additionally, dot-blot analysis for analyzing interference of other cardiac biomarkers 

was investigated which was found to be non-significant as seen from blot visual. This 

diplays selective specificity of Tc18 aptamer gold conjugate GNP-A for TnI in 

Fig.4.9(b) and graphical plot of ImageJ. In serum spiking studies, GNP-A could detect 

spots of commercial TnI explaining binding efficiency of Tc18 for dot-blot assay 

performed in complex serum matrix. To this context, Fig.4.9(c) diplays visible spots 

quantified as raw integrated density of eact natural TnI concentration with Fig.4.9(d)  

depicting a standard plot for spot density conferring to different log values of TnI in 

ng/ml.  
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Fig.4.9 TnI detection using GNP-A based dot-blot assay (a) Spot density curve and visual 

image for TnI dot-blot assay in buffer (b) Specificity analysis of Tc18 based dot-blot assay for 

TnI detection (c) Spot density curve and visual image for natural TnI dot-blot assay in serum 

(d) Calibration curve of serum spiking dot-blot for raw integrated densities of TnI dilutions  

4.3.5 Aptamer based lateral-flow immunoassay  

TnI sandwich ELISA was further reciprocated to lateral-flow immunoassay wherein 

anti-TnI PolyAb was lined onto NC membrane and Tc18 aptamer as gold 

nanoconjugates was adsorbed onto conjugate pad. After assembling all the 

components of LFIA strip, when TnI was added to sample pad in varying dilutions, 

red color test line was observed upto 0.1 ng/ml. Moreover, aptamer being specific to 

its target obviated non-specific interactions as seen in Fig.4.10. 

 

Fig.4.10 Tc18 aptamer based LFIA for rapid detection of TnI 
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4.4 Conclusion 

The major highlight of this chapter is underlined by the affinity of Tc18 and Tc35p 

towards TnI in designing aptamer based immunodiagnostic assays such as ELISA and 

dot-blot. Both the aptamers have demonstrated dynamic efficacy towards TnI via 

binding to its apical C-terminal peptide fragment. Their ability to detect 0.2 ng/ml TnI 

as capture bioprobes using avidin-biotin interaction is exceptional even in serum 

spiking studies. This is indicative of their relevance in developing advanced TnI 

biosensing platforms in spite of strong interference from abundant non-specific 

components present in serum matrix. Moreover, Tc18 aptamer even recognized TnI as 

target bioprobe with 0.15 ng/ml dilution, further establishing its applicability as a 

strong bioreceptor probe to design diagnostic platforms. Therefore, Tc18 aptamer 

can be used in the form of capture as well as target bioreceptor corroborates its 

applicability towards designing biosensing platforms to detect TnI. Besides, an 

important assay incorporating Tc18 aptamer-peptide as a novel match-pair to bind 

TnI at distinct sites enabled a cost effective replacement for antibodies for developing 

TnI detection assays. The match-pair provided 0.4 ng/ml TnI detection that further 

unfolds their utility in establishing dual-receptor match-pair based biosensing 

platform discussed in the next chapter.  

This chapter also describes the validation studies of sandwich ELISA to investigate 

the competency of both aptamers to detect TnI in AMI clinical specimens. A small 

cohort of 40 positive and 20 negative samples was procured from PGIMER for this 

study. Various hs-TnI assays from Abott, Roche, Siemens, Beckman Coulter, etc. rely 

upon monoclonal antibodies (Mab) based TnI detection for risk stratification in acute 

conditions of myocardial infarction [160,161]. They are very costly and inaccessible 

to patients for which these aptamers can serve as promising bioreceptors in 

developing stable point-of-care testing assays for AMI diagnosis. 

However, dot-blot assay circumvents the disadvantage of lengthy processing hours of 

ELISA and costs associated with reagents and enzyme. The assay explores Tc18 

aptamer conjugated gold nanoparticles as nanobioprobes to detect TnI as another 

cost-effective alternative to antibodies based detection assays. The assay produced 

visual signal as colored spots upto 0.1 ng/ml TnI achieved by signal enhancement of 
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GNP-A nanoconjugates. Furthermore, the competency of Tc18 aptamer was 

investigated in paper based LFIA system wherein 0.1 ng/ml sensitivity was obtained 

in the form of visible red color test line.  

Though, in this chapter the dot-blot assay surpassed ELISA in sensitive detection of 

TnI as visual signal, nevertheless the assay performing time was still a constrain 

which was averted by LFIA. LFIA provides qualitative estimation of TnI, therefore a 

quantitative colloidal assay has been discussed in next chapter. This assay eliminates 

the utility of antibodies used as bioreceptors introducing a synthetic peptide in 

combination with TnI. Tc18 gold nanobioprobe along with peptide has been described 

in the next chapter for naked-eye visible quantitative estimation of TnI. 
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5.1 Overview 

 

Gold nanoparticles (GNPs) possessing LSPR have turned out to be excellent scaffolds 

for fabrication of colorimetric biological sensors as point-of-care testing platforms 

[162,163]. Their exceptional physico-chemical properties such as stability, low 

toxicity and superficial modifications due to high surface to volume ratio makes it 

ideal to form nanoconjugates [164,165]. Earlier studies reporting antibody or aptamer 

GNPs conjugates used an external aggregator such as NaCl/polycationic polymer in 

colloidal aggregation assays for detection of analyte [166]. Therefore, in marked 

contrast from the reported studies, the concerned chapter discusses about a simple and 

cost-effective aggregator-free colorimetric assay that utilizes two site-directed gold 

nanoconjugates simultaneously for detection of TnI. For the first time, combination of 

aptamer and peptide functionalized gold nanoconjugates as high affinity nano-

bioprobes have been investigated as novel match-pair to detect TnI. Moreover, no 

external element is required to induce aggregation thereby minimizing the possibility 

of non-specificity and making it a one-step aggregator-free assay.  

5.2 Experimental approaches 

5.2.1 Materials and Instrumentation 

Trisodium citrate dehydrate, Hydrogen tetrachloroaurate (III) trihydrate, Monobasic 

dihydrogen phosphate and Dibasic monohydrogen phosphate were obtained from 

Sigma Aldrich (India). Thiol modified Tc18 aptamer was taken from IDT 

technologies comprising -SH-(CH2)6 linker at 5′ end. Peptide containing cysteine 
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moiety was selected from literature and chemically synthesized following HPLC 

purification (CFYSHSFHENWPS) [167]. Recombinant cardiac TnI and commercial 

human heart TnI (Sigma) was taken for experimentation. Blood samples of AMI 

patients were collected from PGIMER, Chandigarh and commercial ELISA TnI 

detection kit was procured from RayBiotech for validation studies. All the 

experiments were performed in phosphate buffer (PB) pH 7-8 medium and all 

solutions were prepared with 18.2 MΩ cm resistivity ultra-pure water of Merck 

Millipore (milli-Q water). The glasswares were rinsed with aqua regia and retreated 

with GOPS prior to use.  

UV-Visible spectroscopy measurements were taken using BioTek Synergy H1 

spectrophotometer (UK). Transmission electron microscopy (TEM) was performed 

using JEOL 2100 (USA). Gel based characterizations were done with BioRad gel 

assembly. CD measurements were performed using Jasco J-815 instrument and BLI 

experiments on ForteBio Octet K2 system (Pall Life sciences, Fremont, CA 94538 

USA). DLS (Dynamic Light Scattering) for size and ζ- potential studies for charge 

analysis were performed using a Zetasizer Nano ZS (Malvern, UK). 

5.2.2 Synthesis of gold nanoparticles and development of gold nanoconjugates 

Smaller sized and concentrated citrate capped gold particles were synthesized as 

discussed in last chapter in higher volume.  As prepared GNPs concentrated upto an 

OD of 1 @ 520 nm with 7.00×10
11

 particles per ml were used for preparing aptamer 

(GNP-A) and peptide (GNP-P) nanoconjugates. Bioconjugation protocols were 

followed as described in chapter 4 for dot-blot assay. An optimized 2 μM of Tc18 

aptamer was reduced with 0.1 M DTT for 30 minutes at 37˚C and added dropwise to 

1 ml GNPs under constant rotation. For peptide bioconjugation, an optimized 40 μM 

of peptide solution along with 0.1 M DTT was added dropwise to GNPs at 4˚C 

overnight incubation [154]. Both the nanoconjugates were characterized using UV-

Visible spectroscopy, DLS/ζ- potential, TEM, gel shift assay, CD and BLI and were 

stable at 4˚C for long time. 

5.2.3 Characterization of nanoconjugates 

a. UV-spectroscopy: The prepared GNPs along with both nanoconjugates of GNP-A 

and GNP-P were subjected to UV-spectroscopic measurement in a wavelength range 

from 400-700 nm to analyze the red shift for standard gold plasmon peak at 520 nm. 
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b. Transmission electron microscopy (TEM): Samples of GNP-A and GNP-P with 

reference bare GNPs were diluted in 10 mM phosphate buffer pH 7.5. Respective 

drops of samples were placed onto carbon coated TEM grids with negative staining 

via 2% phosphotungstic acid (PTA) for 30 minutes. The measurements were 

performed at an accelerating voltage of 120 kV. 

c. DLS and Zeta measurements: Size distribution analysis for GNPs and 

nanoconjugates GNP-A and GNP-P were investigated using DLS by 10 fold diluting 

the samples making the final volume 1 ml. Alongside charge distribution studies were 

performed via ζ-potential using Malvern zetasizer. 

d. Agarose gel electrophoresis (AGE): The conjugation of nanoconjugates was 

confirmed by observing their electrophoretic mobility on 0.5% agarose gel under a 

voltage of 80 volts in 1x TAE buffer for an hour. 30 µl of both nanoconjugates GNP-

A and GNP-P were added onto the gel along with bare GNPs. 

e. CD spectroscopy and BLI: The conformational isomerization of aptamer and 

peptide was measured by CD spectroscopy after forming nanoconjugates with GNPs. 

Far-UV measurements for 2 µM Tc18 aptamer and GNP-A were taken in the range of 

190-250 nm λ at a scanning speed of 50 nm/min. Subsequently, near-UV CD 

measurements for 40 µM peptide along with GNP-P were measured in range of 260-

350 nm λ. All dilutions of 200 µl each were made in PB (pH 7.5) to which scans were 

baseline corrected. Final spectrum depicts average of three accumulations for each 

measurement. 

BLI studies were performed for analyzing binding strength of gold nanoconjugates 

GNP-A and GNP-P towards TnI target.  Briefly, 5 μg/ml 6x His-tagged rTnI was 

immobilized onto Ni-NTA sensor for 600 seconds. After 60 seconds washing in 10 

mM PB (pH 7.5) as baseline, 300 seconds each of association and dissociation steps 

were performed for GNP-A and GNP-P gold nanoconjugates along with referencing 

against bare GNPs. The data analysis was performed with ForteBio software analysis 

9.0. 

5.2.4 Conjugation efficiency and flocculation assay 

For GNP-A synthesis, 2 µM corresponding to 30 ng/µl DNA in 1 ml GNP solution 

were used. After centrifugation, the absorption of supernatant was recorded as 11 

ng/µl corresponding to 0.7 µM. For GNP-P synthesis, 40 µM peptide in 1 ml GNP 
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solution was used. Post purification, supernatant was 10 µM indicating 30 µM bound 

to GNPs. Furthermore, in accordance to a recent study [168], calculations for 

immobilization of aptamer and peptide onto GNPs were performed as amount of 

capping that was inferred in terms of efficiency of aptamer/peptide immobilization in 

a percentile:    

% Immobilization = (A - B) * 100/A 

Where: A = total aptamer/peptide used for conjugation,  

            B = aptamer/peptide content in supernatant of GNP conjugate. 

The stability of GNP-A and GNP-P nano-bioconjugates were investigated by 

performing a simple flocculation assay using NaCl based aggregation. Briefly, 100 μl 

of 0.1 M NaCl was added to 20 μl each of GNP-A and GNP-P conjugates making the 

final volume of reaction mixture to be 150 μl with 10 mM PB (pH 7.5). Bare GNPs 

were also taken as control and mixture was incubated at room temperature for 5 

minutes.  

5.2.5 Gold nano-sandwich assay for TnI detection 

For performing the colorimetric assay, different concentrations of TnI varying from 

0.1 ng/ml to 500 ng/ml were freshly prepared in PB (pH 7.5). 20 μl each of the 

nanoconjugates- GNP-A and GNP-P were simultaneously added to 60 μl of TnI 

diluted in 10 mM PB (pH 7.5) making the final reaction volume 100 μl. Afterwards, 

photographic images were captured and UV -spectrum was recorded in 400-1000 nm 

λ range. TEM of nanoconjugates was also performed to analyze the aggregation 

phenomenon. Various other cardiac biomarkers such as BNP, NT-pro BNP, 

Myoglobin and other proteins BSA and lysozyme were also investigated in higher 

concentration compared to TnI for analyzing selectivity and specificity of nano-

sandwich assay.  

5.2.6 Aggregation assay by individual nanoconjugates  

Both nanobioprobes-GNP-A and GNP-P were examined for their individual 

competency to cause aggregation.  To this context, an excess amount of individual 

nanoconjugates were tested to detect sufficiently high concentration of TnI. 

Experimentally, 40 μl GNP-A and GNP-P were mixed separately with 20 μl of 5 
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μg/ml TnI making final volume 100 µl with 10 mM PB (pH 7.5) and incubated at 

room temperature for 5-10 minutes.  

5.2.7 Nano-sandwich assay in TnI spiked serum 

The nano-sandwich colorimetric assay was performed for targeting TnI in human 

sera. Various human heart isolated TnI concentrations were spiked in 1:10 μl diluted 

serum using 10 mM PB (pH 7.5) along with 0.1% Tween 20 and 1% BSA to avoid 

non-specific interactions. Briefly, 20 μl of each GNP-A and GNP-P nanoconjugates 

were uniformly blended with TnI spiked sera samples in duplicates followed by UV-

spectroscopic measurements. The ratio of the aggregated nanoparticles at λ620 to non-

aggregated particles at λ520 was measured to generate a standard curve of λ620/λ520 

plotted against Log10 TnI (ng/ml). 

5.2.8 Validation in clinical samples  

Subsequently, potential of the developed colorimetric TnI nano-sandwich assay was 

analyzed in clinical samples of AMI patients. A total of twenty blood samples were 

investigated comprising ten AMI patient’s (positive) and ten healthy subject’s 

(negative). In brief, 20 μl of each GNP-A and GNP-P nanoconjugates were 

simultaneously mixed with 60 μl of undiluted serum of positive and negative clinical 

samples. The absorbance values were recorded at 520 nm and 620 nm respectively 

and ratio λ620/λ520 was analyzed for quantification.  

To further compare and contemplate the competence of nano-sandwich assay, all the 

clinical samples were evaluated by standard commercial TnI ELISA kit comprising 

high affinity anti-TnI Mab. A standard curve was plotted by spiking different TnI 

dilutions in serum to achieve a linear curve equation where absorbance @ 450 nm 

was plotted across Log10 TnI (ng/ml).  

5.3 Results and discussion 

The conceptual illustration for aggregator free gold nano-sandwich assay has been 

explained in Fig.5.1(a). In presence of TnI, receptor conjugated gold nanobioprobes-

GNP-A and GNP-P binds TnI at distinct interface inducing greater inter-particle 

cross-linking. TnI acting as an interconnecting bridge causes both nanoconjugates to 

come in close proximity in a sandwich-type arrangement inducing aggregation. This 
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results in changing the color of particles from red to blue. However, in absence of 

TnI, gold nanoconjugates are separated by each other as a result of inter-particle 

distance along with steric hindrance and similar charge based repulsion [101]. The 

realized aggregator-free colorimetric assay is distinguished from conventional salt 

based aggregation phenomenon of Chad Mirkin’s standard gold-nanoparticle 

agglomeration assay and heterofunctionalized GNPs [169,170].  

 

Fig.5.1 (a) Schematic illustration of aggregator-free gold nano-sandwich assay (b) Single step 

process for aggregator-free assay to detect TnI 

The sequential process of colorimetric nano-sandwich assay has been clearly 

illustrated in Fig.5.1(b) which displays direct addition of sample containing TnI to a 

mixture of both nanobioprobes. The sandwich pair produces instant transition in color 

which is further measured by UV-Visible Spectroscopy. 
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5.3.1 In silico characterization of match-pair binding interface 

The comprehensive architecture of nano-sandwich aggregation assay is laid on 

discrete interface of binding for GNP-A and GNP-P to target TnI as described in the 

last chapter via sandwich ELISA and dot-blot immunoassay. In silico docking and 

binding site prediction of aptamer with TnI has been discussed in chapter 3 that 

demonstrates Asp190-C43, Trp191-A42 and Trp191-T33 binding residues for TnI-

Tc18 interaction. While, Trp10 of peptide  was predicted to interact with Glu66 and 

Lys58 residues of TnI as suggested by literature as well [144]. A schematic 

representation of aptamer and peptide binding at different sites on TnI has been 

displayed in Fig.5.2.  

 

Fig.5.2 Schematic representation depicting biomolecular interaction of nanobioprobes with TnI 

5.3.2 Optimization of gold nanobioprobes 

An optimized concentration of 2 µM of thiolated aptamer and 40 µM of cysteine 

peptide were used at pH   8 for effective thiol                                               -gold interaction to prepare 

nanobioprobes with maximum graft density (Fig.5.3). The significant affinity of gold-

thiol has been extensively employed to chemically conjugate bioreceptors via strong 

covalent interactions [155][156][171][144]. The bioconjugation was theoretically 

calculated in terms of immobilization efficiency that estimated approximately 65% 

aptamer and 75% peptide immobilization onto GNPs. The biofunctionalized gold 

nanoconjugates were further stabilized by salt aging that decrease the repulsive forces 

between alike charged bioreceptors. Stepwise addition of NaCl promotes maximum 

receptor loading further stabilizing nanoconjugates [159].  
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Fig.5.3 Bioconjugation optimization of (a) Aptamer and (b) Peptide onto GNPs 

5.3.3 Characterization of gold nanobioprobes 

The characteristic absorption peak of uniformly prepared GNPs was obtained at 520 nm 

as a result of a cherry red colloidal solution. The monodisperse feature was analyzed by 

TEM micrograph with approximate diameter of 11±5 nm. The confirmation of 

conjugation for gold-nanoprobes was obtained by a characteristic red shift in surface 

plasmon peak at 530 nm for GNP-A and 526 nm for GNP-P nanobioprobes in Fig.5.4(a-

b). TEM micrographs also depict uniformity in morphology of GNP-A and GNP-P ruling 

out the formation of large aggregates Fig.5.4(c-d). 
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Fig.5.4 Characterization of gold nanobioprobes (a and b) UV-spectra of GNP-A and GNP-P 

respectively (c and d) TEM micrograph of GNP-A and GNP-P respectively 

DLS histogram showed an average diameter of nanobioprobes 29 nm (GNP-A) and 

27 nm (GNP-P) as compared to bare GNPs of 24 nm in Fig.5.5(a).  An increase in 

negative charge in Fig.5.5(b) with ζ-potential of -29.5 mV for GNP-A and -26.8 mV 

for GNP-P. Analogously, agarose gel electrophoresis also corroborated conjugation of 

nanobioprobes showing restricted mobility as compared to bare GNPs in Fig.5.5(c) 

[172]. Additionally, the flocculation assessment with 0.1 M NaCl induced disruption 

in charge based repulsion of GNPs as it turned blue in color. The nanobioprobes  

GNP-A and GNP-P remained cherry red in color due to conjugation induced 

stabilization [173].  UV-Visible measurements also displayed a peak shift only in 

peak of GNPs taken as control with inset corresponding to visual color signal in 

Fig.5.5(d). 
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Fig.5.5 Characterization of gold nanoconjugates (a) DLS showing increase in size of 

nanoconjugates (b) Zeta-potential histogram showing change in charge distribution of 

nanoconjugates (c) Gel-electrophoresis showing restricted migration of nanoconjugates (d) 

Flocculation assay for stability of nanoconjugates 

CD spectroscopy demonstrates that bare GNPs caused plasmon induced alteration of 

electromagnetic field inside chiral molecules of aptamer and peptide upon 

conjugation. The respective change arises from dipolar interactions occurring between 

aptamer and peptide with GNPs [174]. CD signature of far-UV measurements for 

aptamer uniformly accords with B-form of DNA showing a negative signal at 240-

260 nm and a positive peak signal between 270-290 nm [175]. While dissipation of 

CD signature for aptamer in GNP-A [Fig.5.6(a)] for both peaks at their respective 

wavelengths suggested successful conjugation onto GNPs [176]. Correspondingly, 

near-UV measurement for peptide exhibits a random coil structure with a negative CD 

signal at 190 nm [177], which gets disrupted after conjugating with GNPs in 

Fig.5.6(b). In context to this, chiroptical (chiral + optical) properties of nanoconjugates 

can be explained as non-chiral nanoclusters can modify CD spectra of a chiral molecule 

after bioconjugation [178]. 
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Fig.5.6 (a and b) CD spectroscopy curves showing change in secondary structure of aptamer 

and peptide after conjugation onto GNPs (c and d) BLI sensogram showing association and 

dissociation curves for GNP-A and GNP-P interaction with TnI 

Furthermore, BLI studies were performed to examine the affinity of nanobioprobes 

towards target TnI. The binding affinity calculated in terms of KD (dissociation 

constant) as a function of association and dissociation for GNP-A was 1.5 x 10
-9

 M 

with R
2
=0.98 and for GNP-P was 0.2 x 10

-9
 M with R

2
=0.90 indicating binding 

affinity of nanoconjugates with TnI [Fig.5.6(c-d)]. The characterization of 

nanobioprobes by both biochemical techniques suggested their active functionality 

and binding ability. 

5.3.4 Gold nano-sandwich assay 

The nanobioprobes GNP-A and GNP-P upon interacting with TnI caused spontaneous 

aggregator-free agglomeration. The aggregation phenomenon was further profoundly 

analyzed via TEM depicting monodisperse GNPs corresponding to red color and 

when aggregated state dominates caused change in color to blue Fig.5.7.  
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Fig.5.7 TEM image of target induced aggregation with image showing change in color 

For nano-sandwich colorimetric assay, GNP-A and GNP-P nanobioprobes were 

investigated with a series of TnI concentration. The change in color of solution 

underwent a corresponding visual transition from cherry red to wine red and further 

purple to blue indicating transition from dispersed to aggregation state of nanoclusters 

in presence of TnI. With increasing concentration of TnI, the characteristic UV-

spectrum of GNPs at 520 nm began to decline and a highly intense band emerged at 

around 620 nm with concomitant broadening in the peak [Fig.5.8(a)]. 

5.3.5 TnI serum spiking analysis 

An apparent probability of signal loss when applied to real AMI samples due to 

presence of other non-specific biomolecular moieties in complex serum was analyzed. 

Therefore, to study the competence of gold nanobioprobes in biological medium, 

different TnI concentrations were spiked in human serum samples. As a result, an 

intensive appearance of UV-spectrum peak at 620 nm correlating to spiked TnI in 

serum was noted [Fig.5.8(b)]. Alongside, visible color change from cherry red to blue 

was observed which was spectrophotometrically substantiated by recording 

absorbance ratio A620nm/A520nm to plot a standard calibration curve in Fig.5.8(c). 

The limit of detection 0.084 ng/ml was calculated by 3α/slope where α confers to 

standard deviation of instrument and slope comes from linear calibration plot. Besides 

the recovery efficiency calculated using straight line equation was in close agreement 

with spiked TnI concentration implying high practicability of the developed assay 

(Table 5.1). 
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Fig.5.8. (a) Visual signal and UV-spectrum of TnI nano-sandwich assay in buffer (b) Visual 

signal and UV-spectrum of TnI nano-sandwich assay in TnI spiked serum (c) Calibration 

curve of nano-sandwich assay for TnI detection in spiked serum (d) UV-spectrum for 

specificity analysis of nano-sandwich assay for TnI (e) and (f) Nano-sandwich assay by 

individual GNP-A and GNP-P nanobioprobes respectively with inset visual signal 

S.R. No. Amount added (ng/mL) Amount found (ng/mL) Troponin I recovery (%) 

1 0.1 0.1 100 

2 5 5.7 114 

3 100 93.3 93.3 

Pearson correlation coefficient (r)=0.99; p<0.05 

Table 5.1 Percentage recovery table of spiked TnI samples  
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5.3.6 Interference studies for non-specific targets 

The analytical performance of nano-sandwich assay was further examined for 

investigating nanobioprobes to capture only specific target unhindered by non-

specific interactions. The specificity of nanobioprobes was strengthened by an 

extreme peak shift for TnI as compared to other non-specific targets observed via UV-

spectrum in Fig.5.8(d). Alongside UV-absorption maxima at 620 nm for TnI 

compared to other biomarkers also displayed insignificant interference from other 

cardiac biomarkers.  

5.3.7 Aggregation efficiency of individual nanoconjugates 

Independent nanobioprobe assays were performed to speculate whether aggregation is 

a match pair driven circumstance of aptamer and peptide nanobioprobes or is a result 

of agglomeration caused by individual nanoconjugates. Fig.5.8(e-f) described a 

marginal wavelength shift with no significant color change. This corroborated the 

synergistic effect of both nanobioprobes for development of nano-sandwich 

colorimetric assay. 

5.3.8 Gold nano-sandwich assay verification in clinical samples 

Ten positive AMI clinical samples and ten negative sera samples of healthy subjects 

were taken and analyzed for presence of TnI using nano-sandwich assay. The color 

change was observed in positive samples after addition of both nanobioprobes which 

remained stable even after few hours. UV-Visible absorbance at 620 nm of positive 

samples was noted higher than their values at 520 nm indicating aggregation while an 

opposite recordings was measured for negative samples. The ratio of varying UV 

absorbance values for each sample as A620nm/A520nm was calculated for comparative 

quantitative analysis as shown in Fig.5.9(a). 

Furthermore, the comparison and cross-validation of nano-sandwich assay was 

achieved with commercial TnI ELISA kit. The absorbance values of clinical samples 

were observed at 450 nm in Fig.5.9(b) and quantitative analysis performed by both 

the assays demonstrated that nine AMI positive samples displayed a strong 

association with commercial ELISA. To this context, 100% specificity and 90% 

sensitivity of nano-sandwich assay was observed estimating 100% positive predicted 
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value (PPV) and 90.90% negative predicted value (NPV) suggesting that colorimetric 

assay is less likely to provide any false negative results in Fig.5.9(c). Moreover, 

Fig.5.10 displays a visual image for c hange in color for all the clinical samples. 

 

 

Fig.5.9 Aggregator-free assay for 20 clinical samples (a) Colorimetric assay depicting 

A620/A520 nm ratio (b) Commercial ELISA depicting A450 nm (c) Comparative statistical 

analysis between colorimetric assay and commercial ELISA  

 

Fig.5.10 Colorimetric visual signal of nano-sandwich assay for clinical samples 

  



Chapter 5 

110 

5.4 Conclusion 

This chapter discusses about an aggregator-free gold nano-sandwich assay 

exhibiting agglomeration of nanobiprobes to detect cardiac TnI. The distinct molecular 

binding sites of aptamer and peptide on TnI were predicted by in silico docking 

described in chapter 2 that enabled the development of this novel match-pair bioreceptors. 

The match-pair was used for sensitive detection of TnI in sandwich ELISA and dot-blot 

assay discussed in last chapter which navigated our research towards designing of 

colorimetric colloidal assay that is rapid and sensitive.  

This piece of work comprises DNA aptamer Tc18 and peptide bioreceptor moieties 

bioconjugated onto gold nanoparticles to design nanobioprobes-GNP-A and GNP-P. 

TnI even at a concentration of 0.1 ng/ml behaves as an inter-connecting aggregator to link 

both the nanobioprobes establishing a site-directed nano-sandwich optical detection 

system.  

As a result, the colorimetric assay develops a reliable and rapid naked-eye detection of 

TnI that can be easily performed by people not skilled in the art. The performance of 

proposed optical biosensor has displayed efficient response unhindered by components of 

compound serum matrix as depicted by UV-spectrum peak shift. The validation of nano-

sandwich assay in clinical AMI samples has demonstrated promising comparable output 

as commercial TnI ELISA technique. Moreover, the specificity of nanobioprobes for TnI 

along with non-interfered selectivity makes the assay an ideal point-of-care investigation 

for early diagnosis of AMI. In context to this, direct GNP agglomeration based 

nanobiosensor without any external aggregator will pave novel pathways in designing 

sensitive, cost-effective and portable hand-held optical system for cardiac biomedical 

applications. 

The described colorimetric assay based optical biosensor displays an instant response 

generation concept based on-all we need is just a drop of serum. However, TnI detection 

based on colorimetric and analytical sensitivity is enough for surveillance of AMI, 

nonetheless, enhanced sensitivity that can fulfill the criteria for hsTnI detection was 

compromised. Therefore, to fulfill the void of meeting higher sensitivity limits, 

electrochemical diagnostic platforms were implemented for rapid and early TnI detection 

discussed in next chapters. Moreover, the ability of Tc18 aptamer to form layers onto the 

gold surface was explored along with our collaborators at CSIR-CEERI, Pilani. 
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6.1 Overview 

 

Electrochemical biosensors over the years have gathered attention for the detection of 

various biomarkers of clinical importance serving as next generation for medical 

diagnostics due to real-time analysis [179]. Alternatively, electrochemical biosensing 

via Silicon nanowire field-effect-transistors (Si-NW FETs) that have recently 

introduced as potential biosensing platforms delivering label-free detection with 

ultrasensitive, instant and real-time capabilities [120]. In this regard, combining the 

SPR related properties of gold nanoparticles studied in the last chapter, this chapter 

unfolds the electrochemical properties of metallic gold coated surface.  

For this thiol modified Tc18 aptamer binding to terminal end of TnI was investigated 

for its property to form SAM (self-assembled monolayer) layer onto the gold surface. 

The work was performed in collaboration with CSIR-CEERI, Pilani, Rajasthan where 

they microfabricated gold coated electrodes and Si-NW FETs device with gold coated 

gate-oxide. A further description of standard microfabrication processes used to 

design gold coated electrodes and polysilicon FET biosensor is discussed. The use of 

gold for electrochemical sensing has provided an ideal platform for rapid and early 

detection of TnI.  
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6.2 Experimental approaches 

6.2.1 Materials and Instrumentation 

Device fabrication required acetone (Sigma) and DI water required for cleaning of 

glass wafer and positive photoresist (S-1818) used for optical photolithography. 6-

Mercaptohexanol, KOH, H2O2, Trizma base, EDTA, DTT, Tween 20 were procured 

from Sigma. The electrode reliability and stability studies were performed using 2.5 

mM ferricyanide and ferrocyanide solution in 10 mM PBS (pH 7.4). Thiol-modified 

aptamer Tc18 with a -SH-(CH2)6 linker at 5′ end. The aqueous solutions were 

prepared using 18.2 MΩ cm resistivity ultra-pure water of Merck Millipore (milli-Q 

water). Gold electrodes and device was fabricated at CSIR-CEERI, Pilani. 

Electrochemical studies were carried out on EC workstation CHI660D with 

multiplexer CHI 684-8 at CSIR-IMTECH and an EC workstation Metrohm Autolab; 

Nova 2.1.4 at CSIR-CEERI. Contact angle measurement (Biolin Scientific), Raman 

Spectrophotometer, Atomic Force Microscopy were used for gold surface 

characterization. 

6.2.2 Fabrication of gold electrode 

The gold electrode/chip was designed at CEERI in L-edit software required for mask 

fabrication with 1 mm working electrode diameter. Microfabrication technology was 

used with standard unit processes such as lithography at UV-lamp intensity of 

18mWcm
−2

, deposition, etching, etc. in two-level photolithography (MA6, Suss 

Microtech, Mask Aligner) steps. The positive photoresist was done at first level to 

pattern the glass substrate with three-electrode structure. A thin layer of 200 Å 

titanium (Ti) was deposited by sputtering (TFSP-840, VST Israel) to improvise 

adhesion of gold followed by 2000 Å gold (Au) sputtering. Thereafter, lift-off process 

was performed in acetone solution for three-electrode realization. The passivation of 

patterned structure was done by SiO2 (0.4 μm) and then Silicon Nitride Si3N4 (0.6 

μm) via Plasma Enhanced Chemical Vapor Deposition (PECVD, Plasma Lab Oxford) 

for insulating entire surface of electrode and later second-level lithography was used 

to open sensing area window and contact pad. Subsequently, CF4+O2 gas was used for 

Reactive Ion Etching (RIE) for etching out layers of passivation from sensing area 

and contact pads.  
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6.2.3 Biofunctionalization of aptamer onto gold electrode 

All the optimizations regarding biofunctionalization was performed onto gold 

sputtered glass chips. The Tc18 aptamer was chemically adsorbed onto gold chips by 

utilizing its 5’ -SH-(CH2)6 linker containing thiolated terminal. Briefly, the gold chips 

was subjected to extensive cleaning process with piranha solution (KOH: H2O2=5:1) 

wherein 50 mM of KOH solution was used along with 25% H2O2 for few minutes and 

was further rinsed with deionized water followed by 70% ethanol. Approx. 500 nM 

thiolated Tc18 in TE buffer and was functionalized onto gold surface to develop a 

homogenous SAM (Self assembled Monolayer) of aptamer at 25˚C or room 

temperature for 12-16 hours. The gold chips were immersed in aptamer solution and 

unbound aptamers were washed with TE buffer gently. Afterwards, 2 mM 6-

Mercaptohexanol was used to block gold surface for 30 minutes at RT [180]. The 

characterization for surface functionalization was performed at each step after 

cleaning, Tc18 aptamer hybridization and blocking by measuring contact angle, AFM, 

microscopy and Raman spectroscopy. Similarly, gold electrodes were functionalized 

with Tc18 aptamer.  

6.2.4 Electrochemical characterization of gold electrodes 

In order to investigate electrochemical sensing efficiency of fabricated gold 

electrodes, Cyclic Voltammetry (CV) and Impedance Spectroscopy (EIS) was 

adopted.  For studying electrochemical charge transfer properties of gold electrode 

across a sweeping potential, CV was recorded in range from -0.5 to +0.5 in 6 

segments volts at 50 mV/sec scan rate. While EIS scans were measured to examine 

charge transfer resistance at each successive step of functionalization in a frequency 

range of 1 Hz to 100 kHz. Both the techniques employed measurements using 2.5 mM 

[Fe(CN)6]
3-/4-

 as redox probe. 

6.2.5 Aptasensing of Troponin I on gold electrodes 

CV and Square Wave Voltammetry (SWV) electrochemical techniques were 

implemented to detect cardiac TnI onto gold sensor surface. Briefly, varying 

concentrations from 0.1-1000 pg/ml of TnI was prepared in 10 mM PBS (pH 7.5) and 

incubated for 30 minutes onto the aptasensor immobilized gold surface. Post 

incubation, excess of TnI was removed by washing with deionized water and 
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electrochemical scans were recorded using 2.5 mM redox couple [Fe(CN)6 ]
-3

/
-4

. CV 

measurements were acquired in a sweeping potential range from -0.5 to +0.5 volts at a 

scan rate of 50 mV/sec. While SWV scans were acquired in a stepping potential range 

from -1 to +1 V at 40 mV/sec scan rate. 

6.2.6 Polysilicon Field Effect Transistor (FET) device fabrication 

After piranha cleaning, thermal oxidation of silicon wafer with p-type, resistivity of 1-

10 Ω-cm was done at high temperature of 1050
o
C for growing 1 μm of SiO2 to enable 

electrical isolation. Thereafter, deposition of 0.4 μm of polysilicon by LPCVD was 

achieved. Then phosphorus diffusion was carried out for 7mins @ 900
o
C to make 

polysilicon to be of n-type. Further, i-line lithography was used to pattern the 

polysilicon to realize wire structures. The etching of polysilicon was done using 

reactive ion etching in sulfur hexafluoride plasma (SF6). Gate oxide of approx. ~10 

nm was grown on polysilicon wires, following lithography via opening. Then source 

drain doping (5E15 cm
-2

 @ 40 keV) of wafers was performed in ion implanter. 

Patterned photoresist was then removed and deposition of metallic gold (Au) was 

carried out on cleaned wafers further following metal patterning by lithography and 

wet etching. Thereafter, lift-off process was used to patch gold on gate followed by 

device passivation using PECVD of Si3N4 (0.4 μm) and SiO2 (0.6 μm). After 

passivation by silicon nitride and oxide layers, rest of the area leaving only pads and 

gold gate remained exposed.  

6.2.7 Aptamer immobilization onto FET device 

The preliminary step for designing a FET based biosensor offering POC applications 

is to design biofunctionalization methodology involving maximum immobilization of 

bioreceptor abolishing non-specific interactions [181]. Before biofunctionalization on 

actual SiFET, separate pieces of glass substrate were taken to optimize the process 

was optimized coated with 0.2 μm thickness gold. The Tc18 aptamer SAM layer was 

formed by strong chemisorption of Tc18 aptamer via thiol-gold covalent bond as 

described in section 6.2.3 and blocked further. 

6.2.8 Poly-SiFET based Troponin I aptasensing 

After removing blocking solution, TnI was added in varying concentrations from 0.1-

1000 ng/ml and the results were recorded. The biofunctionalization optimized 
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protocol was applied to SiFET and TnI response for various dilutions of was 

measured. Current-voltage (I-V) measurements were also performed to investigate the 

device functionalization. 

6.3 Results and discussion 

Gold electrodes manufactured at CSIR-CEERI under collaborative project were 

microfabricated to realize electrochemical detection of TnI based on 

biofunctionalization of Tc18 aptamer as detection probe. The schematic 

illustration of thiolated aptamer immobilization onto gold electrodes followed by 

electrochemical aptasensing of TnI is depicted in Fig.6.1. 

Alternatively, a highly sensitive and robust SiFET device was developed at CSIR-

CEERI for detection of TnI. A thin film of gold layer is integrated with device as 

gate terminal biofunctionalized with specific TnI binding Tc18 aptamer.  

 

Fig.6.1 Schematic illustration of (a) Biofunctionalization of thiolated Tc18 aptamer onto gold 

surface (b) Electrochemical aptasensing of TnI onto gold electrode 

6.3.1 Characterization of gold surface  

Gold surface of electrodes enabled direct covalent biofunctionalization of thiolated 

aptamer without any elaborated coupling mechanisms. Similarly, gold coated gate 
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terminal of FET device offered high thermal stability enabling efficient 

immobilization of aptamer via gold-thiol linkage [154]. The gold chips as a 

prototype for biofunctionalization was studied using surface characterization 

techniques of Raman spectroscopy for functional group analysis, AFM for 

morphological analysis and Contact angle measurements to confirm aptamer SAM 

layer formation. 

Contact angle measurements in Fig. 6.2 displayed the measurement angle for bare 

gold surface (~83.5
o
) that decreased in for aptamer SAM (~64.4

o
) providing increased 

surface wettability that suggests hydrophilic nature of the aptamer bioprobe. After 

incubating the chip with TnI (1000 ng/ml), the contact angle measurement declined 

(~44
 o
) further suggesting hydrophilicity of gold surface.  

 

Fig.6.2 Contact-angle measurement for bare gold surface, aptamer SAM layer and TnI 

The Raman peaks of at 1551 cm
-1

 corresponded to bare gold whereas an emergence of 

peaks at 780, 918, 1414, 1553, 2095 and 2480 cm
-1

 displayed aptamer 

functionalization and target TnI binding to coated aptamer was observed at 1160 cm
-1

 

and 1595 cm
-1

 [182,183] (Fig.6.3).  

Furthermore, Fig.6.4 shows AFM analysis at different stages of biofunctionalization. 

Bare gold displayed 5.59 nm peak-to-peak height, 53.07 nm for SAM of aptamer on 

gold surface and 118.6 nm for TnI sample onto it. 
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Fig.6.3 Raman spectroscopy scans for surface immobilization of aptamer and TnI onto gold 

surface 

 

Fig.6.4 AFM analysis of (a and b) Bare gold surface (c and d) Aptamer SAM (e and f) TnI 
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6.3.2 Electrochemical characterization of gold electrodes 

The gold electrode was electrochemically characterized by CV and EIS using 2.5 mM 

[Fe(CN)6]
3-/4-

 as redox couple probe. CV spectroscopic analysis in Fig. 6.5(a) 

exhibited an increase of 1.5 µA current signal when compared to bare gold electrode 

which further enhanced to 2 µA redox current upon TnI target sensing. Complying 

with the CV voltammogarm, EIS analysis in Fig.6.5 (b) demonstrated a decrease in 

electron to charge transfer resistivity upon aptamer SAM formation that further 

diminished upon TnI sensing. The increase in current can be attributed primarily to 

the negative phosphate backbone and aromatic ring containing nucleobases that act as 

nanowire for charge transfer. While, addition of TnI caused ligand  induced structural 

rearrangement of aptamer that generated signal amplification of redox current and 

decreased charge transfer resistance [184][185]. 

 

Fig.6.5 Electrochemical characterization for gold electrode fabrication after adding aptamer 

and TnI via (a) CV spectroscopy voltammogram (b) Impedance spectroscopy Nyquist plot 

6.3.3 Aptasensing of Troponin I on gold electrodes 

CV and SWV electrochemical techniques were employed for aptasensing TnI with 2.5 

mM redox couple [Fe(CN)6]
3-/4-

 solution in 10 mM PBS (pH 7.5). As seen in Fig.6.6 

(a), an increase in redox current was noted with increasing TnI dilution. Similarly, 

Fig.6.6 (b) demonstrated SWV curves conferring to increasing oxidative peak current.  

The signal amplification was related to unfolding of DNA aptamer upon consecutive 

binding with TnI which contributed to enhanced electrochemical readout. Moreover, 

aptamer undergoes conformational isomerization upon TnI interaction which was 

sensed by redox probe which caused flow of current via negatively charged phosphate 

backbone [184] [186]. 
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Fig.6.6 Electrochemical aptasensing at different concentrations of TnI (a) CV voltammogram 

showing increase in redox current (b) SWV curves showing increase in oxidation peak current 

6.3.4 Electrical characterization of Polysilicon wire FET 

A schematic illustration of SiFET device biofunctionalization of aptamer followed by 

electrochemical sensing of TnI is represented in Fig.6.7. The standard 

microfabrication technology was used to fabricate polysilicon FET device and was 

characterized using Keithley-4200 parameteric analyzer for accessing properties of 

transistor. Fig.6.8(a) and (b) demonstrates nine patterned polysilicon wires array on 

silicon wafer and gold coated gate surface fabricated biosensor device. 

 

Fig.6.7 Schematic representation of biofunctionalization of aptamers onto gate terminal of 

FET device 
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Fig.6.8 Micrographs for (a) Polysilicon wires array patterned on silicon wafer (b) Fabricated 

biosensor device with gold coating on gate-terminal  

The array of 9 wires was characterized by maintaining constant voltage at drain to 

source (VDS) at 2.5 V and VGS varied in -0.4V to 0.4V range. Fig.6.9(a) represents 

the I-V characteristics of transistor i.e. different gate voltages (VGS) drain to source 

current (IDS). Although minute variation was noted for all 9 wires however, linear 

response with similar slope was displayed for all wires. This showed that fabricated 

wires were responding similarly irrespective to applied gate voltage of different base 

current. All the wires was found to be sensitive with ~ 4.9 to 6.4 nA/V as shown in the 

Figure 6.9(b).  

 

Fig.6.9 FET characteristics of all 9 wires (a) I-V data of various gate voltages at 2.5 V VDS (b) 

Calculated slope for I-V data of all 9 wires for applied gate voltage 

6.3.5 Troponin I detection using FET device 

The sensor with aptamer biofunctionalized was characterized by Keithley-4200 

parametric analyser. Different dilutions of Trop-I (0.1-1000 ng/ml) were dropcasted 
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on aptamer conjugated gate of varying sensors (similar electrical characteristics) and 

IDS was recorded at 2.5 V of VDS. Fig.6.10 demonstrates the electrical response of 

sensor with significant increase in current corresponding to concentration of TnI. The 

repeatability studies of sensor functioning for all tested TnI concentrations was also 

performed with less than 1% deviation.  

An equipotential surface was provided by gold patch on gate terminal as it is preferred 

material for biofunctionalization. Increasing TnI dilutions on gate terminal in turn 

altered the accumulated charge which resulted in drain-source current modulation. 

TnI with 9.86 isoelectric point (pI), which means at physiological pH below its pI will 

develop positive charge on the surface of gate. On the contrary, for an n-type channel, 

current enhancement was recorded with each escalating TnI concentration. Addition 

of positively charged TnI in turn caused charge reversal on the gate surface 

immobilized with negatively charged aptamer, which led to highly stable label-free 

electronic signal generation [186].  

 

Fig.6.10 FET device response with varying dilutions of TnI detected using Tc18 aptamer 

6.4 Conclusion 

The current chapter comprises applicability of metallic gold to fabricate 

electrochemical sensing devices with enhanced sensing properties. Gold film coated 

gate terminal of polysilicon FET device and gold electrodes were synthesized at 

CSIR-CEERI, Pilani for electrochemical aptasensing of TnI. Due to excellent 

properties of metallic gold for biofunctionalization, thiol-gold interaction has been 
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investigated for formation of even aptamer SAM layer. In a way, Tc18 aptamer was 

explored to examine its TnI binding ability in an electrochemical biosensing 

platform. 

The first part of this chapter describes about gold electrodes that were tested for their 

efficacy to be incorporated in TnI electrochemical aptasensing. The glass chips coated 

with gold film were used for immobilizing Tc18 aptamer and then TnI which was 

surface characterized by high end techniques such as AFM, contact angle 

measurement and Raman spectroscopy. CV and EIS techniques were used for testing 

functionality of gold chips at different steps of functionalization while CV and SWV 

were applied for aptasensing TnI upto 0.1 pg/ml.  As deciphered from CD studies in 

chapter 3, the conformational isomerization of aptamer upon TnI binding has been 

transduced for electrochemical aptasensing. To this context, the observed increase in 

current signal can be attributed to the nanowire behavior of negatively charged DNA 

aptamer Tc18 that undergoes structural switching upon TnI binding.  

On the other hand, a poly-silicon wire FET was fabricated and developed on silicon 

substrate consisting of gold coated gate terminal to functionalize thiolated Tc18 

aptamer for detection of TnI. Electrical characteristics favored the fabrication scheme 

that can be employed for mass production due to low device-to-device variation with 

efficient repeatability. The current-voltage characterization for device functionality 

was examined and TnI biomarker concentration as low as 0.1 ng/ml was detected. 

Polysilicon can suggest applicability of developed FET device as point-of-care AMI 

diagnostics. 

Apart from achieving promising TnI detection upto 0.1 ng/ml with FET device and 

certainly improved sensitivity of 0.1 pg/ml with gold electrodes, we thought of 

incorporating advanced nanomaterials for enhancing sensitivity of assay. In this 

regard, next chapter comprises graphene based nanomaterials for enhancing 

electrochemical conductivity in context of improvising TnI aptasensing.  



 

 

 

 

 

 

 

 

 

Chapter 7 
A graphene-gold nanohybrid for 

electrochemical aptasensing 

of cardiac Troponin I 

 
 

  



Chapter 7 

123 

7.1 Overview 

 

With advancement in the field of nanotechnology, electrochemical signal 

amplification employing nanomaterials enables fast recognition of target biomarkers 

using biological receptors [187]. Moreover, diversified applications of nanocomposite 

hybrids such as graphene-metal nanoparticles have offered synergistic physicochemical 

properties becoming substrates of interest in electrochemical sensing of biological 

markers. Among metal nanoclusters, graphene-gold nanocomposite hybrid exhibits 

remarkable catalytic activity and high stability promoting superior electrolytic current 

density and stronger raman signals [188].  

Hence, after studying the efficient applicability of aptamers associated with metallic 

gold in the previous chapter to offer rapid electrochemical signal readout, this chapter 

was focused towards enhancing the sensitivity for TnI detection. To this concern, an 

advanced nanomaterial graphene-oxide was synthesized and conjugated with aptamer 

gold nanobioprobes (as synthesized in chapter 4 and 5) developing a nanohybrid 

based electrochemical sensing platform. Sufficiently high electrochemical signal 

amplification was achieved that gave us novel insights to conformational changes in 

the aptamer due to consecutive TnI binding.  

7.2 Experimental approaches 

7.2.1 Materials and Instrumentation 

Sodium citrate tribasic dehydrate, Monobasic dihydrogen phosphate (KH2PO4), 

Dibasic monohydrogen phosphate (K2HPO4 ), Gold (III) chloride (HAuCl4), 

Potassium permanganate (KMnO4),  graphite flakes were obtained from Sigma 

Aldrich (India).  Sulphuric acid (H2SO4), Hydrochloric acid (HCl,) Phosphoric acid 

(H3PO4), Ethanol (Analytical grade) were procured from Thermo Scientific. 

Recombinant cardiac TnI and commercial human heart TnI (Sigma) was taken for 

experimentation. Blood samples of AMI patients were procured from PGIMER, 

Chandigarh. Thiol-modified aptamer Tc18 having -SH-(CH2)6 linker was used. Screen 

printed electrodes (SPE) Zensor were used for aptasensor fabrication. The aqueous 
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solutions were prepared using 18.2 MΩ cm resistivity ultra-pure water of Merck 

Millipore (milli-Q water).  

Ultraviolet-Visible (UV-Vis) spectrophotometry was measured using BioTek Synergy 

H1 spectrophotometer (UK). Fourier Transform Infrared (FTIR) spectrum of Bruker-

Vertex 70. Electron microscopy using JEOL 2100 transmission electron microscope 

(TEM) and Zeiss EVO 40 scanning electron microscope (SEM). For charge 

distribution analysis, Zetasizer NanoZS (Malvern, UK) was used. Electrophoretic 

characterizations were done with BioRad gel assembly. Electrochemical studies were 

carried out on EC workstation CHI660D with multiplexer CHI 684-8 and compact 

electronic interface: PalmSens using PSTrace software.  

7.2.2 Synthesis and characterization of aptamer gold nanoconjugates (GNP-A) 

GNPs were synthesized by citrate reduction method as mentioned in chapter 4. The 

GNP-A nanoconjugates were characterized by the following methods: 

a. TEM: Drops of unmodified GNPs and GNP-A were placed onto carbon coated 

TEM grids. After drying the film, residual solution was discarded and negative 

staining via 2% phosphotungstic acid (PTA) was done for GNP-A 

nanoconjugates.  

b. UV-Visible spectroscopy: UV-spectrum from 400-700 nm wavelength range was 

observed for GNPs and GNP-A nanoconjugates. 

c. AUC: The samples were prepared by resuspending nanoconjugates in 10 mM PB 

(pH 7.5) with final OD=2. Bare GNPs taken as control for measurement was 

recorded in AUC sapphire cell of pathlength 1.2 cm. Continuous distribution AUC 

measurement was performed at 6000 rpm with An50 Ti Rotor. Real-time 

absorbance scans were recorded at λ 520 nm and 260 nm corresponding to GNP 

and DNA aptamer respectively. Data analysis was performed using SEDFIT by 

selecting continuous distribution c(s) model. 

d. Agarose gel electrophoresis: GNPs and GNP-A nanoconjugates were run onto 

0.8% agarose gel made in 0.5x Tris Borate EDTA buffer for an hour at 80 volts.  

e. Dot Blot immunoassay: The dot blot immunoassay was performed to 

characterize GNP-A binding with TnI. Briefly, 2 μl of TnI concentrations 1000 

ng/ml, 500 ng/ml and 250 ng/ml in diluent 10 mM PB (pH 7.5) along with no 
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protein control was spotted along with 2 μg/ml of BSA onto comb-shaped 

nitrocellulose membrane. The protein was incubated for 2 hours at room 

temperature. After blocking for 30 minutes with 1% BSA solution in phosphate 

buffer containing 0.1 % Tween 20, the comb was dipped in GNP-A solution at 

37˚C for another two hours under constant shaking. Afterwards, comb was 

washed thrice with block buffer for 30 seconds each to remove unbound GNP-A. 

Silver enhancement solution was added to develop the spot signal and excess 

solution was washed away with deionized water. 

7.2.3 Synthesis of Graphene Oxide (GO) 

Improved Hummer’s method was used to synthesize graphene oxide (GO) as reported 

in literature with slight modifications [189]. Briefly, a mixture of 0.75g graphite 

flakes and 4.5 g KMnO4 was added to 100 ml volume of 9:1 concentrated H2SO4 and 

H3PO4 mixture in a round bottom flask. The mixture was raised to 50°C temperature 

using an oil bath along with overnight stirring on a magnetic stirrer. Next day, 

reaction was brought to room temperature in an ice bath and then mixed with 3 ml of 

30% H2O2 suspended in 100 ml of deionized (DI) water. The aqueous mixture was 

then centrifuged at 11,000 rpm for 1 hour and supernatant was removed. The 

remaining pellet was washed multiple times with DI water to remove residual acid 

until pH of suspension reached 6.0. Then solution was sonicated and centrifuged at 

6000 rpm for 1 hour.  GO was separated from supernatant and freeze-dried. An 

amount of 1 mg lyophilized GO was suspended in 1 ml of 10 mM PB (pH 7.5) as 

100x stock solution. The prepared GO was characterized using Zeta-sizer for charge 

analysis, SEM and TEM for morphology studies, UV-spectroscopy and FTIR to study 

functional groups predominant in GO.  

7.2.4 Synthesis and characterization of graphene-gold nanohybrid (GO@GNP-A) 

To prepare graphene-gold nanohybrid (GO@GNP-A), 750 µl of GNP-A gold 

nanoconjugates was mixed with 350 µl GO making final mixture volume to 1 ml 

containing 35x GO.  The mixture was left for overnight binding at 4˚C under constant 

rotation. Further, the mixture was centrifuged at low speed of 5000 rpm for 1 hour to 

remove unbound GNP-A. After separating supernatant, soft precipitate was washed 

thrice with 10 mM PB (pH 7.4) and was resuspended in same buffer. GO@GNP-A 
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was characterized by SEM, TEM, UV-spectroscopy, FTIR and ζ-potential described 

as follows: 

a. Electron Microscopy: SEM and TEM was performed to examine morphology of 

GO and GO@GNP-A nanohybrid. Briefly, GO and GO@GNP-A nanohybrid 

suspension was dropcasted onto pre-cut clean silicon wafer and dried for about 30 

minutes and then scans for surface morphology of samples were taken using a 

SEM equipped with thermal field emission emitter. Similarly, TEM images were 

taken by dropcasting GO and GO@GNP-A onto copper coated grids and kept for 

drying at room temperature for 20 minutes. The measurements were performed at 

an accelerating voltage of 120 kV. 

b. UV-Spectroscopy: The prepared GO, GNP-A nanoconjugates and GO@GNP-A 

nanohybrid were analyzed for their spectroscopic properties under wavelength 

range from 200-1000 nm.  

c. FTIR: FTIR spectrum was measured in of 500-4000 cm
-1

 range. Briefly, GO and 

nanohybrid GO@GNP-A were lyophilized  by freeze-drying followed by mixing 

with potassium bromide (KBr) powder in ratio 2:98 respectively by vigorous grinding 

of mixture using  mortar and pestle to a fine powder. Due to its transparency in IR, 

KBr remains inert as window material between 4000–400 cm
-1

.  

d. Zeta Potential: Samples of GO, GNP-A nanoconjugates and GO@GNP-A 

nanohybrid were suspended in 10 mM phosphate buffer (pH 7.5) and diluted 10 

folds to measure charge distribution.  

7.2.5 Fabrication of GO@GNP-A aptasensor 

The aptasensor was fabricated by simply dropcasting the prepared nanohybrid 

suspension of GO@GNP-A onto screen printed electrode (SPE) consisting 3-mm-

diameter carbon-paste working-electrode, carbon/graphite counter electrode and 

reference-electrode Ag/AgCl. Prior to nanohybrid modification, SPE was subjected to 

extensive cleaning by uniformly polishing the working area of electrode with 0.3 µm 

and 0.05 µm sized alumina granules.  The electrode was washed with DI water and 

ultrasonicated for 1 min in absolute ethanol and DI water respectively. Subsequent 

cleaning sonication was repeated after polishing with 0.05 µm alumina slurry. 

Afterwards, 50 µl nanohybrid GO@GNP-A was dropcasted onto working area of SPE 

and dried at 37˚C for 12-16 hours. The fabricated aptasensor was then characterized 

and assessed for their electrochemical performance using cyclic voltammetry (CV) and 
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chronoamperometry. CV scan was accumulated at 50 mV s
-1 

scan rate to study charge 

transfer properties along a potential range of -0.4 to +0.8 V at each successive step 

contributing to nanohybrid formation. Chronoamperometry was performed at constant 

0.25 V potential measuring change in current as a function of time (0-5 s/20 ms scan 

rate) to study diffusion process on sensing platform.  

7.2.6 Biosensing of Troponin I and selectivity of aptasensor 

Square Wave Voltammetry (SWV) technique was employed for GO@GNP-A 

nanohybrid based aptasensing of TnI. Briefly, varying TnI dilutions (0.001-1000 

pg/mL) in 1x PB (pH 7.4) was incubated on fabricated aptasensor for 20 min followed 

by washing unbound protein with DI water. SWV signal was recorded in duplicates 

using 5 mM redox couple [Fe (CN)6]
-3/-4

 within potential range from -0.5 V to +0.5 V 

at 40 mV/s scan rate. A standard calibration curve was plotted for logarithmic TnI 

concentrations (pg/mL) and their corresponding peak current values of SWV scans. 

Alongside, chronoamperometry was performed for lower concentrations of TnI (0.001-

1 pg/mL) to study consistent diffusion process occurring at aptasensor fabricated 

electrode surface. A fixed voltage of 0.25 V was set to measure electrode decay process 

for 0-4 s at 20 ms scan rate. Moreover, serum samples in 1:10 µL dilution was used to 

spike various concentrations of TnI and SWV signal was measured and the peak current 

values were used to plot a calibration curve with linear fitting as mentioned above. 

Additionally, interference of other cardiac biomarkers such as BNP, N-terminal Pro-

BNP, Myoglobin and BSA was examined in duplicates at excess concentration than TnI 

for selectivity of aptasensor. The reproducibility of electrochemical performance for 

aptasensor was analyzed by recording six SWV scans for TnI 10 pg/ml after every 2 

hours interval. Moreover, the efficiency and long-term stability of the fabricated 

GO@GNP-A nanohybrid aptasensor was observed.  

The electrochemical sensor was also examined for generating current signal response 

by replacing Tc18 aptamer with peptide bioreceptor (discussed in chapter 4 and 5) to 

detect TnI. The nanoconjugates of cysteine containing peptide functionalized gold 

particles as GNP-P were synthesized using Au-thiol linkage. Simultaneously, GNP-P 

was attached with GO to form nanohybrid of GO@GNP-P which was further employed 

to record SWV scans for varying concentrations of TnI at potential range from -1 to 1 V 

using redox couple [Fe (CN)6 ]
-3

/
-4

. 
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7.2.7 Clinical samples evaluation by developed GO@GNP-A aptasensor 

Five AMI positive and five AMI negative (healthy individual serum) samples were 

taken and proficiency of fabricated GO@GNP-A nanohybrid aptasensor was 

investigated. Briefly, 50 µl of each undiluted serum sample was incubated for 15 

minutes onto GO@GNP-A aptasensor and SWV scans were recorded in duplicates in 

5 mM redox couple [Fe (CN)6 ]
-3

/
-4 

in similar stepping voltammetric range.  

7.3 Results and Discussion 

The proposed biosensor consists nanohybrid of GO and GNP biointerfaced with DNA 

aptamer to design an electrochemical aptasensor for rapid and early detection of TnI. 

Fig.7.1(a) depicts graphical illustration of GO synthesis using graphite flakes. Further, 

thiolated Tc18 aptamer was functionalized onto gold particles to form GNP-A 

nanoconjugates depicted in Fig.7.1(b) [154] [190] [155]. Subsequently, Fig.7.1(c) 

displays interaction of GNP-A with GO sheets to construct nanohybrid of GO@GNP-

A onto which aptasensing of TnI was performed as shown in Fig.7.1(d) [191].   

 

Fig.7.1 Schematic illustration of graphene-gold based electrochemical aptasensing of TnI (a) 

Synthesis of graphene oxide (GO) using improve hummer’s method (b) Synthesis of aptamer 

conjugated gold nanoparticles (GNP-A) (c) Formation of gold-graphene nanohybrid 

(GO@GNP-A) (d) Detection of TnI onto GO@GNP-A fabricated screen printed electrode 
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7.3.1 Characterization of GNP-A nanoconjugates 

GNP-A nanoconjugates bearing Tc18 aptamer were studied for their morphological 

properties by TEM providing 16±3 nm size corresponding to 80% immobilization 

efficiency as calculated in previous studies [Fig. 7.2(a) and (b)] [192]. Gel 

electrophoresis in Fig.7.2(c) demonstrates restricted mobility of GNP-A 

nanoconjugates as compared to unmodified GNPs suggesting the bulkiness of aptamer 

conjugated nanoclusters.  

 

Fig.7.2 Characterization of GNP-A (a and b) TEM micrograph of GNP and GNP-A (c) 

Agarose gel electrophoresis showing restricted mobility of GNP- A compared to bare GNPs 

(d) UV-spectra showing 8 nm peak shift in GNP-A (e) SV-AUC of GNP-A showing higher 

sedimentation coefficient value than GNP (f) Dot-blot showing binding of GNP-A to TnI 

UV-spectroscopy also corroborated Tc18 aptamer conjugation onto GNPs with a 

characteristic red peak shift of 8 nm in plasmon resonance of nanoconjugates from its 

characteristic gold peak at λ520 nm [Fig.7.2(d)]. Moreover, an increase in 

sedimentation coefficient (S) via Sedimentation Velocity AUC experiments (SV-

AUC) for GNP-A nanoconjugates was observed to be in close agreement with other 

characterizations in Fig.7.2(e). To this support, a dot-blot immunoassay was 

performed that substantiated binding ability of GNP-A for TnI as visible dots with 

reference to bare GNPs in Fig.7.2(f). 
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7.3.2 Synthesis of GO and nanohybrid GO@GNP-A for TnI aptasensing 

Further, for synthesizing nanohybrid, GO was made using Improved Hummer’s 

method which produced hydrophilic oxidized regular-structured carbon material as 

compared to conventional Hummer’s method. This method is useful for large scale 

production of GO under controlled temperature without generating toxic gases 

[189][193]. The well-structured morphology of GO enabled efficient attachment of 

GNP-A nanoconjugates producing gold-graphene nanohybrid. The rationale behind 

generating GO@GNP-A nanohybrid intrigues high prospects to explore multiple 

properties of both nanomaterials cooperatively attributing to enhanced conductivity 

and ease of bio-molecular functionalization [194][195]. As shown in previous studies, 

covalent interaction of GNP-A with GO instead of electrochemical reduction of gold 

onto GO sheets eliminates two-step nanohybrid fabrication [196]. Tc18 aptamer and 

GO utilizes π–π stacking interactions to form GO@GNP-A nanohybrid [197][198]. 

The nucleoside units of Tc18 aptamer forms strong cooperative π–π stacking with 

hexagonal rings of GO along with hydrophobic, hydrogen and vander waals bonding 

[199][200]. The unengaged aptamer moieties functionalized onto GNP interact with 

TnI transducing biological interaction to enhanced electrochemical response.    

7.3.3 Characterization of GO and GO@GNP-A nanohybrid 

a. Electron microscopy: The morphological studies of GO and GO@GNP-A 

nanohybrid was subjected to SEM and TEM analysis. SEM micrograph displayed 

grooved texture with flexible and large lateral graphene sheets stacked within 

itself due to π-π linkage in two dimensions in Fig.7.3(a). This in turn promotes 

greater mechanical tensile strength and minimizes surface energy [201]. While 

SEM of GO@GNP-A in Fig.7.3(b) reveals evenly decorated GNP-A 

nanoconjugates on large surface of GO sheets. TEM micrograph in Fig.7.3(c) 

presents crumbled and layered sheets of GO exhibiting flake-like shape, whereas 

nanohybrid GO@GNP-A in Fig.7.3(d) displays homologous distribution of GNP-

A onto smooth and planar surface of GO sheets. To our assumption, presence of 

discrete GNP-A on surface of graphene remarkably suppressed the wrinkling of 

graphene without any clustering. Additionally, synthesis mechanism of 

nanohybrid by incubation of GNP-A nanoconjugates with GO suspension yielded 

even settling of GNP-A avoiding their clustering as aggregates. 
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Fig.7.3 Morphological characterization showing (a and b) SEM micrograph of GO and 

GO@GNP-A (c and d) TEM images of GO and GO@GNP-A nanohybrid 

b. UV-Spectroscopy: Furthermore, optical properties were examined via UV-

spectroscopy in Fig.7.4(a). Primarily, GO represented a characteristic peak of π- π* 

transition for aromatic C-C bond and sp2 hybridized C=C bond at 230 nm [202]. 

GNP-A nanoconjugates demonstrated another peak near 530 nm conferring to red-

shift in gold plasmon absorbance (520 nm) which was prominent in nanohybrid 

GO@GNP-A as well [203]. A peak representing C=C-C=C conjugated double bond 

of purine and pyrimidine base at 260 nm was observed, clatifying immobilization of 

GNP-A on GO. 

c. FTIR: Moreover, nanohybrid synthesis by attachment of GNP-A onto GO was 

confirmed using FTIR analysis in Fig.7.4(b) which demonstrates broad band at 3423 

cm-1 of various -OH stretching in GO along with peak at 1623 cm
-1

 conferring to 

sp
2 

carbon network of  C=C stretch. Another band coinciding to C=O stretch 

confirms presence of carboxylic acid observed at 1400 cm-1 and peaks related to 

stretch -C-O-C- at wavenumber 1056 cm-1 suggested presence of alkoxy and epoxy 

groups on surface of GO [204]. After synthesis of nanohybrid, FTIR spectra 

exhibited all characteristic peaks corresponding to GO along with some additional 

peaks at 862 cm
-1 

 relating to symmetrical stretching vibrations of deoxyribose-

phosphate linkage and strong bending vibrations of  phosphate backbone was seen 
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at wavenumbers 996 cm
-1

 and 1082 cm
-1

[202]. Additionally, an intense peak 

relating to presence of nucleoside bases of Adenine/Guanine of DNA aptamer at 

1378 cm
-1

 was also observed, confirming successful immobilization of GNP-A 

onto GO. These additional and flexible variation in IR intensities was 

corroborated to partial reformation of C=C linkages in GO@GNP-A nanohybrid 

due to GO reduction during synthesis. 

 

Fig.7.4 Characterization of GO@GNP-A nanohybrid (a) UV-spectra of GO, GNP-A and 

nanohybrid GO@GNP-A (b) FTIR spectra of GO and its nanohybrid with GNP-A (c) Charge 

distribution analysis involving synthesis of GO, GNP-A and GO@GNP-A 

d. ζ-potential: Charge distribution of synthesized GO sheets and its complementary 

nanohybrid GO@GNP-A was analyzed by inspecting their ζ-potential. A negative 

potential of -31.30 mV was observed for GO suspension in 10 mM PB, pH 7.5 

due to presence of C=O linkages [199]. While after addition of GNP-A, potential 

value declined to -26.80 mV and eventually decreased to -35.50 mV for 

nanohybrid GO@GNP-A in Fig.7.4(c). 

7.3.4 Characterization of fabricated GO@GNP-A aptasensor 

CV and chronoamperometry techniques were employed to analyze electrochemical 

performance of fabricated aptasensor assessed at each successive step of 

nanohybrid synthesis. CV voltammogram obtained at 50 mVs
-1

 scan rate in 5mM 

[Fe(CN)6]
3−/4− solution displayed  an increase in anodic and cathodic peak current 

at subsequent electrode modification  in Fig.7.5(a). GO to GO@GNP synthesis 

step depicted 10 μA elevation in redox peak current. While, a sharp increase of 35 

μA redox current for GO@GNP-A clearly indicated that Tc18 aptamer is 

responsible for huge signal amplification. This suggested that GO@GNP-A 
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nanohybrid has better electron transfer capacity due to combined enhanced 

conductivity and increased surface area contributed by both nanomaterials. 

Further, when TnI was incubated onto the nanohybrid fabricated aptasensor 

(GO@GNP-A@TnI), electrochemical current signal escalated by 10 μA redox 

current.  Additionally, chronoamperogram obtained at constant 0.25 V potential to 

analyze the redox species diffusion process for electrode modification step is 

shown in Fig.7.5(b). A subsequent increase in current at each successive step of 

nanohybrid formation was observed under 0-5 s time duration. Simultaneously, a 

distinctive escalation of amperometric signal from GO@GNP to GO@GNP-A 

corresponded to Tc18 aptamer.  

 

 

Fig.7.5 Electrochemical characterization of fabricated aptasensor (a) CV voltammogram 

depicting increasing current with each step of nanomaterial functionalization (b) 

Chronoamperometry curves showing increasing current with time at constant voltage 
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7.3.5 Electrochemical aptasensing of TnI 

SWV was applied for label-free aptasensing of TnI using 5 mM [Fe(CN)6]
3-/4-

 as 

redox probe. TnI in experimental buffer from 0.001-1000 pg/mL concentration was 

captured on GO@GNP-A nanohybrid biointerface. SWV scans depicted linearity in 

increase of peak current in Fig.7.6(a) upon increasing concentrations of TnI that was 

substantiated to cooperative electron transfer properties of synthesized nanohybrid 

[34]. A calibration curve was best fitted with a correlation regression coefficient of 

R
2
=0.98 between logarithmic concentration of TnI and SWV peak current values in 

Fig.7.6(b). Additionally, chronoamperometry curves in Fig.7.6(c) for lower TnI 

dilutions also revealed increasing current signal. Further, Fig.7.6(d) displayed SWV 

curves of serum spiking studies showing increasing current corresponding to TnI 

dilutions along the calibration curve in Fig.7.6(e) with R
2
=0.97. This revealed 

efficient performance of GO@GNP-A nanohybrid aptasensor in compound serum 

matrix. Moreover, repeatability studies performed at 0.01 pg/mL TnI revealed similar 

SWV curves with almost aligning peak currents that suggested reproducibility of 

electrochemical aptasensing assay in Fig.7.6(f). 

 

Fig.7.6 Electrochemical aptasensing of TnI (a) SWV curves for TnI sensing in buffer (b) 

Calibration curve for linear fitting of peak current values for TnI sensing in buffer with 

R
2
=0.98 (c) Chronoamperometry analysis for TnI aptasensing at low concentrations (d) SWV 

curves of TnI sensing spiked in serum (e) Calibration curve for linear fitting of peak current 

values for TnI spiked in serum with R
2
=0.97 (f) Reproducibility cycles of GO@GNP-A based 

aptasensing of 10 pg/mL TnI 
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To further study the effect of any nonspecific moiety which might interfere in specific 

target detection, the fabricated aptasensor was investigated to analyze other possible 

biomarkers found in blood circulation. SWV revealed highest peak current signal for 

TnI as compared to other non-specific targets in Fig.7.7(a) which is more prominently 

identified by SWV curves in Fig.7.7(b). Consequently, this suggested insignificant 

hindrance from non-specific targets depicting selectivity of developed aptasensor 

towards TnI. 

 

Fig. 7.7 Specificity studies for GO@GNP-A based TnI aptasensing (a) Peak current values of 

SWV curves of TnI along with non-specific targets (b) SWV curves of TnI compared to non-

specific biomarkers 

The average recovery of TnI in low concentration standards of 0.1 pg/ml TnI was 

115%, 1 pg/ml was 93% and for higher range 100 pg/ml was 112%. This depicts 

determined consistency with aptasensor detected results eliminating non-specificity 

due to serum components. A detection limit of 0.001 fg/ml was calculated by 3α/slope 

where α is standard deviation of blank measurement and slope was obtained from 

standard plot which is much lower than studies enlisted in literature.  

7.3.6 Cause of increase in current signal 

The increase in current is associated with conformational isomerization of Tc18 

aptamer upon TnI binding which was further sensed by redox probe [Fe(CN)6]
3-/4- 

resulting in transfer of electrons between the redox couple and SPE [205][206]. 

Herein, phosphate backbone of DNA aptamer is supposed to act as nanowire for 

conducting charge transfer which structurally rearranges with each increase in TnI 
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[207].  Besides, according to a previous study, it can be hypothesized that binding of 

TnI to aptamer in 10 mM PB, pH 7.5 (pH less than pI of protein) reverses the surface 

charge that leads to changing from repulsion to attraction of redox probe, thus 

increasing conductivity [186]. This induced charge reversal at aptamer-GO interface 

in-turn is sensed by SPE facilitating label-free electrochemical aptasensing of TnI 

[186,208]. Fig.7.8 clearly explains both the phenomenon inducing increase in current 

signal. 

 

Fig.7.8 Schematic showing TnI aptasensing causing increase in current due to structural-

rearrangement of aptamer on GO interface and charge-reversal phenomenon 

Alongside, when aptamer was replaced by peptide as biorecognition element to detect 

TnI, the peptide based GO@GNP-P nanohybrid electrochemical sensing demonstrated 

decrease in current signal in Fig.7.9(a-c). This observation further emphasized upon 

aptamer to be resolutely responsible for increasing the electrochemical signal [167].  

Fig.7.9 Peptide based detection of TnI (a) UV-spectrum of GNP-P nanoconjugate (b) UV-

spectrum for GO@GNP-P nanohybrid formation (c) GO@GNP-P based TnI detection SWV 

curves 
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7.3.7 GO@GNP-A aptasensing verification in clinical samples 

Five blood samples from AMI patients collected from PGIMER, Chandigarh were 

inspected to validate competency of discussed aptasensor. SWV scans were recorded 

for each positive and negative sample onto GO@GNP-A fabricated aptasensor 

revealing differential oxidative peak current values depicted in Fig.7.10(a). A 

statistical analysis depicted 80% sensitivity and 100% specificity of GO@GNP-A 

aptasensor correlating to 100% PPV (positive predictive value) and 83.33% NPV 

(negative predictive value) in Fig.7.10(b). 

 

Fig.7.10 GO@GNP-A aptasensing of TnI in clinical samples (a) Peak current values for 

SWV curves of clinical samples (b) Statistical evaluation of clinical samples assessment via 

GO@GNP-A aptasensing 

7.4 Conclusion 

The current chapter encompasses advanced nanomaterial GO along with Tc18 

GNP-A nanoconjugates to form nanohybrid GO@GNP-A. GO was synthesized by 

improved hummer’s technique and was characterized by SEM and TEM for its 

morphological properties accompanied by UV-spectroscopy and FTIR for optical 

properties conferring to presence of functional groups. Moreover, Tc18 aptamer 

bearing GNP-A nanoconjugates were characterized separately as mentioned in 

previous chapter 4 and 5 describing dot-blot assay and colorimetric assay 

respectively.  

GO was surface anchored to aptamer nanoconjugates (GNP-A) via π-π interactions 

between DNA and GO functional groups for specific TnI capturing. The 
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electrochemical assessment of fabricated aptasensor was achieved by CV and 

chronoamperometry that displayed step by step increase in current with each 

nanomaterial being fabricated on SPE as: GO to GO@GNP to GO@GNP-A to 

GO@GNP-A@TnI. The stable, robust and reproducible output generation for as low 

as 0.001pg/ml or 1fg/ml TnI targeting was achieved by using SWV technique with 

ultralow detection limit of 0.001fg/ml. The obtained consecutive increase in charge 

transfer current signal can be correlated with CD signatures of TnI induced 

structural-rearrangement of aptamer as discussed in chapter 3. The aptamer 

consecutively opens/unfolds its secondary structure to bind increasing 

concentration of TnI. We can speculate that aptamer here acts as a nanowire 

that has contributed to increasing current signal. The designed aptasensor is 

specific abolishing any non-specific binding with other cardiac biomarkers. Its 

promising performance to detect TnI in AMI clinical samples even avoids 

interference from components of serum matrix with repeatable reproducibility. In this 

regard, the proposed GO@GNP-A nanohybrid based label-free electrochemical 

aptasensing offers dynamic applicability in point-of-care surveillance and regular 

periodic monitoring of TnI for rapid and early AMI diagnostics in hospitals. 
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Summary 

The first chapter covers the basic literature one should be aware of regarding the 

cardiovascular diseases and importance of biochemical markers for diagnosing AMI. 

It also comprises details regarding relevance of TnI as biomarker of choice for cardiac 

disorders of acute coronary syndrome along with particulars of its mechanism of 

release and degradation in the bloodstream. Moreover, an elementary introduction to 

SELEX and aptamer generation have been given with maximum focus drawn on 

aptamers to be used as potential biorecognition elements compared to conventional 

antibodies. The current state-of-art comprising antibodies based market for TnI 

detection consists of Abott iSTAT microfabricated device. It gives quantitative 

detection of TnI but is extremely costly and is not accessible to common man. 

Although, various AMI diagnostics strategies are available to detect TnI but the 

absence of a quantitative test that is rapid and at the same time cost effective is the 

current need in medical settings. All this literature review was studied to build 

knowledge on already available techniques for biosensing further bridging the gap to 

design novel methodologies of TnI detection on a view to improvise available 

detection limits of rapid, sensitive and early diagnosis. 

As the cost associated with natural human heart TnI was extremely high, hence the 

second chapter investigates the heterologous gene expression of human TnI was 

achieved in E. coli bacterial system with several modifications applied to previously 

described protocols for achieving high protein yield. Recombinant TnI was expressed 

in soluble fraction and on-column urea refolding protocol was adopted for Ni-NTA 

based Immobilized Metal Affinity Chromatography (IMAC) purification. A yield of 

approx. 1-2 mg/ml TnI was obtained that was measured using nanodrop from 500 µl 

of bacterial culture. Various characterizations were performed based on SDS-PAGE 

displaying single band near 28 kDa (Fig. 2.3) and MALDI-TOF analysis showing 

100% intensity peak of 28.5 kDa for its purity (Fig. 2.4). Moreover, secondary 

structural identification was performed using biophysical technique of CD 

spectroscopy that deduced α-helix feature of recombinant TnI with a negative peak at 

208 nm coinciding with commercial human heart TnI (Fig.2.5). This was further 

supported with 3-D structure of TnI deduced by I-TASSER tool due to unavailability 
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of its PDB structure in repository that predicted a filamentous structure containing 4 

α-helices (Fig.2.6). Additionally, a biochemical assay of indirect microtiter ELISA 

with commercial Mab supported binding ability of recombinant TnI which was used 

for further aptamer binding studies.  

Consequently, four aptamers (Tn13.2a, Tn24.1 for N-terminal and Tc18, Tc35p for C-

terminal) were selected; two each from both the peripheral peptide targets of TnI 

(Fig.2.10). It was found via indirect binding ELISA that only C-terminal peptide 

specific aptamers firmly bind with recombinant TnI protein in Fig.2.11, so we 

propagated our studies with Tc18 and Tc35p. Both the aptamers were monomeric in 

nature displaying an intense band of Tc18 near 55 bp and an accelerated migration of 

Tc35p near 50 bp as observed by gel electrophoresis (Fig.2.12). The binding strength 

of aptamers towards TnI protein was quantified by biophysical biomolecular 

interaction technique of BLI. The method deduced binding in terms of dissociation 

constant (KD) via global fitting of association and dissociation curves as 1.06x10
-9 

M 

for Tc18 and 1.84x10
-7

 M for Tc35p (Fig.2.13). Besides, secondary structural folding 

of both aptamers as determined by CD spectroscopy demonstrated B-form of DNA 

helix with a negative peak at around 245 nm and a positive peak at around 280 nm 

relating to poly[d(AT)] configuration (Fig.2.14). Secondary structure analysis was 

performed with Mfold that revealed Tc18 attaining hairpin loop and Tc35p as an 

extended stem-loop configuration (Fig.2.15). While tertiary structures of aptamers 

were predicted using webserver RNA Composer (Fig.2.16). 

Although aptamers were shown to bind recombinant TnI nevertheless there were 

many aspects to acknowledge for gaining profound insights of interaction pattern for 

aptamers. Hence, in chapter three, interaction studies of Tc18 and Tc35p aptamers 

were performed as a function of varying amount of recombinant TnI. To this context, 

various biochemical and biophysical experimentations were performed further 

corroborated with in silico docking studies. Preliminary, sandwich ELISA was 

performed to identify the binding efficacy of both aptamers as match-pair candidates 

in combination with commercial Mab, which described that Tc18 surpassed Tc35p in 

detecting 0.1 ng/ml TnI (Fig.3.2). In support to this, binding kinetics using BLI 

displayed dissociation constant for Tc18 (2 x 10
-9

) and Tc35p (3.5 x 10
-8

) for varying 

TnI dilutions (Fig.3.3). Alongside, the conformational transition based CD studies 

revealed rearrangement of Tc18 and Tc35p secondary structures by interacting with 



Summary  

142 

increasing concentration of TnI envisaging a strong concept of TnI induced structural-

switching of aptamers (Fig.3.5). The results from both BLI and CD can be conferred 

to large hair-pin loop like structure of Tc18 enabling better interaction with TnI as 

compared to Tc35p. Apart from studying interaction of aptamers with TnI, the 

property of forming in-solution complex was inspected by non-radioactive 

electrophoretic mobility shift assay (EMSA)-a DNA-protein interaction technique, 

size exclusion chromatography (SEC) and analytical ultracentrifugation (AUC). 

Agarose gel based EMSA displayed decrement in aptamer band intensity with 

increasing TnI as they get involved in complex formation showing restricted mobility 

(Fig.3.8). Additionally, velocity experiments of AUC resulted in increased 

sedimentation coefficients corresponding to settling of Tc18-TnI and Tc35p-TnI 

complexes due to bulky behavior as compared to individual aptamers taken as 

controls (Fig.3.9). Moreover, SEC purification also eluted the aptamer-TnI complex 

prior to elution of TnI taken as control (Fig.3.10). All these results deciphered stable 

complex formation that can be exploited for targeting ultralow concentration of TnI in 

compound serum samples and real clinical samples. Consequently, the precise 

understanding of biomolecular interaction of aptamer-TnI were supported with 

docking studies performed using HDOCK-a DNA-protein docking tool (Fig.3.12). 

Subsequently, first highest scoring model out of ten predicted models was analyzed to 

identify interacting residues via PDBsum-an EMBL-EBI server. Generally, aptamer-

target binding can result due to spatial adjustment, electrostatic interactions, hydrogen 

bonding, van der waals forces, aromatic group interactions, etc. Only hydrogen 

bonding was prioritized to study the binding partners residues within 4Å distance 

range using visualization software PyMOL to which Tc18-TnI (C43-Asp190, A42-

Trp191, T33-Trp191) (Fig.3.13) and Tc35p-TnI (G8-Asp196, C37-P-C38-Leu198, 

A22-Asn194) (Fig.3.14) were predicted. 

So far in in chapters 2 and 3, we have achieved the expression and purification of 

cardiac biomarker TnI and determined its stable interaction with DNA aptamers 

specific to its terminal peptide fragments by various biochemical and biophysical 

techniques. Moreover, the binding efficacies of both aptamers towards TnI have 

also been displayed in complex serum matrix. On the basis of aforementioned 

accomplishments, we navigated our research towards developing various TnI 

detection platforms for early diagnosis of AMI.  
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The chapter 4 encompasses the preliminary biosensing platform of immunodiagnostic 

assays as sandwich microtiter ELISA and dip-stick based dot-blot assays for TnI 

detection. Two configurations of sandwich ELISA were designed with PolyAb as 

counterpart forming match-pair with aptamer. First version comprised capturing of 

biotinylated aptamers using avidin-biotin linkage (Fig.4.2) and second version 

comprises of aptamers to be used as target bioreceptors (Fig.4.3). Both the aptamers 

detected 0.2 ng/ml TnI as capture bioprobes even in spiked serum samples. While only 

Tc18 aptamer displayed affinity for TnI as target probe with 0.2 ng/ml sensitivity 

Standard curves were plotted for serum spiking studies to quantitate unknown 

concentration of TnI. Simultaneously, a peptide was studied from literature to bind TnI 

as a bioreceptor reported by Banta et al. In order to avoid the use of antibodies for 

developing biosensing platforms, a sandwich microtiter assay employing the novel 

match-pair of aptamer-peptide was performed that detected 0.4 ng/ml of TnI (Fig.4.4). 

This unique combination of stable and easily reproducible bioreceptors further suggests 

its applicability in designing advanced TnI diagnostic platforms.  

The target recognizing ability of both the aptamers was validated to detect TnI in 

clinical samples of AMI patients which were procured from PGIMER, Chandigarh 

under collaborative project. Tc18 and Tc35p aptamers were immobilized via avidin-

biotin linkage as capture bioprobes to perform sandwich ELISA in combination with 

PolyAb.  Both the aptamers detected TnI content in clinical samples with Tc18 

aptamer displaying positive predictive value (PPV)=100% and negative predictive 

value (NPV)=86.95% and Tc35p aptamer depicting  PPV=98% and NPV=95% 

(Fig.4.5). Consequently, complying with the in vitro studies of chapter 3, Tc18 due to 

its structural hair-pin loop folding was found to be more sensitive and specific than 

Tc35p for detecting TnI in clinical samples. A cohort study for 40 positive and 20 

negative samples was performed along with the interference studies from possible 

biomarker proteins that may be abundant in human sera was examined.   

Another aspect of study was to examine the Tc18 aptamer as a nanobioprobe that 

could provide visible naked-eye detection of TnI. In view of this, dot-blot 

immunoassays were implemented subsequently expanding binding affinity of Tc18 

aptamer for TnI. This reduced the time duration of ELISA making the diagnosis cost-
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effective without requiring any labeled enzymes. The signal was further intensified 

with silver-enhancement solution that enlarges the colloidal gold nanoconjugates by 

precipitating silver to produce high-contrast visible signals as dots. GNP-A were 

synthesized by functionalizing an optimized concentration of thiolated Tc18 aptamer 

onto gold nanoparticles (GNPs) using gold-thiol covalent linkage which was 

characterized by UV-spectroscopy, electron microscopy, Dynamic Light Scattering 

(DLS) and gel electrophoresis (Fig.4.8). The assay resulted in appearance of different 

intensity of spots corresponding to TnI concentration after silver enhancement of 

GNP-A (Fig.4.9). The dot-blot assay was specific for TnI even spiked in serum upto 1 

pg/ml without any interference from other cardiac biomarkers such as Myoglobin, 

BNP (Brain Natriuretic Peptide) and NT-Pro-BNP (N-terminal Pro-BNP). Image J 

software was employed for quantification of spots that calculated the individual spot 

density to plot linear calibration curves.  

Moreover, the ability of Tc18 aptamer nanobioprobe to effectively detect TnI in dot-

blot suggested its applicability to design a test card assay that would produce results 

rapidly. To this context, a lateral-flow immunoassay was designed where Tc18 

aptamer conjugated GNPs were used as signaling molecule. A red color line was 

observed when TnI was added to the strips with sensitivity of 0.1 ng/ml (Fig.4.10).  

We wanted to design aptamer-aptamer based assays eliminating the utility of 

antibodies due to their bulky nature and batch-to-batch variation. But the limitation of 

similar negative charge based repulsion of aptamers did not provide any successful 

leads. Therefore, as we discussed in chapter 4 about the aptamer-peptide match-pair 

sandwich ELISA, we reciprocated the respective assay into a colloidal platform. 

Hence, chapter 5 proposes a site-directed GNP sandwich aggregation assay enabling 

rapid naked-eye detection of TnI. The docking analysis in chapter 2 revealed 

structural binding interface of Tc18 aptamer at C-terminal peptide whereas peptide 

interacts with a fragment located distantly on TnI. These discrete binding regions for 

both bioreceptors laid the foundation for developing a nano-sandwich assay that does 

not require any external agent to cause aggregation (Fig.5.1). The nanoconjugates for 

both bioreceptors-GNP-A (aptamer conjugated gold nanoparticles) and GNP-P 

(peptide conjugated gold nanoparticles) were synthesized using gold-thiol linkage by 

optimizing maximum graft density. Various characterization methods such as UV-
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spectroscopy, TEM, DLS, zeta-potential and agarose gel electrophoresis further 

corroborated the formation of stable nanoconjugates (Fig.5.4 and 5.5). Biophysical 

analysis via CD spectroscopy and BLI was also performed to study TnI binding of 

gold nanoconjugates (Fig.5.6). Most importantly, individual GNP-A and GNP-P 

nanoconjugates did not induce aggregation. This in turn strengthened the foundation 

of colorimetric nano-sandwich assay involving cooperative effect of GNP-A and 

GNP-P to varying TnI dilutions from 0.1-500 ng/ml. Both nanobioprobes interact 

with TnI at distinct regions causing a visible color change from cherry red to wine red 

and further purple to blue. This naked-eye color change induces a considerable 

spectral shift corresponding to TnI concentration depicting a decline at λ520 of surface 

plasmon for GNPs with highly intense broadening of peak at λ620 (Fig.5.8). The 

essential feature of the demonstrated colorimetric assay is distinguished from Chad 

Mirkin’s conventional salt based aggregation phenomenon in an aspect of being 

aggregator-free. The specificity of the aggregation assay was determined towards TnI 

as examined by incorporating other cardiac biomarkers (Fig.5.8). Furthermore, both 

gold nanobioprobes detected and induced aggregation in serum spiked with natural 

TnI causing a visible color change (Fig.5.8). For quantification of aggregation in 

unknown samples, absorbance ratio of A620nm/A520nm was calculated to plot a standard 

calibration curve. The practical applicability of colorimetric assay was validated with 

ten AMI clinical samples along with ten negative samples. The instant visible color 

change was observed in positive samples as compared to negative samples. Adding 

more to verify the proposed assay, commercial TnI ELISA kit was incorporated to 

analyze the same samples. It was observed that results of colloidal assay for nine 

samples correlated with commercial ELISA. The specificity of nano-sandwich 

colorimetric assay is 100% as compared to commercial ELISA, whereas the assay 

was 90% sensitive (Fig.5.9). Therefore, the discussed TnI detection nano-sandwich 

colorimetric strategy illustrates a rapid and cost-effective GNP nanobiosensor without 

any involvement of external aggregator.  

Subsequently, we were approached by our collaborators at CSIR-CEERI, Pilani, 

Rajasthan to examine the efficiency of their microfabricated devices by using Tc18 

aptamer synthesized by our lab at CSIR-IMTECH. They developed gold 

electrodes/chips of 1mm working area by using photolithography technique. 

Moreover, a highly sensitive and robust polysilicon Field Effect Transistor (SiFET) 
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device integrated with a thin film of gold layer as gate terminal was also developed 

using standard microfabrication process. The functionality of both devices was 

characterized by electrochemical aptasensing of TnI through biofunctionalization of 

Tc18 aptamer as detection probe. Thiol-gold interaction was exploited for formation 

of self-assembled monolayer (SAM) of Tc18 aptamer onto gold surface with surface 

characterization performed at each step. Contact angle measurements, Raman 

spectroscopy and AFM were performed after cleaning, aptamer SAM formation and 

TnI sensing (Fig.6.2, 6.3 and 6.4). The electrochemical characterization of gold 

electrode for each step of functionalization was performed via Cyclic Voltammetry 

(CV) and Electrochemical Impedance Spectroscopy (EIS). Following that, 

electrochemical aptasensing of varying concentration of TnI from 0.1-1000 pg/ml was 

performed with Square Wave Voltammetry (SWV) on gold devices (Fig.6.6). An 

increase in current signal of oxidative peak current in SWV was obtained 

corresponding to increasing concentration of TnI. On the other hand, a FET device 

was fabricated and developed on silicon consisting of gate terminal coated with gold 

(Fig.6.7).  The gate terminal was biofunctionalized with thiolated Tc18 and I-V 

measurements were taken with slope calculated for I-V data of all 9 wires for applied 

gate voltage (Fig.6.9). For FET device, any change in TnI concentration from 0.1-

1000 ng/ml altered the accumulated charge on gate terminal resulting in the drain-

source current modulation (Fig.6.10). Consequently, an illustrative work of FET 

device was achieved measuring ng/ml of TnI due to some technical limitations.  

As the last chapter provided some insights regarding electrochemical sensing of TnI, 

the next purpose was to enhance the sensitivity of the assay. In this regard, another 

electrochemical aptasensing platform was explored by using advanced nanomaterials 

for ultra-sensitive detection of TnI. Therefore, chapter 7 describes a nanohybrid of 

graphene oxide (GO) and gold nanoparticles (GNP) for exploiting the synergistic 

physicochemical properties of both nanocomposites (Fig.7.1). Tc18 as GNP-A gold 

nanoconjugates were synthesized and characterized as mentioned in chapter 4 and 5. 

On the other hand, GO was synthesized by Improved Hummer’s method which is 

better than conventional methods to generate regular-structured hydrophilic oxidized 

graphene material in higher amount without generating toxic gas. The GO@GNP-A 

nanohybrid was made by utilizing π–π stacking interactions of hexagonal rings of GO 

interacting with nucleoside DNA bases. GO and its corresponding nanohybrid was 
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examined for morphological properties using electron microscopy (SEM/TEM) 

(Fig.7.3) and optical properties via UV-spectroscopy along with fourier-transform 

infrared spectroscopy (FTIR) displaying IR peaks corresponding to functional groups 

of GO and nanohybrid (Fig.7.4). The fabricated nanohybrid aptasensor was 

dropcasted onto screen printed electrode (SPE) and CV and chronoamperometry 

techniques were performed for electrochemical characterization. An increased current 

signals at each step of nanohybrid synthesis from GO to GO@GNP complex followed 

by GO@GNP-A nanohybrid was observed using redox couple [Fe(CN)6]
3−/4−

 which 

further increased with GO@GNP-A@TnI (Fig.7.5). After all the optimizations, TnI 

aptasensing was performed in an ultralow range from 0.001-1000 pg/ml using SWV 

technique (Fig.7.6). A consecutive increase in the oxidative peak current 

corresponding to TnI concentration was obtained. This increase in current is 

corroborated to conformational rearrangement of aptamer upon TnI binding as 

characterized by CD studies in chapter 3. Adding more to what has been mentioned, it 

was suggested that phosphate backbone of DNA aptamer acts as a nanowire for 

causing charge transfer phenomenon corresponding to increasing concentration of 

TnI. The analytical performance of GO@GNP-A aptasensor was determined in serum 

spiking studies as well and a calibration curve was plotted. A detection limit of 0.0001 

fg/ml was calculated and it was observed that electrochemical performance of 

nanohybrid aptasensor abolished any background effect from other non-specific 

cardiac biomarkers (Fig.7.7). The fabricated aptasensor was verified for its efficacy 

by analyzing AMI clinical samples to detect TnI. Five positive and negative samples 

were validated by GO@GNP-A based aptasensor to record SWV scans which resulted 

in increased oxidative peak current values of positive samples as compared to 

negative samples (Fig.7.10).  

As of now, the last four chapters compile the biosensing platforms for sensitive 

detection of cardiac TnI. We have demonstrated four different TnI detection 

strategies by overcoming the limitations of our own former methods and enhancing 

the sensitivity for the latter and advanced platforms. The ability of both the 

aptamers to recognize TnI from clinical specimens further defines their potency as 

promising bioreceptor candidates to develop cost-effective, sensitive and portable 

point-of-care testing hand-held devices detecting TnI in myocardial infarction 

patients.  
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Future perspectives of the study 

The present investigation can be explored in various aspects to augment the utility of 

aptamers synthesized in the discussed work for real-time practical biosensing 

applications. For the first time, this novel technique of generating aptamers against 

apical peptide fragments of biomarker TnI enables capturing of target from its C-

terminal tail even when it gets degraded in bloodstream. This led us to discover other 

bioreceptor moieties that can bind TnI at other distant region facilitating sensitive 

detection using match-pair. The recently described combination of aptamer and 

peptide discussed in present work unfolds novel TnI detection platform, as 

colorimetric assay mentioned in chapter 5. Hence these target specific aptamers can 

be utilized as high affinity substitutes of conventional antibodies based 

immunodiagnostic assays such as ELISA/dot-blots/lateral-flow assay. Moreover, the 

reproducibility of synthesis process avoiding batch-to batch variation of aptamer 

generation can provide cost-effective and sensitive alternatives for monoclonal 

antibodies based current digital cardiac biomarkers detection devices such as Quidel 

triage or Abott i-STAT. These aptamers can further be integrated to fabricate hand-

held optical or electrochemical multimeric devices implementing simultaneous rapid 

detection of multiple biomarkers. Moreover, applicability of aptamer based rapid TnI 

lateral-flow test can be a cost-effective self-care approach to avoid delayed diagnosis 

that sometimes lead to heart attack. 

A detailed study regarding the conformational isomerization upon target binding can 

be further investigated to study the mechanisms involved to acquire deep insights into 

aptamer-target interaction. Furthermore, the unique property of structural 

rearrangement can be integrated with other fluorescent probes to develop advanced 

nano-enabled naked-eye detection platforms. These high affinity DNA binders can be 

commercialized for their applicability in separating and purifying human heart TnI 

protein from bulk serum samples. The aptamer based colorimetric platform 

incorporating nano-sandwich assay can be incorporated as a rapid diagnostic for 

visible signal readout with only small amount of serum sample. The developed 

lateral-flow test cards are better prospective as a cost-effective solution and rapid 

diagnosis of AMI. While, the electrochemical aptasensing platforms can be extended 

to fabricate a handheld portable device for detecting TnI providing instant digital 

response as point-of-care devices in hospitals. 
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Buffers and Stocks 

IPTG Stock solution 

 1 M IPTG Stock solution 2.38g IPTG and DI water. 

 

Kanamycin stock solution 

 Kanamycin stock solution 0.5g Kanamycin monosulfate and DI 

water. 

Protein purification buffers 

Binding buffer (200ml) 
 
 
 
 
Wash buffer I (200ml) 
 
 
 
 
Wash buffer II (200ml) 
 
 
 
 
Wash buffer III (200ml) 
 
 
 
 
Wash buffer IV (200ml) 
 
 
 
 
Elution buffer (200ml) 
 
 
 
 

Dialysis buffer I (1000ml) 
 
 
 
Dialysis buffer II (1000ml) 
 
 

20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol,0.01% 
Tween 20 , 8M urea and 5 mM Imidazole. 
 
  
20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol,0.01% 
Tween 20 , 6 M urea and 15  mM 
Imidazole. 
 
 

20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol, 0.01% 
Tween 20 , 4 M urea and 15  mM 
Imidazole. 
 

20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol, 0.01% 
Tween 20 , 2 M urea and 15  mM 
Imidazole. 
 
 

20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol, 0.01% 
Tween 20 and 15  mM Imidazole. 
 
 
20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol, 0.01% 
Tween 20 and 300  mM Imidazole. 
 

 
20 mM Tris pH-8, 500 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol and 
0.01% Tween 20. 
 
20 mM Tris pH-8, 300 mM NaCl, 0.5 mM 
β-mercaptoethanol, 3% glycerol and 
0.01% Tween 20. 

 



SDS-PAGE buffer 

30% acrylamide-bisacrylamide solution 

(100ml)  

 

Tris-HCl, pH 6.8, 0.5M (100ml) 

 

 

Tris-HCl, pH 8.8, 1.5M (100ml) 

 

 

Gel running buffer (10X) 

 

 

SDS gel loading buffer (2X) 

 

 

 

Staining solution (Coomassie brilliant  

blue staining) (100ml) 

 

 

 

Destaining solution (1000ml) 

29.2g Acrylamide, 0.8g Bisacrylamide. 

 

 

6.06g Tris base, pH adjusted to 6.8 with 

2N HCl.  

 

18.18g of Tris base, pH adjusted to 8.8 

with 2N HCl.  

 

30.0g of Tris base, 144.0g of glycine and 

10.0g of SDS in 1000ml of water. 
 

100mM Tris/HCl (pH 6.8), 4% (w/v) 

SDS, 0.2% (w/v) Bromophenol blue, 20% 

(v/v) glycerol, 200mM DTT or β-

mercaptoethanol 
 

10ml Orthophosphoric acid, 10 g w/v 

ammonium sulphate, 0.12 g w/v CBB 

G250, 20ml methanol and 70 ml water. 

 
 

HPLC grade water, 50% (v/v) methanol 

and 10% (v/v) acetic acid. 

 

Agarose gel electrophoresis 

Tris Borate EDTA (TBE) (10X) 1 Litre 

 

 

TAE buffer (50X) 

Tris 108g, Boric acid 55g, 0.5M EDTA 

40ml (pH-8). 

 

50mM EDTA disodium salt, 2M Tris and 

1M Glacial acetic acid. 

 

Phosphate buffer saline (PBS) pH-7.4 

Phosphate Buffer Saline (PBS) pH-7.4 

1 Liter 

1.37 M NaCl, 27 mM KCl, 100 mM 

Na2HPO4, and 18 mM KH2PO4. 

 

Phosphate buffer pH-7.4 

Phosphate buffer (0.1M) pH-7.4  

1 Liter 

Sodium dihydrogen phosphate (NaH2PO4) 

2.7g and Disodium hydrogen phosphate 

(Na2HPO4)10.9g. 



Western Blot buffer 

Transfer buffer  

 

Block buffer 

25mM Tris, 192 mM Glycine, 20% 

methanol. 
 

5% skim milk in 1x PBS pH-7.4 

Wash buffer 1x PBST (0.1% Tween 20) 

 

EMSA buffer  

EMSA binding buffer 

 

50 mM Tris pH 8, 50 mM NaCl, 200 mM 

KCl, 5 mM MgCl2, 5 mM EDTA, 5 mM 

DTT, 5% glycerol, 0.25 mg/ml BSA. 

 

ELISA coating buffer 

Sodium carbonate/bicarbonate buffer 

(0.1M) pH-9.6, 1 Litre 

Sodium carbonate (Na2CO3) 3.03g and 

Sodium bicarbonate (NaHCO3) 6g. 

 

TE buffer 

Tris EDTA buffer                         40 mM Tris HCl pH 8, 0.02% Tween 20 

and 10 mM EDTA and 50 mM DTT 
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