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Abstract 

 

The current investigation is centered on the development of specific aptamers against human heart 

type fatty acid binding protein (FABP3), a novel early marker for detection of acute myocardial 

infarction (AMI). It also encompasses the detection of FABP3 using the developed aptamers on a 

specially designed paper based microfluidic device (µPAD). For generating specific aptamers for 

FABP3, recombinant FABP3 was selected as the target while recombinant FABP1, FABP4 and 

FABP7 were chosen as controls. The coding sequences of all the four proteins were separately sub 

cloned into the pGEX-4T2 expression vector and transformed into BL21 (DE3) cells. Recombinant 

FABP3, FABP1 and FABP4 expression was induced at an IPTG concentration of 100 µM for 12 

hrs at 37 oC, while expression of FABP7 was accomplished at an IPTG concentration of 50 µM 

for 12 hrs at 30 oC. The recombinant proteins were purified using glutathione agarose affinity 

chromatography and confirmed by SDS-PAGE and Western blots. All the recombinant proteins 

retained their correct secondary structures suggested by their CD spectra which were dominated 

by β-sheets. Systematic Evolution of Ligands by Exponential Enrichment (SELEX) was employed 

to generate aptamers against FABP3. A total of 20 SELEX cycles were performed, out of which 8 

were counter SELEX cycles incorporating the control proteins. The enriched pool was cloned into 

TA vectors and the positive clones were selected on the basis of blue-white screening and 

restriction enzyme digestion. Sequencing and alignment studies of 50 positive clones revealed 

seven sequences were enriched at levels more than the others.  EMSA and CD studies in the 

presence of FABP3 and the control proteins were conducted to study the specificity of the enriched 

sequences. Out of the seven aptamers, two aptamers (N13 and N53) were found to bind FABP3 
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specifically with dissociation constants (Kd) 0.0743 ± 0.0142 µM and 0.3337 ± 0.1485 µM, 

respectively. Both the aptamers shared a stem loop structure as predicted by Mfold which was 

confirmed through CD studies. Aptamer stability studies were performed to evaluate its behavior 

at different pH, temperature and ionic strength. Both the aptamers were stable at high salt 

concentrations in the settings of the binding buffer. Additionally at neutral and slightly alkaline 

pH, the aptamers were stable, however at acidic and highly alkaline conditions, the CD spectra of 

the aptamers deviated from the normal. Both the aptamers were thermally stable with melting 

temperatures of 60.7 ± 0.9 oC and 53 ± 8.0 oC for N13 and N53, respectively. Furthermore, singular 

value decomposition (SVD) analysis of 3D melting curves indicated that both the aptamers exist 

in a simple two state form without the formation of higher ordered structures. The evolved 

aptamers though showed comparable specificity towards the target, a significant sequence 

variation between them and their different binding affinity to the target prompted to explore the 

distribution pattern of diverse chemical forces involved in these interactions to corroborate the 

bindings. Considering the large sizes of the aptamers, limited proteolysis of the aptamer-protein 

complex was performed to map the amino acids involved in binding, which was then used to screen 

docked structures. The N13 aptamer led interaction with stronger affinity, involving more salt 

bridges (three) and fewer hydrogen bonds (two), whereas N53 had less number of salt bridges 

(two) with higher number of hydrogen (eight) and hydrophobic interactions. It is suggested that 

the greater footprint of N53 incited synergistic conformational changes in N53 and FABP3 leading 

to decrease in binding affinity during the recognition.  

 To utilize the aptamers so developed as a bio recognition element on a µPAD for FABP3 

detection, we designed a microfluidic platform using a modified negative photolithography 

technique. The modified technique allowed the partial polymerization of photoresist on the rear of 
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the device, which acts a leak proof layer. The presence of the partial photoresist layer was 

confirmed through AFM, FESEM and normal imaging under a microscope. This modification 

reduces the cost of laminating both sides of the device thereby reducing the overall device cost to 

$ 0.048 (as on Dec. 2014). The partial layer of photoresist on the device channel limits sample 

volume to 7 ± 0.2 µl as compared to devices without the partial photoresist layer which requires a 

larger sample volume of 10 ± 0.1 µl. The partially laminated device was then coupled with an 

externally fabricated test zone that allowed controlled loading of reagents as well as modification 

steps for incorporating reagents covalently without any spillage to the other zones of the device. 

In the coupled device the wicking speed was reduced to 1.8 ± 0.9 mm/min compared to the 

completely laminated device with an inbuilt test zone (3.3 ± 1.2 mm/min), thus extending the 

reaction time between the analyte and the reagents in the test zone. The efficacy of the prepared 

device was studied with colorimetric assays for the non-specific detection of protein by 

tetrabromophenol blue, acid/base with phenolphthalein indicator, and specific detection of proteins 

using the HRP-DAB chemistry. Finally, for the detection of FABP3 on the developed µPAD, using 

the aptamers generated, the principle of salt induced aggregation of gold nanoparticles was 

exploited. The detection served as a Yes/No format for FABP3 presence with a minimum detection 

limit of 54 ng/ml.    
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Introduction 

 

Cardiovascular diseases are the single greatest cause of adult mortality globally, constituting about 

31% of all global deaths (WHO report, 2012). Lifestyles, lack of early detection systems, high 

incidences of misdiagnosis and lack of clearly defined risk assessment criteria contribute to this 

problem equally. Though many advances have been made in the early detection, prevention and 

treatment of these conditions, they still persist as the leading cause of death worldwide with reports 

indicating an increase in mortality each passing year. Detection of cardiovascular diseases has thus 

emerged as not only a social and clinical issue but also as an economic one.  Early stratification of 

patients with high risk of acute myocardial infarction is of immense importance as it can help in 

reducing costs by screening the hospital admission process and by streamlining resources to those 

that are specifically at risk. The current diagnostic methods being routinely used includes 

electrocardiography, chest X-ray, echocardiography, cardiac catheterization, CT heart scan and 

blood tests for detection of cardiac biomarkers. Among the cardiac biomarkers, troponins, creatine 

kinase MB and myoglobin are established markers. However, these biomarkers are moderately 

successful in the emergency department owing to different drawbacks. For example, troponins are 

late markers appearing in the bloodstream only after 12 hrs of symptom onset, while creatine 

kinase-MB and myoglobin are not totally cardiospecific. Among the novel early markers being 

investigated, heart type fatty acid binding protein (FABP3) finds importance as a potential  
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candidate. It is a small cytoplasmic protein which is 20 times more specific to heart muscle than 

myoglobin and 10 fold lower in the skeletal muscle. It is rapidly released into the bloodstream 

following myocardial damage, appearing as early as 90 mins and peaks within 6 hrs. These 

parameters of kinetic release make it an ideal candidate for assessment and exclusion of acute 

myocardial infarction and also for measurement of recurrent infarctions (Kakoti et al., 2013). The 

studies by Okamoto et al have demonstrated the superior sensitivity and specificity of FABP3 over 

myoglobin for clinical detection of acute myocardial infarction within 12 hr of symptom onset. 

Similarly, the prognostic utility of FABP3 has also been highlighted by several other studies. 

Detection of FABP3 in clinical settings are mainly performed by immunoassays incorporating both 

monoclonal as well as polyclonal antibodies (Pelsers et al., 1999; Wodzig et al., 1997a, 1997b). 

Various modifications of the standard assay have since been reported with reduced assay time and 

increased sensitivity (Tanaka et al., 1991, Ohkaru et al., 1995). However, long total assay time, 

requirement for dilution of sample prior to use, need for a skilled technician and elaborate testing 

and detection with sophisticated instruments contribute to its limitations. The field of bioanalytical 

detection of FABP3 has seen the development of various types of biosensors (Siegmann-Thoss et 

al., 1996, Schreiber et al., 1997, Kroger et al., 1998, Gallardo et al., 2002, O’Regan et al., 2002). 

Biosensors mainly involve a biorecognition element in conjunction with a transducer, which 

converts the biological signal into a quantifiable electronic one. Similarly different point of care 

(POC) assays have been developed to meet the criteria of fast and low cost detection (Ren et al., 

2012, Mion et al., 2007, Wang et al., 2009a,b,c,). However, the immunotests as well as the 

biosensors developed so far are still at the higher end of cost which makes them moderately  
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successful in remote areas. Furthermore, all the detection mechanisms are based on the use of 

antibodies as the biorecognition element, which suffer from various drawbacks like thermal 

instability, laborious and limited methods for chemical modification, batch to batch variations and 

high production cost. 

 According to the World Health Organization, one third of the deaths due to cardiovascular 

diseases occur in the low and middle income countries. Therefore, for affordable early detection 

of the disease, low cost sensing platforms are a prerequisite for detection and management of the 

disease. In this regard, use of alternate biorecognition elements like aptamers have found great 

importance for various advantages over antibodies. Nucleic acid aptamers are single stranded DNA 

or RNA sequences that can bind to their target with the same or enhanced specificity and affinity 

of antibodies (Ellington et al., 1990, Tuerk et al., 1990). Additionally, nucleic acid aptamers have 

the following advantages: thermal stability, low cost production, rapid mass scale synthesis and 

chemical modification capability (Radom et al., 2013). Another development in the field of low 

cost detection has been the incorporation of paper based microfluidic systems for lab on a chip 

detection (Martinez et al., 2010). These systems offer the benefit of rapid analysis, less expensive, 

multiplexing potential, small sample volume and little or no external equipment or power. 

However, in the context of detection of FABP3, no such strategy has been developed so far. 

Considering the importance of affordable detection of cardiovascular diseases at an early 

stage, the present investigation aims to develop an alternative biorecognition element for the 

biomarker FABP3 in the form of a specific DNA aptamer. This study also intends to characterize 

the aptamers developed and elucidate the interaction between the aptamer and the target. Another,  
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proposed objective is the development of a suitable paper based microfluidic device for detection 

of FABP3. 

Based on the proposed plan, the thesis has been divided into five chapters. At the end a 

brief section entitled “Conclusion and future scope of research” is also included to apprise the 

readers on the major findings of the current work and the important gaps that need to be bridged 

to attain a low cost commercially viable sensing platform. 

Chapter 1: Literature review 

The objective of this chapter is to summarize the current status and progress in the area of detection 

of FABP3. The chapter highlights the importance of FABP3 as a biomarker for cardiovascular 

diseases and discusses in detail the various immunosensors and immunotests developed for FABP3 

detection. Special emphasis has been given on discussing technical importance, performance, 

benefits and limitations of different types of detection mechanisms. This section also discusses the 

potential of aptamers as an alternative biorecognition element and methods for studying its 

interaction with targets. Finally, a background on the development of paper based microfluidic 

devices have been incorporated. 

Chapter 2: Cloning, expression and purification of FABP3, FABP1, FABP4 and FABP7 

In this chapter, cloning of the coding sequence, expression and purification of recombinant 

FABP3, FABP1, FABP4 and FABP7 have been described. Analysis of the integrity of the  
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recombinant proteins was also studied through Western blot and Circular Dichroism (CD). 

Chapter 3: Development of aptamer specific for human FABP3 and its characterization 

This chapter entails the generation of DNA aptamers specific for FABP3 through Systematic 

Evolution of Ligands by Exponential enrichment. Characterization of the selected aptamers were 

performed using electrophoretic mobility shift assays and CD studies. The dissociation constants 

were determined though CD studies, while structure predictions were done using Mfold, CD 

studies, multidimensional melting studies and Singular value deposition analysis. Stability of the 

aptamers were also studied at different temperature, pH and ionic strengths. 

Chapter 4: Aptamer-FABP3 interaction studies 

Studies in this chapter involve the elucidation of DNA aptamer target interaction using a 

combinatorial approach. Mass spectrometry, CD spectroscopy and molecular docking studies were 

carried out to predict the possible interactions and residues involved in maintaining aptamer-

protein synergy. 

Chapter 5: Development of a paper-based microfluidic platform for detection of FABP3 

This chapter discusses the designing and fabrication of a paper based microfluidic device using a 

modified photolithography technique. Characterization of the constructed device was performed 

using Atomic Force Microscopy (AFM) and Field Emission Scanning Electron Microscopy 
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 (FESEM). Validation of the constructed device was confirmed through colorimetric assays for 

protein and base. Detection of FABP3 on the device was performed based on a gold nanoparticle 

aggregation assay. 
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CHAPTER 1 

Literature review 

 

Cardiovascular diseases (CVDs) are globally the single greatest cause of adult mortality. 

According to the World Health Organization report (2012), an estimated 17.5 million people died 

from CVDs in 2012 representing 31 % of all global deaths. Of these deaths, an estimated 7.4 

million were due to coronary heart disease and 6.7 million were due to stroke. Acute coronary 

syndromes (ACS) constitute a varied array of clinical symptoms appearing after coronary plaque 

disruption. Normally, the inner lining of the coronary artery is smooth and free from obstruction. 

However, with age or in persons with hypercholesterolemia, due to endothelial dysfunction, lipids 

and fatty substances penetrate the arterial wall and accumulate within the endothelium. Oxidation 

of these lipoproteins by free radicals triggers an inflammatory response in which monocytes 

migrate into the arterial wall, differentiate into macrophages and ingest the oxidized lipoproteins. 

Accumulation of lipoproteins within the macrophages convert them into foam cells that deposit 

within the endothelium. This is followed by the proliferation of smooth muscle cells around the 

foam cells forming a fibrous cap. This lesion is called and atherosclerotic plaque. The pathogenesis 

of ACS roots from the rupture or disruption of such an atherosclerotic plaque, which in itself may  
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be self-limiting or progressive, occurring rapidly or over a long period of time (Davies, 1996) (Fig. 

1.1).  

 

 

Figure 1.1: Plaque rupture—the two outcomes: (A) progressive or (B) self-limiting.  

 

Exposure of the plaque core activates the clotting cascade which in turn triggers thrombosis 

resulting in the aggregation of platelets. This can damage the myocardium in three ways: (i) 

intraluminal platelet aggregation may lead to vascular occlusion, which can lead to ischemia 

(during partial occlusion) or necrosis (during complete occlusion) (ii) release of platelet  
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microaggregates may embolise small vessels causing ischemia and localized infarction and (iii) 

formation of thrombus and triggering of the clotting cascade will lead to partial or total occlusion 

of the vessel resulting in ischemia or necrosis. The whole lineage from plaque rupture to 

subsequent vascular occlusion can be divided into three phases: initial phase of myocardial 

ischemia followed by necrosis and finally a phase of repair and vascular remodeling (Fig 1.2) 

(Collinson and Gaze, 2007).  

 

 

Figure 1.2: Three phases of plaque rupture and vascular occlusion. (ED: emergency department). 

 

This may ultimately lead to unstable angina or myocardial infarction, depending upon the location 

and amount of blockage. Detection of myocardial infarction is of immense importance considering 

its consequence leading to high mortality when left untreated. Early treatments of myocardial  
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ischemia to prevent necrosis are available, but in order for such treatments to be of maximal 

benefit, early diagnosis is crucial. The current diagnostic methods routinely used for ACS detection 

are electrocardiography (ECG), chest X-ray, echocardiography, cardiac catheterization, CT heart 

scan and blood tests. However, these methods are time consuming and are difficult to use in 

resource limiting and point of care settings. Here point of care tests for cardiac biomarkers can be 

of great use by delivering test results within minutes and thus helping in quick decision making 

and patient management in emergency settings. 

Biomarkers play a vital role in improving diagnostic accuracy of the disease as well as risk 

stratification of patients and prognosis. Cardiac biomarkers are defined as biological analytes that 

are released into the bloodstream at detectable levels during the continuum of CVD or immediately 

after myocardial damage. Presently, cardiac troponins (late markers) are the gold standards utilized 

as biomarkers of myocardial damage as they are highly specific for myocardial tissue. When used 

in combination with creatine kinase-MB (CK-MB) and myoglobin (early markers), troponin 

assays improve sensitivity to enable safe exclusion of acute myocardial infarction in the emergency 

department (Chiu et al., 1999; Apple et al., 1999; Hamilton et al., 2008; Newby et al., 2001). 

However, both CK-MB and myoglobin are not totally cardiospecific and does not differentiate 

between skeletal and cardiac origin of the damage (Apple et al., 1999; Panteghini, 2004). 

Continuing with the hunt for early markers of myocardial ischemia even before irreversible 

myocyte injury induces, many promising, novel biomarkers have been identified. Heart type fatty 

acid binding protein (FABP3) is a stable, low molecular weight protein (14–15 kDa) abundantly 

found in the cytoplasm of myocardial cells (Wodzig et al., 1997a; Storch and Thumser, 2000). Its  
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small size and water solubility facilitates rapid diffusion through the interstitial space, appearing 

as early as 90 min after symptom onset and peaking within 6 hrs (Alhadi and Fox, 2004; Glatz et 

al., 1998). These parameters of kinetic release make it an ideal candidate for both early assessment 

and exclusion of acute myocardial infarction (AMI) and the measurement of a recurrent infarction. 

Several investigations have revealed its potential as a sensitive biomarker for early detection of 

AMI as well as its prognostic utility in risk stratification of acute coronary syndrome (ACS) 

patients. Reviews pertaining to FABP3 detection have been published in the past with detailed 

elucidation of the processes involved (Chan et al., 2005). 

1.1. Heart type fatty acid binding protein as early marker of acute myocardial infarction 

According to the traditional WHO definition, the presence of two out of three characteristics 

namely characteristic chest pain (usually more than 20 min), diagnostic electrocardiographic 

changes and unequivocal elevation of cardiac enzymes in combination define a myocardial 

infarction (Keffer, 1996). However with the advent of new biochemical markers especially the 

cardiac troponins, this definition was redefined with increased importance on the use of 

biochemical markers of myocardial injury (Alpert et al., 2000). In recent times, the criteria for 

AMI have been changed by the ESC/ACCF/AHA/WHF task force to: the rise and fall of cardiac 

biomarkers (preferably troponin) with atleast one value above the 99th percentile of the upper 

reference limit (URL) together with evidence of myocardial ischemia with atleast one of the 

following symptoms of ischemia: ECG changes indicative of new ischemia; development of  
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pathological Q waves in the ECG; imaging evidence of new loss of viable myocardium or new 

regional wall motion abnormality (Thygesen et al., 2007).  

A number of biochemical serum markers are utilized at each of the three phases of plaque rupture 

and vascular occlusion, specifically cardiac troponins, myoglobin etc. A compilation of the 

characteristics of biomarkers of potential value is shown in Table 1.1. However, for the early 

diagnosis of AMI, the gold standard troponins are not helpful as they are released into the 

bloodstream only after 6 hrs, which itself defeats the mere purpose of early diagnosis. One of the 

promising new biomarker is FABP3 (Chan et al., 2004; Ghani et al., 2000; Glatz et al., 1994; 

Kleine et al., 1992; Kashtanova et al., 2012; McMahon et al., 2012; Viswanathan et al., 2012; Lin 

et al., 2012; Lippi et al., 2013; Cappellini et al., 2013; Otaki et al., 2014; Hoffmann et al., 2015; 

Willemsen et al., 2015; Jacobs et al., 2015; Gerede et al., 2015). 

Table 1.1 Characteristics and potential clinical values of different cardiac biomarkers in suspected acute 

myocardial infarction 

Cardiac 

biomarker 

Molecular 

weight (kDa) 

Cardiac 

specificity 

Elevation time 

(hrs) 

Peak time 

(hrs) 

Duration of 

elevation (days) 

Troponin I 23.5 +++ 4-10 16 4-7 

Troponin T 37 +++ 4-10 16 10-14 

CK-MB 85 +++ 3-4 16 2-3 

Myoglobin 18 - 1-3 6 0.5-1 

FABP3 15 ++ <2 6 1-1.5 

*+ extent of cardiac specificity. 
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FABP3 was first shown to be released from injured myocardium (Glatz et al., 1988), reaching 

peak levels at 5–6 hrs and returning to normal levels within 36 hrs (Glatz et al., 1994), which is 

similar to release characteristics for myoglobin. However, because of the higher content in cardiac 

cells and lower plasma value of FABP3, it is more sensitive than myoglobin for early AMI 

detection as well as early estimation of infarct size. Pelsers et al. (2005) reviewed several studies 

that investigated the potential of FABP3 as an early marker for myocardial injury. Table 1.2 lists 

the studies reported to date that compared the diagnostic performance of FABP3 with the 

established early marker myoglobin in patients admitted to hospital with chest pain. In each study, 

the area under the receiver operating characteristic (ROC) curve (AUC) was significantly larger 

for FABP3 compared to myoglobin, indicating an excellent performance of FABP3 within 6 hrs 

after symptom onset. The prognostic value of FABP3 for early prediction of adverse clinical 

outcomes in patients with suspected ACS has been supported by only a small number of studies.  

However, the results suggested a high degree of correlation with increased cardiac event 

rates and cardiac mortality (Okamoto et al., 2000; McCann et al., 2008; Haastrup et al., 2000; 

Erlikh et al., 2005; Nizeki et al., 2008; Ishii et al., 2005; O’Donoghue et al., 2006; Kilcullen et al., 

2007; Viswanathan et al., 2010; Huang et al., 2014; Shirakabe et al., 2014). 
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Table 1.2: Diagnostic performance of plasma FABP3 and Myoglobin (Mb) in detection of AMI: a 

comparison of several studies 

Reference Patient 

number 
Patients 

with AMI 

(%) 

Admission 

time (hr) 

[mean range] 

Area under 

ROCb curve 
Sensitivity 

(%) 
Specificity 

(%) 
FABP3 Mb FABP3 Mb FABP3 Mb 

Abe et al. 

(1996) 
123 100 <8 - - 80 69* - - 

Ishii et al. 

(1997) 
165 60 3.5 (3-12) 0.898** 0.782 82 73 86 76 

Glatz et al. 

(1997) 
312 54 3.3 (2-8) 0.901*** 0.824 - - - - 

Panteghini et 

al. (1997) 
35 77 3.6 (2-5) - - 63 74 100 88 

Glatz et al. 

(1998) 
83 100 2.8 (1-4) - - 78** 53 - - 

Haastrup et 

al. (2000) 
130 16 <6 0.890 0.840 90 81 81 89 

Okamoto et 

al. (2000) 
189 74 4 (0-12) 0.921* 0.843 93 89 67 57 

Ghani et al. 

(2000) 

460 21 3 (3-7) 0.800 0.730 39 38 95 95 

Ohkaru et al. 

(2001) 

88 65 3 - - 95 53 83 83 

Pagani et al. 

(2002) 

41 83 2.6 (1-4) 0.798 0.771 91** 65 - - 

Nakata et al. 

(2003) 

133 44 6 (0-48) 0.936*** 0.862 86 77 100 100 

Seino et al. 

(2003) 

371 

68a 

49 

100 

2-24 

<2 

0.790* 

0.720** 

0.760 

0.610 

95 

89 

62 

22 

49 

52 

58 

94 

Body et al. 

(2011) 

705 18 24 0.86 0.79 75 59 89 82 

a Subset of patients with admission time within 2hr. *P<0.5, ** P<0.01, ***P<0.001bROC:Receiver operating 

characteristics. 
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The release of FABP3 can also be used to estimate myocardial infarct size taking into account the 

specific clearance rates from plasma (Glatz et al., 1994; de Groot et al., 1999; Wodzig et al., 1997a, 

1997b; van der Laarse, 1999). Some studies also suggest the usefulness of FABP3 for early 

detection of post-operative myocardial tissue loss in patients undergoing coronary bypass surgery 

(Fransen et al., 1998; Hayashida et al., 2000; Suzuki et al., 1998; Petzold et al., 2001; Hasegawa 

et al., 2004). Inspite of demonstrating excellent performance as an early marker, FABP3 still has 

some drawbacks like its presence in both cardiac and skeletal muscles, a small diagnostic window 

and false high values due to renal inefficiency. However, these drawbacks can be eliminated or 

reduced by using a myoglobin/FABP3 ratio to differentiate between heart muscle and skeletal 

muscle injury, by using FABP3 in combination with cardiac troponin T (cTnT) to cover the entire 

diagnostic window of patients presenting with ACS. To avoid false FABP3 values the individual 

renal clearance rate can be estimated and applied. 

1.2. Structure–function relationship of FABP3 

The FABP3 belongs to a family of cytoplasmic fatty acid binding proteins (FABP) consisting of 

nine members with low molecular masses between 14 and 15 kDa (Ockner et al., 1972). The tissue 

specific fatty acid binding proteins are: FABP1 (liver), FABP2 (intestinal), FABP3 (heart), FABP4 

(adipocyte), FABP5 (epidermal), FABP6 (Ileal), FABP7 (brain), FABP8 (myelin) and FABP9 

(testis). The gene coding for human FABP3 has been mapped to chromosome 1 (p32–p33) 

extending upto 8 kb of genomic DNA. Consisting of four exons and three introns, the overall gene  
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organization, is similar to other members of the FABP family, the only difference being the 

variable lengths of their introns (Phelan et al., 1996). The gene is under the tight control of a 1.2 

kb promoter region which dictates tissue specific expression of the FABP3 gene (Qian et al., 1999). 

The members of the FABP family show an amino acid sequence similarity of 22–73 % (Table 1.3) 

but, their three dimensional structures are highly conserved (Chmurzynska, 2006). 

Table 1.3: Percentage identity of the amino acid sequence between different human FABPs 

 FABP1 FABP2 FABP3 FABP4 FABP5 FABP6 FABP7 

FABP2 23.6       

FABP3 18.9 31.8      

FABP4 18.9 31.8 64.4     

FABP5 18.1 25.0 48.9 52.3    

FABP6 36.2 27.3 21.1 27.3 20.3   

FABP7 27.6 34.1 66.7 56.8 44.7 18.0  

MP2/FABP8 19.7 28.0 62.9 66.7 56.1 17.2 59.1 

 

They are composed of 10 antiparallel β strands which are arranged into two nearly orthogonal β-

sheets forming an elliptical β-barrel. The β-barrel demonstrates high structural stability being 

unaffected by chemical modifications, presence of bulky fluorescent groups or targeted 

mutagenesis (Falomir-Lockhart et al., 2006; Liou et al., 2002; Ropson and Frieden, 1992). The 

fatty acid binding pocket is located inside the β -barrel with the two α-helices guarding the opening 

of the ligand binding cavity (Banaszak et al., 1994). X-ray diffraction studies were used to resolve 

the three dimensional structure of human FABP3 with bound fatty acid to 2.1 Å resolution (Zanotti 

et al., 1992) (Fig 1.3).  
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Figure 1.3: Crystal structure of human FABP3 (PDB Entry No: 4WBK). 

 

The fatty acids appeared to be bound in a U-shaped conformation, the carboxylate group 

interacting with the side chains of Tyr 128 and Arg 126 and several internal water molecules. The 

helix-turn helix motif is thought to act as a putative fatty acid (FA) portal, the α-II helix being the 

key structural element (Hodsdon and Cistola, 1997; Sacchettini et al., 1989). Studies on the 

solution structure of human FABP3 have suggested that different FAs induce distinct 

conformational states of the protein backbone in this portal region indicating that the protein 

accommodates the ligand molecule by a ‘selected fit’ mechanism which is more prominent in 

FABP3 owing to a more rigid backbone structure compared to other FABPs (Lucke et al., 2001). 

All FABPs possess a conserved three element fingerprint: motif 1 includes the G–x–W triplet 

which forms part of the first β -strand (β A), motif 2 spans the C terminus of strand 4 (β D) and 

includes strand 5 (β E); and motif 3 encodes strands 9 (β I) and 10 (β J) (Flower et al., 1993). Site 

directed mutagenesis has been used to study the structure–function relationships of FABP3 in  

TH -1530_10610610



18 
 

Literature review 

 

detail. These studies exhibited the importance of amino acids present in the conserved regions in 

stability, ligand binding affinity and specificity. For instance mutation of Arg 106, Arg 126 or Tyr 

128 affected ligand binding and stability of the FABP3, whereas Phe 16 plays a pivotal role in 

ligand binding (Zanotti et al., 1992; Prinsen and Veerkamp, 1996; Zimmerman et al., 1999). 

Binding affinities of FABP3 for different fatty acids revealed its greatest affinity for stearate with 

a dissociation constant of 6 ± 1 nM (Richieri et al., 1994). 

1.3. Functions of FABP3 

Fatty acids are the major source of energy for cardiac and skeletal muscles. Intracellularly FAs are 

bound by FABPs which increase their solubility and aid in their transport to different 

compartments of the cell for storage, oxidation, membrane synthesis, transcriptional regulation 

and even outside the cell for autocrine or paracrine signaling (Fig 1.4). FABP3 is highly expressed 

in cardiac as well as skeletal muscle including a lesser expression in other tissues like brain, lung 

and mammary gland. The function of FABP3 in muscle cells is predominantly FA transport and 

metabolism. However, reports indicating its role in cell proliferation and differentiation are also 

available. Studies in FABP3-deficient mice exhibited a steep decrease in the uptake of FAs in the 

heart and skeletal muscles (Binas et al., 1999). This decrease in FA oxidation was offset by an 

increase in glucose utilization resulting in reduced tolerance to exercise and cardiac hypertrophy 

in older animals (Schaap et al., 1999; Binas et al., 2003; Murphy et al., 2004). FABP3 may also 

interact with peroxisome proliferator-activated receptor alpha (PPARa), a nuclear receptor, to 

induce the expression of mitochondrial and peroxisomal β-oxidation pathways (Tan et al., 2002).  
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Findings also confirm the interaction of FABP3 with cytochrome P450 monooxygenase and 

lipoxygenase pathway products (Widstrom et al., 2001). Though FAs are not a primary substrate 

for ATP production, brain utilizes it for phospholipid synthesis. FABP3 knockouts compared with 

wild type mouse brain showed less arachidonic acid incorporation into total brain lipids. It may be 

specifically involved in transport/metabolism of n-6 FA in the brain and 20:4n-6 FA in the heart 

(Murphy et al., 2004, 2005). The growth regulator, mammary derived growth inhibitor (a mixture 

of FABP3 and adipose type FABP) present in mammary glands is thought to modulate cell growth 

and differentiation. Mammary derived growth inhibitor (MDGI)/FABP3 has been shown to inhibit 

proliferation of human breast cancer cells (Huynh et al., 1995).  

 Indirect evidence for its role in cell growth and differentiation comes from proteomic 

analysis which indicated an inverse correlation between FABP3/MDGI expression and 

proliferating cell nuclear antigen, a marker for proliferating cells (Tang et al., 2004). 

Differentiation promoting effects of MDGI/FABP3 were observed in mammary epithelial cells 

(Yang et al., 1994), pluripotent mouse embryonic stem cells (Wobus et al., 1990) and cardiac 

myocytes (Burton et al., 1994). Another study has demonstrated the interaction of FABP3 with a 

putative membrane FA transporter CD36 in mammary tissue, which was confirmed through co-

immunoprecipitation (Spitsberg et al., 1995). Also the expression of the two proteins were found 

to co-vary in several animal and mouse models which indirectly supports the fact that they might 

act in a coordinated fashion inside the cell (van Nieuwenhoven et al., 1999). Reports have 

suggested that FABPs might have a protective function in the cell as well. FABP3 was suggested 

to bind FAs accumulating under pathophysiological circumstances (Vork et al., 1993). It could  
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also protect the heart by scavenging free radicals (Samanta et al., 1989) and by inhibiting a β-

adrenergic response as observed in cultured neonatal rat heart cells (Wallukat et al., 1991). 

 

 

Fig 1.4: Potential functions of FABP in the cell. FABPs have been proposed to play an important role in 

the transport of fatty acids to specific compartments of the cell: to lipid droplets for storage; to the 

endoplasmic reticulum for membrane synthesis and signaling; to the mitochondria and peroxisomes for 

oxidation; to the nucleus for lipid mediated transcriptional programs or even outside the cell to signal in an 

autocrine or paracrine manner. 
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1.4. Detection techniques 

1.4.1. Immunoassays 

The majority of immunoassays employed in routine laboratory settings include mostly enzyme-

linked immunosorbent assays (ELISAs). For these assays both monoclonal as well as polyclonal 

antibodies raised against human FABP3 has been used (Ohkaru et al., 1995; Pelsers et al., 1999; 

Roos et al., 1995; Wodzig et al., 1997a, 1997b; Zschiesche et al., 1995). However, monoclonal 

antibodies are preferred due to their stable production, epitope specificity and reduced or no cross-

reactivity. Ohkaru et al. (1995) developed a sandwich ELISA for the determination of human 

FABP3 in plasma and urine using two different monoclonal antibodies specific for human FABP3. 

The assay had an assay range of 0–250 ng/ml, a minimum detection limit of 1.25 ng/ml and a total 

assay time of 2 hr which was much shorter than the competitive enzyme immunoassay (>16 hr) 

reported by Tanaka et al. (1991). This was followed by the successful development of a one-step 

ELISA for plasma FABP3 with a total performance time of 45 min. The use of monoclonal capture 

and detector antibodies recognizing different epitope groups, makes possible the simultaneous 

incubation of the FABP3 containing sample with the immobilized capture antibody and the 

conjugated detector antibody, thus making it a one-step assay. This assay had an assay range of 

0.2–6 µg/L with a minimum detection limit of 0.2 µg/L. Although ELISA is the standard method 

of FABP3 detection, the long total assay time (45 min), requirement for dilution of sample prior 

to use, need for a skilled technician and elaborate testing and detection with sophisticated 

instruments contribute in its limitations. 
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On-line continuous monitoring of FABP3 in blood has been studied extensively by Kaptein 

et al. (1998a) through ultraslow microdialysis and ultrafiltration. Both the sampling techniques 

enable on-line in vivo measurements as well as sample collection to study time profiles of various  

compounds at flow rates of 100–300 nL/min. An on-line flow displacement immunoassay for 

FABP3 was developed by Kaptein et al. (1998b) based on an inverse setup: enzyme labeled 

antibodies associated with immobilized antigen are displaced by analyte present in the sample. 

This system allowed detection of both physiological (2–12 µg/L) and pathological concentrations 

(12–2000 µg/L) of FABP. van der Voort et al. (2003) developed a semicontinuous displacement 

assay which enables the measurement of FABP3 in human plasma. The continuous measurement 

was mimicked by repeated addition of FABP3 containing solutions followed by several washing 

steps. This study permits the measurement of even minor AMIs above 40 µg/L (when buffer is 

used as washing solution) and even above 20 µg/L (when plasma is used as washing solution). 

Although it presented with results in less than 30 min, this system needs to be optimized for real 

time analysis. 

Robers et al. (1998) described a microparticle enhanced turbidimetric immunoassay that 

offers the advantages of being precise, easy to perform, rapid and fully automated. It demonstrated 

the use of a latex reagent prepared by physical adsorption of three monoclonal anti-human FABP3 

antibodies onto carboxylated latex particles. Each of the three antibodies recognized distinct 

epitopes. The latex reagent was mixed with the reaction buffer at 37 oC for 75 s, and the resulting 

change in absorbance was measured at a wavelength of 550 nm from about 1 to 8 min after addition  
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of sample. FABP3 concentration of the sample could be interpolated automatically from the 

calibration curve. With a performance time of 10 min, detection limit of 1.1 µg/L and no 

requirement of predilution of sample, the present assay is comparatively superior to the standard 

ELISA (Wodzig et al., 1997a, 1997b). Also, no prozone phenomenon was observed up to 2400  

µg/L FABP3 concentration implying a wide analytical range. However, it cannot be applied to 

whole blood samples and requires an expensive reading device. 

Rapid and semiquantitative detection of FABP3 and myoglobin using magnetic 

microspheres modified with capture antibodies were reported by Wang et al. (2009a, 2009b, 

2009c). In one approach, they used superparamagnetic (HSA)/γ-Fe2O3 microspheres as support 

for the immobilization of capture antibodies. The antibody carrying microspheres were used in a 

sequential sandwich fluoroimmunoassay along with FITC-labeled detector antibodies (Fig 1.5) 

(Wang et al., 2009b). The other assays embodied the use of carboxylated magnetic microbeads 

(Wang et al., 2009a) and superparamagnetic poly (styrene-divinylbenzene- acrylamide) 

microspheres (Wang et al., 2009c). All the three methods had a detection limit of 1 ng/ml and an 

analytical range of 1–25 ng/ml. Advantages of using magnetic microbeads includes a high surface 

to volume ratio for increased target binding, easy separation of bound antigens by application of 

an external magnetic field and homogeneous dispersion of microspheres in solution which reduces 

diffusional distances, facilitates analyte binding, thus reducing assay preparation and detection 

time. However, biodegradability and toxicity limits the use of these polymer microspheres for 

applications in biological analysis in online and point-of-care testing. 
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Figure 1.5: Schematic presentation of the process of analysis of AMI markers (myoglobin and FABP3) by 

superparamagnetic protein microsphere-aided fluoroimmunoassay (Wang et al., 2009b). 
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Ren et al. (2012) integrated the microbead assisted immunoassay with a microfluidic 

device consisting of pneumatic micro-valves and membrane mixer for detection of disease 

biomarkers. This on-chip platform enabled continuous immune microsphere trapping and reagent 

mixing both manually or automatically. However, use of whole blood samples and detection of 

trace amount of biomarkers are the main obstacles which needs further research for rapid and 

sensitive on-chip detection of actual blood samples. 

1.4.2. Immunosensors 

1.4.2.1. Electrochemical sensors 

An amperometric enzyme immunosensor first reported by Siegmann-Thoss et al. (1996) was based 

on anti-FABP3 antibodies immobilized on nitrocellulose or activated nylon membranes covering 

a modified Clark-type oxygen electrode (Fig 1.6). Using bovine FABP3 as a model, two 

approaches were tested: first, a competitive immunoassay, where defined amounts of glucose 

oxidase (GOD)-labeled FABP3 competed with free FABP3 to bind the immobilized capture 

antibodies; second, a sandwich immunoassay, where free FABP bound to immobilized capture 

antibodies form a sandwich with secondary GOD-labeled antibodies. Both the approaches 

determined the resulting decrease in oxygen concentration after addition of glucose using the 

oxygen electrode at -600 mV versus Ag/AgCl. However, only the sandwich principle for 

determining human FABP3 was chosen for further studies owing to its superior results. 
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The immunosensor so developed had an assay range of 5–100 ng/ml and a much shorter assay 

time of 27 min as compared to ELISA measurements.  

 

 

 

Figure 1.6: Setup of the first amperometric immunosensor for FABP3 using a modified Clark-type oxygen 

electrode (Siegmann-Thoss et al., 1996). 
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However, this biosensor had several shortcomings which included contamination risk as it is an 

open system, requirement of prior dilution of samples, interference due to other proteins present 

in real samples and limited number of use of the sensor for only 10 times as there is increased 

denaturation of the capture antibodies due to the regeneration step with glycine/HCl. 

Schreiber et al. (1997) developed the first immunosensor for detection of FABP3 in plasma 

samples. Based on screen printed graphite working and Ag/AgCl reference electrodes and an 

immunosandwich procedure, the sensor surface was coated with capture antibodies which bind 

FABP3 in the sample, followed by the addition of a second monoclonal antibody conjugated with 

alkaline phosphatase (AP). This enzyme converts p-aminophenylphosphate to p-aminophenol, 

which is detected amperometrically at +350 mV. The immunosensor had an assay time of only 20 

min and an analytical range of 10–350 ng/ml. Validation of the sensor was carried out by eight 

repeated measurements of normal human plasma spiked with eight different concentrations of 

FABP3 yielding recovery rates between 80–100 % and intra- and inter-assay coefficients of 

variation (CV) of 10–15 % and 9–16 %, respectively. The screen printing technique for preparation 

of electrodes can be easily scaled up and automated for cost-effective mass production. Also since 

the electrodes are stable for 3 months at 4 oC, they can be produced in large batches. Other 

advantages include short assay time and ability to measure FABP3 concentrations in the range of 

10–350 ng/ml in undiluted plasma samples. However, the electrodes developed are for single use 

only. The first multicenter evaluation of this amperometric biosensor was carried out by Key et al. 

(1999) under the project ‘‘EUROCARDI’’ with four European hospitals contributing to this study 

by providing 20 patients per hospital. The results were compared with those obtained using ELISA  
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as described by Wodzig et al. (1997a, 1997b) and with the sensor used in Münster as the reference. 

The agreement between ELISA and sensor was excellent for FABP3 concentrations below 400 

µg/L, but at lower concentrations (5–15 µg/L), it tended to overestimate. However, the detection 

limit of myocardial injury suggesting AMI has been set at about 6 µg/L, as a result the sensor 

appears unsuitable to detect minor infarctions, or distinguish minor AMIs from unstable angina. 

O’Regan et al. (2002) reported an immunosensor for the detection of FABP3 in whole blood using 

screen printed electrode. Based on a one-step direct sandwich assay involving the use of alkaline 

phosphatase labeled secondary antibody, the current produced by the oxidation of the reaction 

product p-aminophenol at +300 mV versus Ag/AgCl was measured. FABP3 concentrations in the 

range of 4–250 ng/ml could be measured in 50 min. Also, there was no cross-reactivity between 

myoglobin and FABP3 and bilirubin, human serum albumin and the anticoagulant citrate 

phosphate dextrose did not have any interfering effect. The coated screen printed electrodes 

retained 40 % of the original activity after 14 days at 37 oC. However, the longer assay time acts 

as a hurdle for its use in the emergency department for early diagnosis of AMI. 

Gallardo et al. (2002) developed a quantitative immunosensor for diagnosis of AMI based on 

capacitance measurements of catalyzed polymer degradation. The sensor works by monitoring the 

capacitance changes in an electrode, which result from the partial or complete removal of an 

insulating film from its surface due to the occurrence of an enzymic reaction. The device consists 

of a lateral flow strip combined with an electrode coated with an enteric polymer Eudragit S100 

which degrades rapidly above pH 7.4. Monoclonal anti-FABP3-antibody was deposited on a test 

zone and a detector antibody conjugated with urease acted as the mobile phase. FABP3 present in  
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the samples binds first to the detector antibody followed by the retention of the immunocomplex 

by the capture antibody bound to the membrane in the test zone. Addition of urea solution resulted 

in hydrolysis of urea to release carbon dioxide and ammonia increasing the local pH to values 

above 8. At alkaline pH, the polymer film starts degrading altering the insulating electrode coating 

causing a measurable change in capacitance. The change in capacitance was directly related to the 

analyte concentration in the sample, thus giving a quantifiable reading in less than 10 min. The 

preparation of the immunosensor is however, laborious and requires an expensive detection device. 

Conducting glasses were used to construct a thin layer impedimetric biosensor by Miao et 

al, (2005). Antibodies against FABP3 were immobilized on the glass plates which acted as capture 

molecules. When sample was added, formation of the antigen–antibody complex on the glass 

plates changed the impedance signal which can be used for quantifying the amount of FABP3 

present in the sample. This setup allowed detection of FABP3 in the range of 10 ng/ml to 1 µg/ml; 

however, the assay time was longer and the sensor needs to be characterized further for future 

optimizations. 

1.4.2.2. Optical sensors 

Kunz et al. (1996) developed a direct optical immunosensor for the label free detection of FABP3 

based on surface plasmon resonance spectroscopy (SPRS). Two different SPRS devices were 

constructed: the widely used planar configuration and a new fiber-optical transducer. Instead of a 

direct immunoassay, competitive immunoassay was employed for detection of the antigen with 

immobilized antibodies. This is supported by the advantages it has over direct detection namely,  
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lower detection limit, shorter analysis time and lower amount of antibodies required. For the 

competitive assay, a silver layer of the sensor surface was covered with human recombinant 

FABP3 and remaining surface being blocked with BSA. A sample containing FABP3 was 

preincubated for 30 min with a fixed amount of polyclonal anti-FABP3 antibodies. In the 

measuring cell, sample FABP3 and surface bound FABP3 competed for binding with the 

antibodies. Any change in refractive index due to FABP3-antibody binding results in shifting of 

the SPR angle which is the basis of detection in this optical biosensor. Both the sensors were 

sensitive in the range of 0.2–2 µg/ml and had a long-term stability of 3 days for the planar and 4 

days for the fiber-optical device. However, the real time optical immunosensor has several 

limitations for clinical use. It is prone to interference by lipids and proteins present in real samples; 

the sample requirement is also large (1 ml) combined with temperature dependence of the sensor. 

Moreover, its use is restricted to 20 subsequent measurements due to the regeneration steps 

involved which affected the recognition layer as well as the silver layer. In addition, detection limit 

of 200 ng/ml FABP3 is not suitable for the detection of micro-necrosis. Another report focuses on 

the use of colloidal gold based SPR system for the detection of FABP3 (Engelbienne, 1998). The 

SPR wavelength of colloidal gold particles coated with a monoclonal anti-FABP3-antibody was 

redshifted when the antibody interacted with FABP3 owing to the change in refractive index of 

the particles induced by ligand binding. 

Use of grating coupler sensors for the development of a direct optical immunosensor for 

FABP3 was reported by Kroger et al. (1998) and Orban et al. (1998). Both the groups used the 

BIOS-1 system based on the input grating coupler principle. It is based on the detection of effective  
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refractive index of a thin planar waveguide due to the adsorption or desorption of proteins onto the 

waveguide surface. In general, one of the components of the antigen/antibody system is 

immobilized on the transducer surface, and the sample is brought in contact with the sensor 

surface. Due to the formation of immunocomplexes, the thickness of the protein layer increases 

which lead to an increase in the effective refractive index of the waveguide which in turn is 

detected by the different in coupling angles of the grating coupler. Kroger et al. (1998) investigated 

three types of immunoassays: direct, sandwich and competitive. Based on the individual 

preparation time and sensitivity of the different assays, the competitive assay gave the best results. 

The final response time was 7 min at a flow rate of 180 µL/min. In contrast to the rapid assay time, 

the detection limit of 330 ng/ml was relatively high which was not sensitive for detection of FABP3 

in real samples. Another drawback was the nonspecific binding of plasma proteins to the sensor 

surface which would lead to false positive signals. Summarizing all the pros and cons, it can be 

inferred that this biosensor needs further improvement and optimization for real sample 

measurements. Orban et al. (1998) in their work described the application of grating coupling 

sensor for the kinetic analysis of immunointeractions with covalently immobilized FABP3 (Fig 

1.7). The group elaborated on the calculation of surface coverage, measurement of apparent rate 

and affinity constants for the antibody–antigen system but did not reveal any studies determining 

the detection limit or assay time. 

 

 

 

TH -1530_10610610



32 
 

Literature review 

 

 

Figure 1.7: Schematic diagram of a grating coupler sensor with a flow through cell (Orban et al., 1998). 

 

1.4.3 Point of care immunotests 

1.4.3.1. Immuno-affinity filtration chromatography 

Immuno-affinity filtration chromatography uses colloidal gold as a label which gives rapid signal 

instead of a time dependent reaction with an enzyme label (Chan et al., 2003a). The configuration 

of the assay was vertically designed to speed up antigen–antibody binding kinetics. The assay was 

based on a sandwich principle, in which a mixture of goat polyclonal and mouse monoclonal 

capture antibodies are immobilized on the nitrocellulose membrane and a colloidal gold-labeled 

monoclonal antibody was used as detector. After addition of sample, colloidal gold labeled 

antibodies were added followed by a washing step to remove all unbound or nonspecifically bound 

colloidal gold labeled antibodies. Samples containing an FABP3 concentration below 10 µg/L did  
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not result in any red spot. However, a red spot can be observed if the FABP3 concentration in the 

sample is over the physiological range. The results can be qualified either as a straightforward 

‘‘Yes/No’’ format or by measuring the intensity of the red spot with a digital image analyzer. The 

test was validated against sandwich FABP3 ELISA by studying 242 serial blood samples obtained 

from 83 patients admitted to hospital with chest pain. Using an upper reference level of 12 µg/L, 

the specificity and sensitivity of the rapid test were 96 % and 86 %, respectively. The immunotest 

is easy to use and offers results in 15 min; however, it requires sample pretreatment and involves 

several working steps. 

1.4.3.2. One-step FABP immunotest 

A rapid and quantitative immunotest for the detection of FABP3 in whole blood was developed 

by Chan et al. (2003b) in collaboration with 8 sens.biognostic AG and rennesens GmbH. It is 

commercially available as CardioDetects med and self-tests. The immunotest comprises of four 

main elements: the sample pad, the conjugate release pad, the analytical membrane and the 

absorbent pad. A specific capture antibody for FABP3 is immobilized as a test line on the 

nitrocellulose membrane, whereas antimouse IgG is immobilized as a control line on the same 

membrane. Another specific detector monoclonal antibody labeled with colloidal gold is 

impregnated on the conjugate pad. When sample is added, FABP3 present in the sample binds to 

the detector antibody and the immunocomplex is trapped on the test zone. The excess detector 

reagent is trapped by the control zone. Two bands appear at the test and control zones if FABP3 is 

present in levels above the detection limit however, one band at the test zone is visible if FABP3  
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concentration in the sample is below the detection limit. No bands develop at both the zones if the 

test is invalid. The intensity of the test line is proportional to the amount of FABP3 present in the 

sample. The estimation of the results can be performed visually with naked eyes or by measuring 

the absorption of the red band with a Personal Analyzer for Rapid Tests (PART) which is a portable 

reflection meter with a selected wavelength developed by LRE Technology Partner GmbH. With 

a performance time of 15 min, storage stability of 1 year (4 oC or room temperature), no sample 

dilution step and upper reference limit of 7 µg/L, this test allowed more accurate targeting of 

therapy and considerable cost savings. Watanabe et al. (2001) and Seino et al. (2003, 2004) 

described a whole blood panel test (Rapichecks, Dainippon Pharmaceutical Co Ltd., Osaka, Japan) 

for rapid detection of human FABP3. Based on the same principle as CardioDetects, this test 

detects FABP concentrations above 6.2 µg/L in whole blood samples in 15 min. No interference 

was observed in the presence of hemoglobin, bilirubin, ascorbic acid, human serum albumin 

(HSA) and human immunoglobulin and no cross-reactivity was observed with troponins, myosin 

light chain I and myoglobin, which are commonly released during myocardial infarction. These 

immunotests provide a practical and handy method for detecting FABP3 in near patient and bed 

side settings. 

1.4.4. Microarray systems 

Antibody microarrays are useful tools for measuring multiple proteins in complex mixtures using 

a small amount of samples. They use immobilized antibody molecules onto a chemically modified 

solid support in an array format and used to quantify proteins in biological samples. Generally two  
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types of antibody microarrays are used: direct labeling and sandwich immunoassays. In direct 

labeling, all proteins in a complex mixture are labeled, providing a means for the detection of 

bound proteins post hybridization, while in sandwich immunoassays, unlabeled proteins are 

captured onto antibody array and then labeled specific detection antibodies are used to detect 

bound proteins. Both these approaches employ fluorophore conjugated streptavidin molecules 

which bind to biotin labeled detection antibodies or biotinylated proteins.  

In a study carried out by Gul et al. (2007), using a sandwich type antibody array multiple 

CVD risk markers (C-reactive protein, TNF-a, serum amyloid-A and FABP) were detected and 

quantified. The results have been compared with commercially available ELISA kits which 

presented with several advantages including the ability to detect and quantify multiple markers at 

one time and better dynamic ranges over some of the commercially available ELISA kits. 

However, the anti-FABP antibodies utilized cross-reacted with all the other detector antibodies 

resulting in noise, interference in detection and quantification of markers. This problem could 

however be eradicated with proper study of the antibody pairs used with the other antibodies used 

on the same format. Based on the same principle, RANDOX Laboratories Ltd., United Kingdom 

developed a fully automated protein biochip microarray system for simultaneous determination of 

6 markers: CK-MB, myoglobin, glycogen phosphorylase BB (GPBB), FABP3, carbonic 

anhydrase III and cardiac troponin I. Analytical and clinical performance of this panel was 

evaluated by Mion et al. (2007), concluding that FABP3 showed the highest accuracy in patients 

with AMI while cTnI + FABP3 was the most effective two marker strategy with sensitivity and 

specificity of 83.3 % and 92.2 % respectively. 
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A comparison of some prominent detection techniques developed is covered in Table 1.4. 

Table 1.4: A critical comparison of performance of various analytical and sensor techniques used to detect 

FABP3 

Reference 

 

Assay type Assay 

time 

(mins) 

Detection 

limit 

(ng/ml) 

Analytical 

range 

(ng/ml) 

Ohkaru et al. 

(1995) 

Sandwich ELISA 120 1.25 0-250 

Kunz et al. 

(1996) 

Direct optical immunosensor 25 200 0.2-2x103 

Siegmann-

Thoss et al. 

(1996) 

Amperometric enzyme immunosensor 27 5 5-100 

Schreiber et al. 

(1997) 

Amperometric immunosensor 20 10 10-350 

Wodzig et al. 

(1997) 

One-step sandwich ELISA 45 0.2 0.2-6 

Kroger et al. 

(1998) 

Grating coupler sensor 7 330 - 

Kaptein et al. 

(1998) 

Displacement immunoassay 20-60 2 0-2000 

Robers et al. 

(1998) 

Microparticle –enhanced turbidimetric immunoassay 10 1.1 0-2400 

Key et al. 

(1999) 

Amperometric immunosensor 20 10 10-350 

Cheng et al. 

(2000) 

Immuno-affinity filtration chromatography 10-15 10 - 

Watanabe et al. 

(2001) 

One-step FABP immunotest Rapicheck® 15 6.2 - 

O’Regan et al. 

(2002) 

Amperometric immunosensor 50 4 4-250 

Continued… 
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Gallardo et al. 

(2002) 

AC impedance immunosensor 10 - - 

Chan et al. (2003) One- step FABP immunotest CardioDetect® 15 7 - 

van der Voort et al. 

(2004) 

Displacement immunoassay 30 250 250-650 

Mion et al. (2007) Evidence® Cardiac Panel >60 0.3 0-100 

Wang et al. (2009a) Magnetic microbead-assisted 

fluoroimmunoassay 

  1-25 

Wang et al. (2009b) Magnetic microsphere-aided sandwich 

fluoroimmunoassay 

30 1 1-25 

Wang et al. (2009c) Supermagnetic microsphere-assisted 

fluoroimmunoassay for rapid assessment of 

acute myocardial infarction 

 1 - 

Ren et al.  

(2012) 

Magnetic microsphere-based enzymatic 

immunoassay 

60 1 1-25 

*Values are normalized for maintaining uniformity in units for better comparison. 

With the advent of enhanced automated immunoassays and less time consuming immunotests, 

such as the one-step FABP test and the microparticle enhanced turbidimetric assay, the field of 

point of care testing for early monitoring of AMI has witnessed a significant boost. However, the 

feasibility for their permanent incorporation into the standard diagnostic format has not yet been 

met due to cost issues and reusability. Furthermore, as reported by WHO, over three quarters of 

CVD deaths take place in low- and middle-income countries. Therefore, for affordable early 

detection of CVD in these countries, low cost detection systems are a prerequisite for detection 

and management of the disease.  Additionally, antibody based detection mechanism suffer from 

various factors like thermal instability, laborious and limited methods for chemical modification, 

batch to batch variations and high production cost. In this respect aptamers are considered as 

excellent alternatives to supplement or replace antibody based methodologies. 
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1.5. Nucleic acid aptamers as biorecognition elements 

Nucleic acid aptamers are a group of oligonucleotide ligands comprising of single stranded DNA 

or RNA sequences with abilities to bind to their targets with great specificity and affinity often 

rivalling those of antibodies. The word “aptamer” was derived from the Latin words “aptus” 

meaning “to fit”, and Greek “meros” meaning “region”. Since its independent inception by 

Ellington et al., Tuerk et al. and Robertson et al. in the year 1990, aptamers have caught the 

attention of researchers as an emerging molecular recognition probe in diagnosis and therapeutics. 

An extensive array of targets starting from small molecules to cells have been investigated for 

developing aptamers [Yang et al., 1998; Stoltenburg et al., 2012; Marangoni et al., 2015; Radom 

et al., 2013]. Aptamers are generated by an in vitro selection process called SELEX (systematic 

evolution of ligands by exponential enrichment) which involves the screening of large 

combinatorial libraries of oligonucleotides by an iterative process of in vitro selection and 

amplification. The aptamers so developed possess the ability to fold into distinct three-dimensional 

(3D) structures and bind to their targets in a manner similar to antibody-antigen interactions, 

rendering dissociation constants usually in the pico- to nano-molar range [Kimoto et al., 2013; 

Kraemer et al, 2011; Parekh et al., 2013]. Aptamer-target recognition is dominated by 

intermolecular interactions such as aromatic rings, π-π system stacking, van der Waals and 

electrostatic interactions between charged groups and hydrogen bonding. Aptamers are also known 

to undergo adaptive conformational changes translated as unique 3D structural binding 

conformation for its target. Among other features, aptamers are known to discriminate targets even 

on the basis of subtle structural differences [Xiong et al., 2014; Cho et al., 2009; Ng et al., 2006;  

TH -1530_10610610



39 
 

Literature review 

 

Jenison et al., 1994; Geiger et al., 1996]. For example, the theophylline binding aptamer shows a 

10,000 fold higher affinity for its ligand than caffeine, which differs from theophylline by only a 

single methyl group at nitrogen atom N7. Another example is the aptamer that shows 12,000 fold 

stronger affinity for L-arginine than D-arginine. Aptamers are nonimmunogenic and nontoxic [G 

Eyetech Study., 2002; Ireson et al., 2006], can penetrate more efficiently through tissues, exhibit 

fast renal filtration and short circulating halftime [Martinez et al., 2014; Melancon et al., 2014]. 

Aptamers additionally addresses the practical issues of its commercial viability with promising 

characteristics like thermal stability, low cost production, rapid mass scale synthesis and chemical 

modification capability [Sun et al., 2015; Potyrailo et al., 2015]. Due to their thermal stability, the 

activity and functionality of aptamers can be restored after a simple reversible heat denaturation 

step. They can be easily and reproducibly produced in large scale by chemical synthesis or simple 

polymerase chain reaction. In addition, aptamers can be easily modified by reporter molecules, 

linkers, and different functional groups on both the phosphate/ribose backbone and the nucleobases 

to improve resistance to enzymatic degradation, reduce off-target events [Kool et al., 1997; 

Ramzaeva et al., 2000; Tung et al., 2000; Williams et al., 2001; Niemeyer et al., 2002; Ito et al., 

2003; Schoetzau et al., 2003; Tennilä et al., 2008; Kricka et al., 2009], and to immobilize on solid-

phase substrates or beads for various applications [Schena et al., 1995; Pirrung et al., 2002; 

Sassolas et al., 2008; Zhao et al., 2011]. Moreover, aptamers can also be expressed in vivo when 

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

2002; Famulok et al., 2002; Choi et al., 2006; Kwak et al., 2009]. Lastly, one of the most important 

advantages of using an aptamer as a probe is that the technique requires no animals or in vivo  
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immunization, thus minimizing batch-to-batch variations [Zhang et al., 2012; Qin et al., 2014]. 

Over the last few years, aptamers based therapeutics and sensing are gaining momentum, with 

potential therapeutic aptamers in various stages of clinical trials [Sun et al., 2014] and aptamer-

based diagnostic arrays being introduced in the market [Penner., 2012; Webber et al., 2014; Lollo 

et al., 2014; Vance et al., 2014; Bruno et al., 2014].  

1.5.1. General process of SELEX 

The process of SELEX starts with the generation of a randomized nucleic acid (DNA or RNA) 

sequence library, normally consisting of ~1015 different aptamers sequences. The diversity of the 

library is determined by the length of random sequence regions at the center flanked by designed 

primer binding sites at the 5′ and 3′ ends. Generally, each sequence in the library has a central 

randomized sequence (20–90 nucleotides) flanked by fixed primer binding sites for PCR 

amplification. The basic steps involved in SELEX include binding, partition, elution, and 

amplification. Once the library is created, the library pool is incubated with the target molecule. 

During the incubation stage, the target molecules interact with the aptamer library either in free 

form or in a form that is immobilized on a solid support substrate surface. The aptamer-target 

complex formation is followed by partitioning from unbound and weakly bound oligonucleotides, 

which are removed through several washing steps. The target bound oligonucleotides are eluted 

and followed by PCR or RT-PCR amplification. The enriched selected oligonucleotide pool so 

generated is then used for the next SELEX selection cycle. Typically 6-20 selection cycles are 

carried out including counter SELEX cycles to select specific and high affinity aptamers. The  
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enriched aptamer pool obtained at the last step of SELEX is cloned and sequenced for further 

analysis. Fig 1.8 depicts a typical SELEX process.  

 

Fig 1.8: Development of target specific aptamer through SELEX process. 

 

1.5.2. Aptamer-target interaction studies 

With the ever expanding reports on potential aptamers for both analytical and therapeutic purpose, 

understanding aptamer-target interactions has become ever more important. Aptamer-target 

interactions are generally governed by the nature of the target, sequence of the aptamer and the 

resulting 3D structure adopted by the aptamer. While there is a plethora of information on the  
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generation of new aptamers, characterization of their specific interaction with target is largely 

limited to binding affinity determination. Detailed information on aptamer-target interactions is 

provided mainly by X-ray crystallography, electron crystallography, and nuclear magnetic 

resonance (NMR) studies. However, obtaining co-crystals of aptamer-target complexes have 

proven to be difficult with only a few reported structures as reviewed in Table 1.5 [Ruigrok et 

al., 2012; Jarvis et al., 2015; Yatime et al., 2015; Hansen et al., 2016].  

In addition, screening of conditions to yield well-diffracting crystals is a trial and error 

method and often requires significant time and effort. Though the chance of obtaining well-

ordered 2D crystals for electron crystallography is higher, yet, structure determination and data 

processing from 2D crystals is still a labor intensive and time consuming process. Similarly 

determination of high-resolution structures by NMR is mainly limited to relatively small 

molecules (<30-40 kDa), due to complexity of data [Snyder et al., 2005; Yee et al., 2005; Chayen 

et al., 2008]. Besides the methods described above, other techniques like surface plasmon 

resonance (SPR), isothermal titration calorimetry (ITC), circular dichroism (CD), small angle X-

ray scattering (SAXS), quartz crystal microbalance (QCM) , foot-printing assays etc. [Ruigrok 

et al., 2005; Garbett et al., 2007; Chang et al., 2012; Lin et al., 2011; Sun et al., 2014] have been 

used to study aptamer-target interactions. Furthermore, computational methods like molecular 

dynamics simulations and online structure prediction and docking software are increasingly 

being used to predict binding models [Joubert et al., 2010; Schneider et al., 1999; Sund et al., 

2015; Reshetnikov et al., 2010; Tatarinova et al., 2014; Albada et al., 2015; Sharma et al., 2009; 

Rhinehardt et al., 2015; Lin et al., 2012; Liberman et al., 2015]. 
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Table 1.5: Available structures of aptamer-target complexes in Protein Data Bank (PDB) 

Target DNA/RNA PDB entry code 

                                                                                                                             Aptamer-protein complexes 

von Willebrand Factor Domain A1 DNA 3HXO 3HXQ 

Alpha-thrombin (human) DNA 1HUT 1HAO 1HAP 3QLP 4DII 

4DIH 4LZ1 4LZ4 4I7Y 5CMX  

Alpha-thrombin (human) RNA 3DD2 

NF-κB (p50)2 RNA 1OOA 

NF-κB P50-RelB DNA 2V2T 

YmaH (Hfq) RNA 3HSB 3AHU 

A human IgG RNA 3AGV 

Enterobacterio phage MS2 coat 

protein complex 

RNA 6MSF 

Enterobacterio phage MS2 RNA 5MSF 7MSF 

Enterobacterio phage MS2 RNA 1U1Y 

G Protein-Coupled Receptor Kinase 

2 

RNA 3UZT 

G Protein-Coupled Receptor Kinase 

2-Heterotrimeric G Protein Beta 1 

and Gamma 2 Subunit Complex 

RNA 3UZS 

human interleukin 6 Modified DNA 4NI7 4NI9 

Lysozyme  RNA 4M4O 4M6D 

Plasmodium falciparum lactate 

dehydrogenase 

DNA 3ZH2 

prion protein RNA 2RSK 2RU7 

human PDGF-BB Modified DNA 4HQU 4HQX  

HIV-1 reverse transcriptase DNA 5HLF 5D3G 

C5a complement anaphylatoxin L-RNA/L-DNA 4WB2 4WB3 

Chemokine CCL2 RNA 4R8I 

Bacillus anthracis ribosomal 

protein S8 

RNA 4PDB 

Fab RNA 4KZE 4Q9Q 4Q9R 
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 Continued…                                                                               Aptamer-small molecule 

complexes 

Malachite green RNA 1F1T 

Vitamin B12 RNA 1ET4 1DDY 

Streptomycin RNA 1NTB 1NTA 

Biotin RNA 1F27 

GFP-like fluorophore RNA 4KZD 

 

When used individually, these methods do not provide a much detailed information as a crystal 

structure, however, using a combination of complementary techniques may provide very detailed 

information on the interactions involved. A complementation of these techniques can be 

considered as an alternative to X-ray crystallography when crystallization trials fail to produce 

well diffracting crystals or when there is no adequate equipment or expertise to conduct 

crystallization trials. Moreover, some of these techniques may provide information on the 

dynamics of complex formation, as compared to crystallography which provides a time and 

position averaged image. 

1.6. Paper based microfluidic device as a sensing platform 

 The next step in realizing a low cost effective detection mechanism, is the construction of 

a biosensing platform to render affordable detection in low income regions. Improved global health 

in the current scenario is greatly influenced by the accessibility of standard diagnostic tests. 

Current laboratory-based diagnostic tests involve the use of sophisticated techniques, instruments 

and also depend on the availability of highly skilled operators. However, implementation of these  
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standard procedures remains inconceivable in developing and under developed countries 

especially in the countryside/remote locations under emergency conditions owing to lack of 

regular power resource, cost effectiveness and trained professionals [Chin et al., 2007; Sia et al., 

2004; Daar et al., 2002; Yager et al., 2006; Mabey et al., 2004]. Alternative detection assays are 

available but with their own set of limitations. For example the lateral flow immunoassays readily 

available over-the-counter are less cost effective and involve larger sample volumes which is of 

concern for sample analysis in infants. Also these immunoassays use nitrocellulose as the substrate 

which has certain disadvantages: shelf life issues, low tensile strength, protein incompatibility with 

surfactants used during pretreatment, inconsistencies in flow characteristics due to desiccation, 

protein inability to bind covalently or directionally to nitrocellulose and involvement of elevated 

drying temperatures [Yetisen et al., 2013]. Similarly, conventional microfluidic devices require 

external pumps and detectors for sample movement and detection. Circumventing these 

drawbacks, paper based microfluidic devices has emerged as an effective alternative to high end 

costly bioassays and thus qualifying for the ASSURED (affordable, sensitive, specific, user-

friendly, rapid and robust, equipment free and deliverable to end-users) criteria suggested by the 

World Health Organization (WHO) [Peeling et al., 2006]. Paper as a substrate has the following 

advantages: (i) inexpensive, portable, easily accessible [Macek et al., 1971], (ii) compatible with 

biological samples [Pelton et al., 2009], (iii) can be easily modified to immobilize different 

biomolecules like protein, DNA, small molecules, etc. [Zhao et al., 2008; Giddings et al., 1965], 

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

through capillary motion and evaporation, which eliminates the need for external pumps to drive  
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fluid movement [Martinez  et al., 2010], (vi) it serves as a good medium for colorimetric tests, 

providing a strong white contrast against the colored substrate [Martinez  et al., 2010]. Paper as a 

substrate has been extensively used in analytical and clinical chemistry; most common examples 

include paper chromatographic techniques used for the separation of different biomolecules, litmus 

paper and paper based diagnostic tests [Chin et al., 2007; Yetisen et al., 2013; Feigel et al., 1946; 

Clegg et al., 1950; Jungreis et al., 1997; Hossain et al., 2009; Oberhofer et al., 1982; Zocher et al., 

1999; Wong et al., 2006; Allen et al., 1995; Hardman et al., 2003; Gussenhoven et al., 1997; Wang 

et al., 2006; Deborggraeve et al., 2006; Liu et al., 2006; Zlateva et al., 2005]. It also finds use as 

a substrate for the storage of biological samples like blood, saliva, etc. [Mwaba  et al., 2003; 

Bourdoux  et al., 1991; Civallero  et al., 2006; Chamoles  et al., 2001; Martinez  et al., 2007]. With 

the advent of advanced fabricating and patterning techniques, paper based microfluidic devices 

were introduced for multiplex analyte detection [Martinez et al., 2010; Martinez et al., 2008; Wang 

et al., 2010]. Majority of these fabrication techniques employs the use of hydrophobic patterning 

reagent to define hydrophilic flow channels to direct the movement of sample from an inlet to a 

specified location for subsequent analysis (Fig 1.9). A few of the fabrication techniques are 

described in Table 1.6.   

 

Figure 1.9: Hydrophilic channels bounded by hydrophobic barriers on paper. 
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Table 1.6: Comparison of techniques for patterning hydrophilic-hydrophobic contrast on paper 

Fabrication method Patterning agents Patterning principles 

Photolithography  Photoresist (e.g., SU-8)  

(Martinez et al., 2007, 2008; 

Klasner et al., 2010) 

Physical blocking of pores in paper with 

hydrophobic polymers.  

Wax printing Wax  

(Lu et al., 2009; Carrilho et al., 

2009; Leung et al., 2010)  

Physical deposition of reagent on fibre surface.  

Inkjet printing AKD  

(Li et al., 2010; Delaney et al., 

2011) 

Chemical modification of fibre surface.  

Flexographic printing Polystyrene  

(Olkkonen et al., 2010) 

Physical deposition of reagent on fibre surface.  

Plotting PDMS  

(Bruzewicz et al., 2008) 

Physical blocking of pores in paper. 

Ink jet etching Polystyrene  

(Abe et al., 2008, 2010)  

Physical deposition of reagent on fibre surface. 

Plasma treatment AKD  

( Li et al., 2008, 2010) 

Chemical modification of fibre surface. 

Laser treatment Depend on paper types  

(Chitnis et al., 2011) 

Physical blocking of pores in paper. 

Screen printing Wax  

(Dungchai et al., 2011) 

Physical deposition of reagent on fibre surface. 

Paper cutting and 

shaping 

--- Cutting and/or paper removal to create 

microfluidic devices. 

Indelible ink stamping, 

screen printed PDMS, 

lacquer spraying, vapor 

phase polymer 

deposition 

PMS ink, acrylic lacquer, 

hydrophobic parylene  

(Curto et al., 2013; Nurak et al., 

2013; Demirel et al., 2014; Ma et 

al., 2014) 

Require masks or stamps to pattern the 

hydrophobic regions and protect the remaining 

hydrophilic regions in paper. 

 

*AKD- alkyl ketene dimer, PDMS- Polydimethylsiloxane, Parylene- dichloro-[2,2]-paracyclophane, fluoropolymer. 
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Quantitative analysis of analyte detection on paper based microfluidic devices so patterned are 

carried out by various transduction mechanisms. Among them colorimetric, chemiluminescence, 

electrochemiluminescence and electrochemical methods are the most widely used. While 

colorimetric approaches are more suitable for semi-quantitative tests, the other three techniques 

specifically electrochemical method offers highly sensitive detection of analytes. In the context of 

disease biomarkers, paper based microfluidic devices as detection platform has been utilized for 

the detection of various disease markers like carcinoembryonic antigen, alpha fetoprotein, prostate 

specific antigen etc. for cancer (Wu et al., 2014, Li et al., 2013); glucose for diabetes (Ornatska et 

al., 2011); food borne pathogens (Li et al., 2010); and various other specific disease biomarkers. 

 

 

TH -1530_10610610



 
 

 

 

 

 

 

2 

Cloning, expression and purification of human 
fatty acid binding proteins 
 

 

 

TH -1530_10610610



49 
 

 

 

CHAPTER 2 

Cloning, expression and purification of human fatty acid 

binding proteins 

 

2.1. Overview 

The human heart type fatty acid binding protein (FABP3) is a member of the nine 

cytoplasmic fatty acid binding proteins. Its isolation was first reported by Unterberg et al in 1986 

from the human heart. Since then stable isolation of the protein has been performed by various 

groups, later followed by the expression of the recombinant protein in bacterial systems. The 

protein consists of 132 amino acids, a molecular weight of 14768 Da and an isoelectric point of 

5.25. The crystal structure of the recombinant protein unveiled a secondary structure consisting of 

10 antiparallel β-strands and two short α-helices, which are arranged into two orthogonal β-sheets 

(Zanotti et al., 1992).  All the members of the FABP family show an amino acid sequence 

similarity of 22–73 % but, their three dimensional structures are highly conserved (Chmurzynska 

et al, 2006).  Based on sequence similarity they are categorized into three groups-(1) FABP1 and 

FABP6, (2) FABP3, FABP7, FABP5, FABP8, FABP4 and FABP9, (3) FABP2. All proteins of 

group 1 are capable of binding fatty acids (FAs) and bulky ligands, such as bile salts, cholesterol  
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and haem. Members of group 2 bind FAs and additionally retinoids and eicosanoids (Schaap et al. 

1999). FABP2 binds solely FAs, but in a different conformation than other FABPs (bent instead 

of U-shaped) (Sacchettini et al. 1989). 

Since our aim is to develop nucleic acid aptamer against human FABP3, recombinant GST 

tagged FABP3 has been considered as the analyte. In order to achieve high specificity of the 

aptamer developed, recombinant GST tagged FABP1, FABP4 and FABP7 were used as controls. 

Henceforth, the GST tagged FABP3, 1, 4 and 7 proteins will be referred to as FABP3, FABP1, 

FABP4 and FABP7 respectively, for ease of expression. Two proteins (FABP4 and FABP7) with 

maximum and one (FABP1) with minimum sequence similarity with FABP3 were considered as 

controls. Clones were obtained from the DNASU Plasmid Repository. However considering the 

absence of suitable restriction sites and tag in the received clones, we subcloned the coding 

sequences of the genes into a suitable vector for our purpose. In this section we discuss the cloning, 

expression and purification of FABP3 along with the aforementioned control proteins. 

2.2. Experimental Approaches 

2.2.1. Materials  

pANT-cGST clones of human fabp3 and fabp7; and pMCSG7 clone of human fabp1 and 

fabp4 were purchased from the DNASU Plasmid Repository (USA). Primers were synthesized 

from Bioserve Biotechnologies India Pvt. Ltd. BioMix™ Red PCR kit was obtained from Bioline 

(UK). Quick ligation kit was obtained from Promega (USA). Gel extraction kit was purchased  
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from Sigma (USA). All other chemicals were of analytical or molecular biology grade and are 

cited in the methodology section, wherever necessary. 

2.2.2. Bacterial cell culture 

E.coli strains and clones were stored at -80 oC as glycerol stocks and were cultured in LB 

medium containing suitable antibiotics. The E.coli strains used in this work and the composition 

of culture media are given in Table A1 and A2, respectively in the appendix.  

2.2.3. Quantification of DNA 

DNA was quantified spectrophotometrically. Samples were diluted in water and the optical 

densities (O.D.) were measured at 260 nm and at 280 nm. One O.D. at 260 nm represented 50 µg 

of double stranded DNA. Concentrations of DNA samples were calculated from the optical 

densities using suitable dilution factors. 

2.2.4. Protein estimation 

Protein concentrations were determined spectrophotometrically at 595 nm using 

Coomassie Brilliant Blue (CBB) G-250 with BSA as a standard following the method of Bradford 

(Bradford., 1976). 
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2.2.5. Plasmid DNA isolation 

Plasmid DNA was isolated from 5 ml of over-night grown cultures by alkaline lysis method 

(Green and Sambrook., 2012). Reagents used in this method are enlisted in appendix Table A3. A 

single E.coli colony carrying a recombinant plasmid was grown for 14-18 hrs in LB medium 

containing specific antibiotic, at 37 oC with shaking at 180 rpm. The culture was harvested and the 

cells were resuspended in 100 µl of solution I. The cells were lysed with 200 µl of freshly prepared 

solution II. Thorough mixing of the contents was done by gently inverting the tube. Bacterial 

genomic DNA and bacterial cell debris were differentially precipitated by adding 150 µl of ice 

cold solution III and incubated on ice for 5 mins followed by centrifugation at 12,000 x g for 10 

min at 4 oC. The supernatant was transferred to a fresh tube and equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1 v/v) was added. The resulting mixture was mixed 

gently by inversion and the phases were separated by centrifugation at 12,000 x g for 10 mins at 4 

oC. The aqueous phase was aspirated out into a fresh tube and 2 volumes of ethanol were added to 

precipitate the plasmid DNA. After incubation at room temperature for 10 mins, precipitated 

plasmid DNA was separated by centrifugation at 12,000 x g for 10 mins at 4 oC. The DNA pellet 

was washed with 70 % ethanol, air-dried and resuspended in the required amount of nuclease-free 

water. 
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2.2.6. Agarose gel electrophoresis 

DNA samples were resolved by agarose gel electrophoresis using agarose gel (0.8-2 %, 

containing 0.5 µg/ml of ethidium bromide) in 1 X TAE at 75 V until the desired resolution was 

achieved. The DNA fragments were visualized on a UV-Trans-illuminator and imaged using a gel 

documentation system (ChemiDoc XRS+ Imaging System, BIO RAD). 

2.2.7. Gel elution of DNA 

PCR amplified products, digested plasmids and inserts were eluted out of agarose gels 

using GenElute Gel Extraction kit (Sigma Aldrich, USA) following the manufacturer’s protocol. 

DNA fragment of interest was excised out of the agarose gel and stored at -20 oC for further use. 

Gel solubilizing solution was added in a ratio of 100 mg agarose gel: 300 μl gel solubilization 

solution and then allowed to incubate for 10 min at 50-60 oC, until the gel slice is completely 

dissolved. The mixture was vortexed briefly during incubation to help dissolve the gel, completely. 

A GenElute binding column was placed in a 2 ml sterile collection tube, equilibrated with 500 μl 

of column preparation solution and centrifuged for 1 min at 12,000 x g. The flow through was 

discarded. One gel volume of 100 % iso-propanol was added to the sample and mixed. The sample 

DNA solution was then loaded onto the pre-equilibrated binding column in a maximum volume 

not exceeding 700 μl at one time and centrifuged for 1 min at 12,000 x g. After discarding the flow 

through liquid, the column was washed again with 700 μl of wash solution at 12,000 x g. Another 

centrifugation step was performed for 1 min to remove residual traces of ethanol.  The DNA was  
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eluted by adding 50 μl of preheated nuclease free water to the binding column. After an incubation 

time of 1-2 mins at room temperature, DNA was eluted out by centrifugation at maximum speed 

for 1 min. Eluted DNA was stored at -20 oC for further use.  

2.2.8. Polymerase chain reaction 

BioMix™ Red PCR kit was used for all PCR reactions. A total of 25-50 ng of DNA sample 

was used in 25 µl reaction mixture. The composition of the reaction mix was as follows: 

 

2 X Biomix Red           12.5 µl 

5’ primer (20 pmole/µl)                         1 µl 

3’ primer (20 pmole/ µl) 1 µl 

DNA 25 ng 

Nuclease free water to final volume    25 µl 

 

 

PCR amplification was performed by thermal cycling (Palm Cycler, Genetix Biotech. Asia Pvt. 

Ltd.). A typical thermal cycling involved initial denaturation for 5 mins at 95 oC, followed by 30 

cycles each of which is as follows: 30 s at 95 oC, 45 s at 62.1 oC or 63.6 oC, 45 s at 72 oC and the 

final extension was performed for 10 mins at 72 oC. Sequence of primers and reaction conditions 

used are given in appendix (Table A5). 
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2.2.9. Digestion of DNA by Restriction Enzyme 

Plasmids or PCR amplified DNA fragments were subjected to digestion using restriction 

endonucleases. An aliquot of plasmid DNA (~1µg) was digested overnight with the required 

amount of restriction endonuclease according to the conditions specified by the manufacturer. An 

aliquot was loaded on a 0.8 % agarose gel for analysis after electrophoresis. The composition of 

the digestion mix is as follows: 

 

10 X Buffer 4           5 µl 

Bam H I-HF (NEB, 20 U/µl) 1 µl 

Xho I (NEB, 20 U/µl) 1 µl 

BSA (100X) 0.5 µl 

DNA 1 µg 

Nuclease free water to final volume 50 µl 

 

2.2.10. Ligation reaction 

The restriction enzyme digested vector and insert were resolved by agarose gel 

electrophoresis and eluted using GenElute Gel Extraction kit. The gel eluted products were ligated 

using T4 DNA ligase. For ligation, linearized vector and insert fragment were mixed in a 1:3 molar 

ratio, followed by incubation with 2 X Quick ligation reaction buffer and 1 µl of Quick T4 DNA 

ligase. The ligation reaction was carried at room temperature (25 oC) for 5 mins, chilled on ice and 

then used for transformation/or stored at -20 oC. The composition of the ligation mix is as follows: 
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Insert DNA            150 ng 

pGEX-4T2 vector (GE) 50 ng 

2 X Quick Ligation Reaction Buffer 12.5 µl 

Quick T4 DNA Ligase 1 µl 

Nuclease free water to final volume 25 µl 

 

The ligated mixture was transformed into E.coli DH5α cells by standard heat shock method 

described in section 2.2.12. Transformed cells were then plated in LB agar/ampicillin plates. 

2.2.11. Preparation of competent cells 

A one-step competent E.coli DH5α/BL21 (DE3) cell preparation protocol was adopted in 

this work for transformation and storage of competent bacterial cells as described by Chung et al. 

(1989). Briefly, a single colony of bacterial cell was inoculated aseptically in 5 ml of LB media as 

a primary culture and allowed to incubate overnight at 37 oC under constant shaking at 180 rpm. 

A 1 % primary culture was charged aseptically in a 25 ml LB broth and grown till early exponential 

phase until the optical density (O.D) at 660 nm wavelength read 0.4-0.5. The culture was then 

centrifuged at 3000 x g for 10 min at 4 oC. The sedimented bacterial pellet was isolated and 

resuspended aseptically in 2.5 ml of sterile ice-cold transformation and storage solution (TSS 

solution) (Appendix Table A3). Aliquots in an appropriate volume were prepared and frozen 

immediately at -80 oC for long term storage. 
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2.2.12. Transformation in bacterial cells 

For transformation 10 μl of the ligation mixture was added to 100 μl aliquot of competent 

bacterial cells, mixed and then incubated on ice for 30 min. The competent cells were subjected to 

heat shock at 40 oC in a circulating water bath for 90 s and chilled on ice immediately. A total of 

800 μl of pre-warmed sterile LB broth at ~37 oC was added to the cells and incubated for 1 hr at 

37 oC with constant shaking at ~180 rpm. The cells were harvested by centrifugation at 3000 x g 

for 10 min at 4 oC and resuspended in 100 μl of LB media. Resuspended cells were plated on LB 

agar plates containing the appropriate antibiotic followed by incubation at 37 oC for 12-16 hr. 

Subsequently, the colonies were picked, gridded on a LB agar plate containing appropriate 

antibiotic and screened by restriction digestion. 

2.2.13. Sequencing of clones 

Insert in various clones were sequenced by dideoxy method using universal T7 forward 

and reverse primers. Sequencing was performed by Xcelris Genomics (Ahmedabad). 

2.2.14. Cloning of fabp3, fabp1, fabp4 and fabp7 in pGEX-4T2 expression vector 

The plasmid DNA containing fabp3, fabp1, fabp4 and fabp7 cloned in pANT-

cGST/pMCSG7 vectors were procured from DNASU Plasmid Repository with the following 

corresponding IDs HsCD00732739, HsCD00674470, HsCD00343151 and HsCD00732847 which 

were used as the template for amplifying using specific primers (Appendix Table A5). The primer  
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sets used contain the restriction enzyme sites for BamH I and Xho I at 5’ and 3’ end, respectively. 

The PCR products as well as the plasmid pGEX-4T2 were double digested separately with BamH 

I and Xho I and the double digested PCR products were ligated to double digested pGEX-4T2 

using the Quick ligation kit (Promega). An aliquot of the ligated product was subsequently used 

to transform competent E.coli DH5α using standard heat shock method mentioned earlier. 

Transformed cells were plated on LB/ampicillin plate. After 16 hrs of incubation at 37 oC, bacterial 

colonies were picked and plasmid DNA isolated from the cells by alkaline lysis method. The 

recombinant clones were screened by restriction enzyme digestion and the selected clones were 

stored at -80 oC. One of the selected clones for each gene was confirmed through sequencing and 

the recombinant plasmids were further transformed to E.coli BL21 (DE3) for protein expression. 

2.2.15. Expression of GST-tagged FABP3, FABP1, FABP4 and FABP7 in E.coli BL21 (DE3) 

A fresh colony of E.coli BL21 (DE3) with pGEX-4T2 fabp3 or fabp1 or fabp1 or fabp7 

each were inoculated in 5 ml of LB media containing ampicillin (100 mg/L) and incubated at 37 

oC overnight. This was further subcultured in 100 ml of LB media with the same amount of 

antibiotic till the O.D. reached 0.6-0.8. Expression of the recombinant proteins were induced with 

Isopropyl β-D-thiogalactopyranoside (IPTG) (0.1 mM for fabp3, fabp1 and fabp4; and 0.05 mM 

for fabp7) for 12 hrs at 37 oC for fabp3, 1 and 4 and 30 oC for fabp7, respectively with shaking 

(180 rpm). Cells were harvested by centrifugation at 8000 x g and resuspended in 50 mM PBS, 

pH 8. The cells were then subjected to sonication using a ultrasonic processor (Hielscher) at 25 % 

amplitude with 0.5 cycle at 4 oC till the lysate appeared clearer. The homogenate was clarified by  
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centrifugation at 12,000 x g for 20 mins at 4 oC. The supernatant was collected and stored at 4 oC 

or -20 oC for further processing. 

2.2.16. Purification of GST tagged FABP3, FABP1, FABP4 and FABP7 

The pGEX-4T2 vector carries a GST tag upstream to the multiple cloning site. The 

recombinant GST tagged proteins (FABP3, 1, 4 and 7) were purified by glutathione agarose 

affinity chromatography using glutathione agarose beads from Sigma (USA). The purification was 

conducted as per the manufacturer’s protocol. Briefly, the clarified protein sample was loaded on 

to the column under gravity flow and allowed to incubate at 4 oC for 1 hr. The resin was then 

washed with 50 mM PBS (300 mM NaCl, pH 8) for 4-5 times to remove unbound sample, followed 

by elution of the bound proteins using elution buffer (50 mM Tris-HCl, pH 9) supplemented with 

10 mM glutathione. The residual glutathione was removed by dialysis against an appropriate 

buffer. The Bradford assay was used to determine the concentration of the purified proteins. 

Henceforth, the GST tagged FABP3, 1, 4 and 7 proteins will be referred to as FABP3, FABP1, 

FABP4 and FABP7 respectively, for ease of understanding. 

2.2.17. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of protein 

SDS-PAGE was performed to analyze the expression of the recombinant proteins and for 

western blot. Required amount of purified protein or cell lysates were mixed with 4 x SDS-PAGE 

gel loading buffer with reducing agent (2-mercaptoethanol) and heated in a boiling water bath for 

5 mins. Standard SDS-PAGE protein marker for regular SDS-PAGE and pre-stained protein  
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marker for western blots were procured from New England Biolabs (USA) and processed 

simultaneously as per the manufacturer’s instructions. Denatured protein samples along with 

standard SDS-PAGE protein markers were subjected to SDS-PAGE following the method of 

Laemmli, (1970). Electrophoresis was carried out using 5 % stacking and 12 % separating gels of 

thickness 0.75 mm at a constant voltage of 120 V for both stacking and resolving gel, respectively 

in MiniVE vertical electrophoresis unit (GE Healthcare). After the electrophoresis, the gels were 

stained with “Blue silver staining” protocol of Candiano et al, (2004), using colloidal Coomassie 

G-250 (Sigma Aldrich, USA) (Appendix Table A3). 

2.2.18. Western Blot 

Western blot was performed to analyze the expression of the recombinant proteins in 

bacterial system. Protein samples were resolved by SDS-PAGE using 12 % gel in the MiniVE 

vertical electrophoresis unit at 120 V. The electrophoresed protein gels were transferred to PVDF 

membrane at a fixed voltage of 25 V, 300 mA for 3-4 h at 4 oC in Blot module (GE Healthcare). 

The membrane was carefully taken out from the electro-blotting module and transfer of proteins 

on membrane was confirmed by Ponceau S staining (Sigma). Membranes were washed with PBS, 

pH 7.4 with 0.1 % Tween 20 (PBS-T) for 10 mins to remove the Ponceau S stain. The buffer was 

discarded and the membrane was washed again with PBS on a shaker. The membrane was then 

blocked with blocking buffer supplemented with 5 % BSA overnight to prevent non-specific 

adsorption. The blot was then washed with an excess of PBS-T three times for 10 mins each. The 

wash buffer was discarded and the membranes were then incubated with monoclonal anti-GST  
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antibody as the primary antibody (Sigma) using an optimized concentration in PBS containing 1 

% BSA for 2 hr at room temperature. The membrane was washed three times with PBS-T for 10 

mins each. This was followed by incubation with secondary antibody (HRP modified anti-rat IgG) 

from R&D systems (USA) appropriately diluted in PBS (1 % BSA) for 1 hr at room temperature 

with slow shaking. Thereafter the membrane was thoroughly washed with PBS for three times. 

Finally, the blot was developed using 3, 3’-Diaminobenzidine (DAB) tetrahydrochloride hydrate 

(Amresco, USA) at a concentration of 4 mg per 10 ml of PBS and charged with 10 μl  30 % 

hydrogen peroxide (Sigma Aldrich, USA) followed by imaging with a gel documentation system 

(ChemiDoc XRS+ Imaging System, BIO RAD). Details of reagents used are given in Table A3. 

2.2.19. Circular dichroism 

Circular dichroism (CD) spectra of the proteins were recorded using a spectropolarimeter 

(J-815, Jasco, Japan.) calibrated with 0.06 % (w/v) aqueous solution of (±)–10– camphorsulfonic 

acid. The spectrum was recorded in the wavelength range of 190-240 nm, in 0.1 cm path length 

suprasil quartz cuvette at 25 oC, at a scan rate of 100 nm/min, 1 nm bandwidth, with a time constant 

of 2 s, and an average of 4 scans. The spectrum was corrected for baseline and smoothed by 

Savitsky–Golay filter using Jasco spectral analysis software. The secondary structure analysis was 

performed using the Jasco SSE-protein secondary structure estimation program supplied with the 

instrument.  
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2.3. Results and Discussion 

2.3.1. Cloning of fabp3, fabp1, fabp4 and fabp7 

The clones for fabp3, fabp1, fabp4 and fabp7 were obtained from DNASU Plasmid 

Repository. However, due to the absence of suitable tags and restriction enzyme sites, the gene 

fragments were subcloned into pGEX-4T2 expression vector and expressed in E.coli. Our cloning 

strategy is shown in Figure 2.1. The DNA fragments corresponding to FABP3, FABP1, FABP4 

and FABP7 were amplified by PCR using specific primers for the fragments (Figure 2.2). The 

amplified fragments were cloned into the BamH I – Xho I sites of pGEX-4T2 expression vector 

and then transformed into competent E.coli DH5α by standard heat shock method. The 

recombinant clones were checked by restriction digestion. Four representative clones are shown 

in Figure 2.3. Subsequently, sequence of insert in one of the selected clone was confirmed by DNA 

sequencing by dideoxy method and compared with the repository sequence as well as the complete 

coding sequence of the respective Homo sapiens fatty acid binding protein through multiple 

sequence alignment (GenBank: BC007021.1 for FABP3; GenBank: BC032801.1 for FABP1; 

GenBank: BC003672.1 for FABP4 and GenBank: BC012299.1 for FABP7). The FABP3 insert 

showed complete sequence alignment (100 %) with the repository sequence and 99 % similarity 

with the complete coding sequence obtained from NCBI with a single base mismatch (C - T) which 

results in coding for arginine in place of stop. The FABP4 and FABP7 inserts displayed 99 % 

similarity with both the repository and complete coding sequence, respectively. Both the inserts 

had a single base mismatch (T-C). For FABP4 insert the single mismatch did not result in change  
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in the protein sequence with both coding for the tyrosine, however, for FABP7 insert the single 

mismatch resulted in a change in protein sequence from isoleucine to threonine. The FABP1 insert 

showed complete sequence alignment with both the repository and complete coding sequence.  

2.3.2. Expression and purification of recombinant FABP3, FABP1, FABP4 and FABP7 in 

E.coli 

The individual inserts were used for the expression of the respective GST tagged proteins 

in E.coli BL21 (DE3) cells. The transformed cells were induced at an optical density of 0.6 with 

an optimized IPTG concentration of 100 µM at 37 oC for FABP3, 1 and 4, and 50 µM for FABP7 

at 30 oC for 12 hrs. Subsequently, the cells were harvested by centrifugation and whole cell lysate 

was prepared by sonication and checked by SDS-PAGE (Figure 2.4). The recombinant proteins 

were purified from clarified cell lysate using glutathione agarose affinity columns. Elution buffer 

containing glutathione was used for elution of the recombinant proteins. The residual glutathione 

in the eluant containing the recombinant protein was removed by dialysis. The purified proteins 

were analyzed by SDS-PAGE (Figure 2.5) and further characterized by Western Blot analysis with 

rat anti-GST antibody followed by anti-rat HRP antibody (Figure 2.6). The yield of the purified 

recombinant proteins expressed in E.coli BL21 (DE3) varied from 3.5-4 mg/ 100 ml of culture as 

estimated by Bradford assay. 
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2.3.3. Characterization of recombinant FABP3, FABP1, FABP4 and FABP7 

To ascertain the correct secondary structures of the recombinant proteins, CD studies were 

performed. CD spectra of all the recombinant proteins were recorded at 25 oC in the range of 190-

240 nm. The spectra of GST was subtracted from the combined spectra to obtain spectra for the 

recombinant protein only. CD spectra for all the proteins represented a spectra dominated by β-

sheet conformation which conforms to the reported data obtained from X-ray crystallography 

(Figure 2.7, Table 2.1). 

 

Table 2.1: Secondary structure composition of FABP 3, 1, 4 and 7. 

Protein α-helix  

(%)  

β-sheet  

(%)  

random coil  

(%)  

FABP3 18.0  61.9 20.0  

FABP1 15.0  72.1 12.9  

FABP4 10.2  60.9  28.9  

FABP7 17.4  61.8  20.8  

 

2.4. Conclusion 

As an initial step for the development of aptamers specific for FABP3, the coding sequence 

for FABP3 and three control proteins belonging to the family of intracellular fatty acid binding 

proteins (FABP1, FABP4 and FABP7) were cloned into pGEX-4T2 expression vector and finally 

transformed into BL21 (DE3) cells. The GST tagged recombinant proteins were purified by  
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glutathione agarose affinity chromatography, observed on SDS PAGE gels and identified on 

Western blots using anti-GST antibodies. The CD spectra of all the proteins were recorded to 

reveal major β-sheet composition, which were comparable to already reported data. 
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Figures 

 

 

 

 

Figure 2.1: Scheme representing the cloning strategy used in the present work. 
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Figure 2.2: PCR product analysis of (A) fabp3, (B) fabp1, (C) fabp4 and (D) fabp7 in 0.8% agarose gels. 

Lane L1: wide range DNA marker, L2: fabp PCR amplicon.  
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Figure 2.3: Restriction enzyme digestion of PCR product cloned in pGEX-4T2 vector. Lane L1:  DNA 

marker, L2-L5: BamHI and XhoI digested pGEX-4T2 (A) fabp3, (B) fabp1, (C) fabp4 and (D) fabp7 clones.  
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Figure 2.4: SDS PAGE (12 % gel) analysis of expressed GST tagged (A) FABP3, (B) FABP1, (C) FABP4 

and (D) FABP7. FABP1, 4 and 3 were induced at an IPTG concentration of 100 µM for 4, 8 and 12 hrs at 

37 0C while FABP7 was induced at 50 µM IPTG for 4, 8 and 12 hrs at 30 0C. Lane L1: protein molecular 

weight marker, L2: BL21 (DE3) induced, L3: clone uninduced, L4: clone induced for 4 hrs, L5: clone 

induced for 8 hrs, L6: clone induced for 12 hrs and L7: GST clone induced for 4 hrs. 
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Figure 2.5: SDS PAGE of purified GST tagged (A) FABP3, (B) FABP1, (C) FABP4 and (D) FABP7. Lane 

L1: protein molecular weight marker, L2: purified GST tagged protein and L3: purified GST. 
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Figure 2.6: Western blot of GST tagged (A) FABP3, (B) FABP1, (C) FABP4 and (D) FABP7. Lane L1: 

protein molecular weight marker, L2: GST tagged protein and L3: GST. 
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Figure 2.7: CD spectra of recombinant (A) FABP3, (B) FABP1, (C) FABP4 and (D) FABP7. 
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CHAPTER 3 

Development of aptamers specific for human FABP3 and 

their characterization 

 

3.1. Overview 

Detection of FABP3 has been mainly achieved through antibody based assays or 

biosensors. However, the inherent instability of antibodies at high temperatures, high cost of 

production and batch to batch variations makes the whole process of testing expensive and less 

available to the common man. As a means of circumventing the disadvantages of antibodies, 

various types of alternative bio-recognition systems have been developed like nucleic acid and 

peptide aptamers. Nucleic acid aptamers are a group of oligonucleotide ligands comprising of 

single stranded DNA or RNA sequences with abilities to bind to their targets with great specificity 

and affinity often rivalling those of antibodies. Since its independent inception by Ellington et al., 

Tuerk et al and Robertson et al in the year 1990, aptamers have caught the attention of researchers 

as an emerging molecular recognition probe in diagnosis and therapeutics. Aptamers generated by 

the in vitro selection process of SELEX have several advantages over antibodies such as, 

comparable binding strength, discriminational binding to targets on the basis of subtle structural 

differences, high thermal stability, regeneration and chemical modification capability,  
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nonimmunogenic and nontoxic, fast renal filtration and short circulating halftime, low cost 

production and rapid large scale synthesis and chemical modification capability. As a replacement 

of antibodies in diagnostics and therapeutics, aptamers demonstrate great potential as an evolving 

versatile tool in biomedical research. 

 In this chapter, we describe selection of ssDNA aptamers against FABP3 (15 kDa), an early 

biomarker of acute myocardial infarction, for the first time. The FABP3 protein expressed and 

purified in Chapter 1 was used as target for SELEX whereas FABP1, 4 and 7 were used for counter 

SELEX. Through the selection process two aptamers that specifically bind to the target were 

isolated and subsequently characterized to yield interesting results pertaining to their converging 

sequences yet diverging structures. Furthermore, stability studies were conducted to assess the 

behavior of both the aptamers under variable conditions. 

3.2. Experimental Approaches 

3.2.1. Materials 

Primers, ssDNA library, and aptamers were synthesized from Bioserve Biotechnologies 

India Pvt. Ltd. Restriction enzymes and streptavidin coated magnetic beads were obtained from 

New England Biolabs (USA). SYBR Gold was purchased from Invitrogen (USA), glutathione 

agarose magnetic beads from Thermo Fisher Scientific (USA) and pGEM-T easy vector from 

Promega (USA). X-Gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside) and IPTG 

(Isopropyl β-D-thiogalactopyranoside) were purchased from Himedia (India). All other chemicals 
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were of analytical grade. 

3.2.2. Initial library design 

A ssDNA library containing 40 randomized nucleotides flanked by two primer binding 

sites was designed as follows: 

5’-CACCTAATACGACTCACTATAGCGGATCCGA-N40-CTGGCTCGAACAAGCTTGC-3’ 

3.2.3. Immobilization of protein on glutathione agarose magnetic beads 

A total of 50 µl glutathione magnetic beads were washed twice with binding buffer (50 

mM sodium phosphate buffer (SPB), pH 7.4, 50 mM NaCl, 5 mM KCl, 2.5 mM MgCl2) containing 

0.05 % Tween 20 for 10 mins each at room temperature. The beads were incubated with an excess 

of protein in a hybridization chamber for 1 hr at 25 oC. The beads were then washed twice to 

remove any unbound protein and were used for the subsequent SELEX cycles. 

3.2.4. SELEX 

A total of 2.5 nmole ssDNA pool (5’-CACCTAATACGACTCACTATAGCGGA-N40- 

GCAAGCTTGTTCGAGCCAG-3’) dissolved in binding buffer was denatured by heating at 90 

oC for 10 mins, then cooled to room temperature before binding. The ssDNA pool was incubated 

with FABP3 immobilized on glutathione agarose magnetic beads for 1 hr. The unbound ssDNA 

sequences were removed through washing and the sequences bound to FABP3 were amplified by  
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PCR using the following primers and conditions: Forward primer: 5’-CAC CTA ATA CGA CTC 

ACT ATA GCG GA-3’, Reverse primer: 5’-biotin-GCA AGC TTG TTC GAG CCA G-3’, initial 

denaturation at 95 oC for 10 mins, followed by 18 cycles of 95 oC, 15 s, 68 oC, 15 s, 72 oC, 3 s, and 

final extension at 72 oC for 10 mins was carried out. To separate ssDNA from the amplified 

dsDNA, the PCR product was incubated with 30 μl of streptavidin coated magnetic beads in a 

coupling buffer (20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 1 mM EDTA) at room temperature for 1 

hr. The beads were then washed with coupling buffer and ssDNA strands were separated from 

biotinylated strands using 100 μl of 100 mM NaOH. The pH of the solution was then adjusted to 

7.5. The separated ssDNA strands were used for the next round of SELEX.  A total of 20 SELEX 

cycles were carried out, out of which 8 were counter cycles. To increase the stringency of SELEX 

cycles, the incubation time for binding of aptamers were varied as follows: 60 mins for 1-6 cycles, 

40 mins for 7-9 cycles and 20 mins for 10-12 cycles. Individual counter SELEX against FABP4, 

FABP1 and FABP7 were carried out after cycle 6, 11 and 16, respectively, whereas counter 

SELEX against GST was carried out four times one at the beginning and the other three after cycle 

5, 10 and 15, respectively. One counter SELEX was also incorporated for the glutathione magnetic 

beads at the beginning. Buffer compositions are mentioned in Appendix Table A3. 

3.2.5. Cloning and sequencing of enriched aptamers 

The screened aptamer candidates after the 20th round of SELEX were cloned into a pGEM-

T easy vector and used to transform competent DH5α cells. The transformed cells were selected 

on the basis of blue-white screening and restriction enzyme digestion. The positive clones were 
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then sequenced and aligned using ClustalX2 software to compare the sequences. 

3.2.6. Electrophoretic mobility shift assay (EMSA) 

An amount of 0.2 pmole aptamer was heated at 90 oC for 10 mins, cooled to room 

temperature for 10 mins followed by addition of 30 µM of each protein. The mix was incubated 

for 1 hr at room temperature and then separated in a 6 % native (29:1) TBE gel for 2 hrs at 100 V 

and 4 oC. The gels were subsequently stained with SYBR Gold dye and visualized. EMSA were 

also performed to study the formation of the aptamer-protein complex with an increasing 

concentration of FABP3 (0, 0.1, 0.5, 1, 10, 25, 50, 75, 100 µM) at a fixed concentration of aptamer. 

Control experiments were also performed in the presence of an unrelated 90 bp ss DNA. 

3.2.7. Circular dichroism (CD) studies 

A total of 4 µM aptamer was heated for 10 mins at 90 oC, cooled to room temperature, 

followed by addition of 4 µM of the individual proteins. The mixture was incubated for 30 mins 

at room temperature followed by recording of the CD spectra at 25 0C using a Jasco J-815 

spectropolarimeter. Far UV scans were obtained in continuous mode, collecting measurements 

every 1nm between 200-340 nm. Spectra were collected with an average of 4 accumulations, scan 

rate of 100 nm/min, bandwidth of 1nm and response of 2 s. Buffer contributions were subtracted 

from spectra and smoothed by Savitsky-Golay algorithm. To determine the dissociation constants 

of the selected aptamers, the increase in CD signal on binding to increasing concentrations of 

FABP3 were recorded. The differences in intensities at the peak wavelength were plotted against 
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concentrations of FABP3 added to obtain a graph which was fitted to a single site ligand binding 

model to obtain the Kd of the individual aptamers (Garbett et al., 2007). Effect of K+, Na+ and 

Mg2+ ions on aptamer secondary structures were studied at concentrations of 100 mM in SELEX 

binding buffer. Similarly, influence of pH on aptamer structure was studied in the range of pH 4-

9, while the effect of aptamer strand concentration on melting temperature was studied at an 

aptamer concentration range of 2-20 µM and temperature range of 4-90 oC. 

3.2.8. Secondary structure and G-quadruplex mapping 

Secondary structure prediction of the screened aptamers was carried out using the Mfold 

web server (Zuker et al., 2003). The ionic conditions were chosen as 50 mM NaCl and 2.5 mM 

MgCl2 and temperature was fixed at 25 oC. G-quadruplex prediction software QGRS (Quadruplex 

forming G-Rich Sequences) mapper was used to predict the possibility of the sequences to fold 

into a quadruplex structure (Kikin et al., 2006). The default parameters were set with maximum 

QGRS length of 30, minimum G-group of 2 and loop size between 0-36 nucleotides. 

3.2.9. Multidimensional melting data acquisition and analysis 

Multidimensional 3D melting curves were obtained by recording the whole CD spectra 

(200-340 nm) as a function of temperature. The singular value decomposition (SVD) method was 

used for characterization of 3D melting sets and the results obtained were fit to equilibrium models 

to obtain mechanistic and thermodynamic information (Gray et al., 2011). Briefly, using the CD  
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spectrophotometer, the ellipticity versus wavelength of the selected aptamers were recorded in the 

200-340 nm wavelength range at different temperatures (4-90 oC). A reference blank spectrum 

was also collected for the buffer alone at the same wavelength and temperature range. A D matrix 

was prepared with the normalized data, imported to MATLAB for SVD analysis and calculation 

of the S, U, V and U x S matrices were done. The dataset was then fit to a two-state process using 

the GlobalWorks software package to obtain the optimized parameters (Matheson et al., 1987). 

3.3. Results and Discussion 

3.3.1. SELEX and screening of positive clones 

A total of 20 SELEX cycles were carried out against the target protein FABP3, out of which 

8 were counter cycles incorporating three intracellular fatty acid binding proteins, more 

specifically liver (FABP1), adipocyte (FABP4) and brain (FABP7), followed by cloning of the 

enriched pool in TA vectors (Figure 3.1). A total of 57 clones were picked and screened (Figure 

3.2) and finally 50 positive clones were sequenced and analyzed with Clustal X2. The analysis 

showed 7 sequences were enriched at levels more than the others (Table 3.1). Alignment studies 

of these sequences did not display any significant conservation in the random regions of these 

sequences (Figure 3.3). 
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Table 3.1: Enriched aptamer candidates obtained after 20 rounds of SELEX. 

Aptamer 

name 

Sequence 

N13 5’CACCTAATACGACTCACTATAGCGGATCCGAAGGGGGCGCGAGGTGTAAGGGTGTGG

GGTGGTGGGTGGGCCTGGCTCGAACAAGCTTGC3’ 

 

N34 5’CACCTAATACGACTCACTATAGCGGATCCGACACCCACACCCCCCTGCACCTCCCCTA

CACCACCCCCCGCCTGGCTCGAACAAGCTTGC3’ 

 

N35 5’CACCTAATACGACTCACTATAGCGGATCCGACCACTTCCCCCGCCCCCGCCCCATGCC

CTCCCTCTCCCGCCTGGCTCGAACAAGCTTGC3’ 

 

N36 5’CACCTAATACGACTCACTATAGCGGATCCGAGGAGTAAGGCGGGCGTGGGAATCGGG

GTTAGCGGGGGGGCCTGGCTCGAACAAGCTTGC3’ 

 

N41 5’CACCTAATACGACTCACTATAGCGGATCCGAACTACACACACCCGTCCCAACACACC

CATCCTCCATGTGCCTGGCTCGAACAAGCTTGC3’ 

 

N52 5’CACCTAATACGACTCACTATAGCGGATCCGAAAGAGGTGAGGAGATGGTAGTACGGG

AAAGATGGAGGGGCCTGGCTCGAACAAGCTTGC3’ 

 

N53 5’CACCTAATACGACTCACTATAGCGGATCCGAGGGGGTAGCGGGTGGGCCGGTGGATG

CGGGGCGCCGGCGCCTGGCTCGAACAAGCTTGC3’ 

 

 

3.3.2. Specificity and affinity studies of aptamers 

To ascertain the specificity of the 7 enriched aptamers EMSA were conducted in the 

presence of the target protein FABP3 and each of the control proteins FABP1, FABP4, FABP7,  
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and GST. The EMSA results suggest specific binding in the event of two aptamers N13 and N53 

while the rest of 5 aptamers bound to one or more of the control proteins (Figure 3.4 A, B). The 

increase in intensity of the aptamer-protein complex band with increase of protein concentration 

in the mixture was observed for both N13 and N53 suggesting increased interacting population 

between the aptamer and FABP3 (Figure 3.4 C, D). Control studies were also performed in the 

presence of an unrelated ssDNA of 90 bp. The results displayed no binding of the protein to the 

unrelated DNA (not included in figures). On the basis of EMSA results N13 and N53 were 

considered for further study. The EMSA outcome was supported by the CD studies, wherein the 

aptamer candidates demonstrated binding to FABP3 resulting in change in the CD spectra of the 

aptamers. N13 did not show any spectral changes on addition of the control proteins whereas N53 

displayed a negligible change. However, the spectral change of N53 on binding to FABP3 was far 

more pronounced than the change on binding to FABP1, FABP4, FABP7 and GST (Figure 3.4 E, 

F). Increase in CD peak intensity of aptamers (Figure 3.4 G, H) on binding to increased 

concentrations of FABP3 was utilized to determine the dissociation constants of the aptamers. The 

dissociation constants (Kd) so determined were 0.0743 ± 0.0142 µM and 0.3337 ± 0.1485 µM for 

N13 and N53, respectively (Figure 3.5). 

3.3.3. Structure prediction of aptamers 

Based on the sequence alignment of their random regions, both N13 and N53 were found 

to have regions of 100 % identity depicted in blue while regions in green depict 70 % similarity. 

Overall, both the sequences including their primer regions share a sequence identity of 75 %.  
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However, these similarities in sequences do not reflect in their secondary structures as predicted 

by Mfold (Figure 3.6). N13 has one circular structure with two small and one bent long arm while 

N53 has one big circular structure with four small arms. Analysis of the sequences of both N13 

and N53 uncovers the presence of G-rich regions which might contribute to the formation of 

complex G-quadruplex structures. The G quadruplex prediction software QGRS Mapper predicted 

a total of 2 QGRS sequences for N13 and 1 QGRS sequence for N53 (Table 3.2).  

Table 3.2: The QGRS sequences as predicted by the QGRS Mapper software for N13 and N53. 

Aptamer Position Length QGRS G-Score 

N13 24 

50 

21 

21 

GGATCCGAAGGGGGCGCGAGG 

GGGTGTGGGGTGGTGGGTGGG 

15 

39 

N53 32 30 GGGGGTAGCGGGTGGGCCGGTGGATGCGGG 32 

 

To confirm the structure of the aptamers as predicted by the QGRS Mapper, the CD spectra of 

both the aptamers were studied under the same conditions as SELEX. The signature peaks 

corresponding to a G-quadruplex structure were not found but the aptamers demonstrated peaks 

corresponding to duplex B DNA i.e. a positive peak at 260-280 nm and a negative peak at 245 nm, 

which suggests that the aptamers hybridize to form double stranded regions (Figure 3.7 A, B). 

3.3.4. Effect of ionic strength, pH and temperature on aptamer structure 

Salt ions play a major role in maintaining the structure of DNA. Therefore the effect of 

different salt ions on the native structure of the aptamers was investigated in presence of the  

TH -1530_10610610



83 
 

Development of aptamers specific for human FABP3 and their characterization 

 

binding buffer used for SELEX (Figure 3.8). For both N13 and N53 there was no significant 

change in the peak intensity at 283 nm in the CD spectrum (Fig 3.8 A and B), which enforces the 

fact that in the settings of the binding buffer, even in the presence of high salt concentrations, both 

the aptamers maintained their structure intact. This study confirms the stability of the aptamers at 

high salt concentrations. 

A similar study was performed to evaluate the effect of different pH conditions on the 

conformation of the aptamers. For both the aptamers the CD spectra at acidic conditions displayed 

reduced peak intensity at 281 nm and 245 nm and a peak shift from around 195 nm to 205-210 

nm. For N13 the peak intensity at 281 nm was observed to be increased in the following sequence 

pH 4 < pH 5 < pH 9 < pH 7 < pH 8 < pH 6 with the peak shape being slightly broad shaped at pH 

6. Similarly for N53 the peak intensities at 280 nm and 245 nm were similar for pH 6, 7 and 9 

whereas at pH 8 the aptamer showed maximum peak intensities at both these wavelengths. At pH 

4 and pH 5, the peak intensities at both 245 nm and 280 nm were reduced (Figure 3.9).This study 

suggests that the aptamers were comparatively stable at neutral and slightly alkaline conditions as 

compared to acidic conditions.  

To determine the thermal stability as well as the thermodynamics of its folding-unfolding 

process, thermal denaturation experiments were carried out. Firstly, the effect of the aptamer strand 

concentration on the melting temperature (Tm ) in the range of 2-20 µM in the absence of ligands 

was studied. The results indicated that for both N13 and N53, the Tm varied in the range of 47-58 

oC and 52-56 oC, respectively (Figure 3.10). Therefore, to ascertain the correct model dependent 

thermodynamic parameters, multidimensional 3D melting curves were obtained by recording the  
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whole CD spectra (200-340 nm) as a function of temperature. For aptamer N13, both the singular 

value and Scree plot analysis suggests that 2 components are required to reproduce the CD data 

matrices within the level of noise. From the basis spectra, it can be suggested that 2 species 

contribute to the CD matrix. The first spectra being the most prominent and the second spectra the 

least, supported by its smaller singular value and low contribution to the variance. The 

autocorrelation coefficients of the U matrix elements were high, however, the V matrix elements 

showed a cutoff value after the third component, with the first three values being significant with 

coefficients greater than 0.8 (Figure 3.11). The dataset was then fit to a two state process using the 

GlobalWorks software package to obtain the optimized parameters. The least squares optimized 

parameters Tm and ∆H along with the standard error of the fits are summarized in  Table 3.3.  

Table 3.3: Summary of thermodynamic parameters for melting of N13 and N53 in SELEX buffer. 

Aptamer SD of fit Tm (0C) ∆H (kcal/mol) 

N13 0.0478 60.7 ± 0.9 14.9 ± 1.9 

N53 0.0536 53 ± 8.0 12 ± 7.0 

*SD – standard deviation 

The SVD analysis of the N53 dataset suggested a three state melting process based on the singular 

values and Scree plot. However, the plot for the temperature dependence of V matrix elements as 

well as the autocorrelation coefficients strongly suggested a two component melting profile 

(Figure 3.12). Fitting the dataset to a two state process yielded Tm and ∆H parameters as in Table 

3.3. The 3D melting study reinforced the finding that both N13 and N53 exists in a simple two  

TH -1530_10610610



85 
 

Development of aptamers specific for human FABP3 and their characterization 

 

state form independent of strand concentrations and do not take part in the formation of higher 

ordered DNA structures with complex interactions. The melting temperatures so determined 

justifies the greater extent of hybridization observed in Mfold predicted structure of N13 as 

compared to N53. Furthermore, the autocorrelation coefficient for N13 (Figure 3.11 E) indicates 

at the formation of an intermediate species during the melting experiments, which can be highly 

possible considering the structure predicted by Mfold. However, the intermediate species do not 

have a significant effect on the overall thermal denaturation process as observed in the combined 

studies. 

3.4. Conclusion 

We report here the selective evolution of aptamers against human FABP3 for the first time. 

This study entails the generation of two concurrently evolved anti-FABP3 aptamers with 

significant sequence variance from the same ssDNA pool.  These bulky aptamers (90 bp) though 

confer equally specific interactions with the target protein their binding affinities significantly 

vary. Both the aptamers displayed stable behavior at certain ionic, pH and temperature conditions. 

Furthermore, both computational and experimental methods confirmed the formation of simple 

stem-loop structures by the aptamers, which served as a basis for the prediction of 3D structures 

for further interaction studies in the next chapter. 
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Figures 

 

 

 

Figure 3.1:  (A) SELEX cycles. (B) PCR amplification at the end of every cycle of positive SELEX. Lane 

M: Wide range DNA marker, L: aptamer library, C2-C12: PCR amplification at the end of SELEX cycle 

2-12, respectively. 
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Figure 3.2: Screening of 57 TA clones (N1-N57) through restriction enzyme digestion. Lane M: Wide 

range DNA marker, Control: digestion product of plasmid from a blue colony. Positive clones are labeled 

in bold. 

 

Figure 3.3: Sequence alignment of the random region of N13, N53, N36, N52, N41, N34 and N35. Blue 

regions depict 100 % similarity while green and yellow regions depict 70 % and 50 % similarity, 

respectively. 
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Figure 3.4: EMSA and CD for specificity study of aptamer in respective order N13: (A) and (E); N53: (B) 

and (F). EMSA band intensity as a function of FABP3 concentration: (C) for N13 and (D) for N53. Spectral 

intensity as a function of FABP3 concentration: (G) for N13 and (H) for N53. 
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Figure 3.5: Plot of ∆ɛ (change in CD peak intensity) vs FABP3 concentration for determining the 

dissociation constants of (A) N13 and (B) N53. 

 

Figure 3.6: (A) Sequence alignment of the random region of N13 and N53. Blue regions depict 100% 

similarity while green regions 70 % similarity. (B) Secondary structures of selected aptamers as predicted 

by Mfold. 

TH -1530_10610610



90 
 

Development of aptamers specific for human FABP3 and their characterization 

 

 

 

 

Figure 3.7: CD spectra of N13 (A) and N53 (B) in presence of water and binding buffer. 

 

 

 

 

 

Figure 3.8:  Effect of salt ions on the structure of (A) N13 and (B) N53 in SELEX binding buffer. 
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Figure 3.9: Effect of pH on the structure of N13 (A) and N53 (B) in SELEX binding buffer. 

 

 

Figure 3.10:  Effect of strand concentration on the thermal denaturation (A) N13 and (B) N53. 
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Figure 3.11: (A) 2D melting curve and (B) 3D melting curve of N13.(C) Singular values and their relative 

variance for the first ten significant components of the CD data. (D) Basis spectra determined using SVD 

analysis of the CD data sets by MATLAB. The numbers in the plot legends correspond to the rank order of 

the significant spectroscopic species. (E) Autocorrelation coefficients estimated for the first ten significant 

components of the U and V matrices. (F) Plot of three most significant elements of the V matrices 

corresponding to the dataset in (B). 
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Figure 3.12: (A) 2D melting curve and (B) 3D melting curve of N53.(C) Singular values and their relative 

variance for the first ten significant components of the CD data. (D) Basis spectra determined using SVD 

analysis of the CD data sets by MATLAB. The numbers in the plot legends correspond to the rank order of 

the significant spectroscopic species. (E) Autocorrelation coefficients estimated for the first ten significant 

components of the U and V matrices. (F) Plot of three most significant elements of the V matrices 

corresponding to the dataset in (B).
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CHAPTER 4 

Aptamer-FABP3 interaction studies 

 

4.1. Overview 

The subsequent step after aptamer generation and characterization is the investigation of 

aptamer-target interaction pattern in order to understand the bio recognition function of the 

aptamer with respect to its strength and specificity of binding. Various techniques are used to 

elucidate the mechanism of aptamer-target interaction, among which X-ray crystallography, 

electron crystallography and NMR are considered as core techniques. However, these methods are 

labor-intensive, time-consuming and require special skills to correctly analyze the generated 

complex data set. Besides the methods described above, other techniques like surface plasmon 

resonance (SPR), isothermal titration calorimetry (ITC), circular dichroism (CD), small angle X-

ray scattering (SAXS), quartz crystal microbalance (QCM), foot printing assays, computational 

approaches etc. have been used to study aptamer-target interactions which however are non-

exclusive techniques and thus do not provide detailed information . Another missing link is the 

unavailability of suitable 3D structure determination tools for ssDNA, which hinders the further 

characterization of interaction studies. Nevertheless, researchers now use RNA 3D structure 

determination tools to predict ssDNA 3D structures for docking studies (Dong et al., 2015; Wang  
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et al., 2015; Lao et al., 2014), based on the assumption that ssDNA folds in a similar way as RNA.  

These multiple techniques when used in conjunction, detailed information about the interactions 

involved in maintaining aptamer-target binding can be obtained. 

 In this chapter, we study the interaction patterns involved in maintaining aptamer-target 

binding using a combinatorial approach. Based on computationally obtained aptamer-protein 

complex models, the interacting residues in aptamer and protein were predicted and validated by 

limited proteolysis coupled mass spectrometry experiments. 

4.2. Experimental Approaches 

4.2.1. Materials 

Aptamers were synthesized from Bioserve Biotechnologies India Pvt. Ltd. Trypsin and α-

cyano-4-hydroxycinnamic acid were purchased from Sigma (USA), whereas trifluoroacetic acid 

(TFA) was obtained from Merck (Germany). FABP3 was expressed and purified as mentioned in 

Chapter 2. All other chemicals were of analytical grade and used as received. 

4.2.2. 3D structure and binding mode predictions 

The 3D structures of aptamers were predicted using the RNAComposer software 

(http://rnacomposer.cs.put.poznan.pl/) (Popenda et al., 2012) using the Mfold dot-bracket notation 

of the aptamers as input. Since the aptamers were single stranded like RNA, they were first 

converted into their corresponding RNA sequences. Aptamer-FABP3 (PDB: 4WBK) docking  
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studies were conducted using NPDock (http://genesilico.pl/NPDock) (Tuszynska et al., 2015) and 

analyzed using PyMOL. 

4.2.3. Electrostatic potential calculations and bond prediction 

Electrostatic surface potential map of FABP3 at pH 7.4 was generated using the Adaptive 

Poisson-Boltzmann Solver (APBS) online web server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) 

(Dolinsky et al., 2004) based on Poisson-Boltzmann model. Color code units are in ±5 kT/e with 

red and blue being most electropositive and electronegative, respectively. Bond formation at the 

aptamer-protein interface was predicted using the PLIP (protein-ligand interaction profiler) 

software (https://projects.biotec.tu-dresden.de/plip-web/plip/index) (Salentin et al., 2015).  

4.2.4. Limited Proteolysis 

Limited trypsin digestions were performed in 100 mM ammonium bicarbonate buffer (pH 

8) at a protein: enzyme ratio of 100:1 (w/w) whereas the aptamer: protein molar ratio was 

maintained at 4:1. A total of 5 µl aliquots of each digest were extracted every 10 mins up to 120 

mins. Trypsin activity was terminated by adding 5 µl of 0.1 % TFA (pH 1.9). One µl of a saturated 

solution of α-cyano-4-hydroxycinnamic acid in 50 % acetonitrile in 0.05 % trifluoroacetic acid 

solution was mixed with 1 µl of the tryptic digest and deposited on the MALDI (Matrix-assisted 

laser desorption/ionization) sample plate. 

 

TH -1530_10610610



97 
 

Aptamer-FABP3 interaction studies 

 

4.2.5. MALDI MS analysis 

MALDI mass spectra were acquired using a Bruker Ultraflex speed mass spectrometer 

(USA) equipped with a smartbeam 2 laser. All mass spectra were obtained in positive ion and 

reflectron mode with a global attenuator offset of 32 %, detector gain voltage of 1800 V for 

reflector base and averaged over 150 laser shots. For each time point in the time-resolved limited 

proteolysis, 8 total mass spectra were obtained, 2 each for N13: FABP3, N53: FABP3, FABP3 and 

GST digests. To avoid inherent inconsistencies in ionization and ion yield, the data were 

represented as normalized relative ion intensity. 

4.2.6. Statistical analysis 

All quantitative variables were expressed as mean ± standard deviation and analyzed by 

Student’s t-test. Results were considered statistically significant at p < 0.05. 

4.2.7. CD studies 

Four µM aptamer was heated for 10 mins at 90 oC, cooled to room temperature, followed 

by addition of 4 µM of FABP3. The mixture was incubated for 30 mins at room temperature 

followed by recording of the CD spectra at 25 oC using a Jasco J-815 spectropolarimeter (Japan). 

Far UV scans were obtained in continuous mode, collecting measurements every 1nm between 

wavelength 200-340 nm. Spectra were collected with an accumulation number of 4, scan rate of  
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100 nm/min, bandwidth of 1nm and response of 2 s. Buffer contributions were subtracted from 

spectra and smoothed by Savitsky-Golay algorithm. 

4.3. Results and discussion 

4.3.1. Limited proteolysis studies 

Mapping the regions involved in protein-ligand interactions is considered as an important 

step for characterizing the interactions, the information of which may eventually help to develop 

efficient ligands to be utilized in detection assays, as drugs in therapy or as purification agents, etc. 

The aptamer binding domain of FABP3 both in the presence of aptamer and alone was investigated 

by limited proteolysis with trypsin. The incubation time for proteolytic digestion was extended up 

to 120 mins. However, the time point of 10 mins was finally selected for analysis, as it offered 

more stark comparisons among the peptide peaks. Additionally, at early stages of proteolysis at 

elevated temperatures the combined effect of weak interactions and protein deformation is 

expected to be low. MALDI-MS analyses of the time-resolved limited proteolysis experiments  

representing the peptide maps generated at 10 mins of FABP3-GST, N13-FABP3-GST, and N53-

FABP3-GST, respectively are represented in Figure 4.1. 

 For N13 significant differences were observed for m/z values of 907 and 2693 (p values of 

0.0305 and 0.0369, respectively) (Figure 4.2). The m/z 907 peptide fragment (amino acids: 22 

Lys-31 Arg) displayed an increased relative ion intensity in comparison to ligand-free protein ion  
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intensity, which might be  interpreted as an outcome of an apparent change in conformation of the 

protein on N13 binding, resulting in an increased accessibility of trypsin to the specific amino  

acids 22 Lys and 31 Arg. Similarly, the observed decrease in intensity for the tryptic peptide m/z 

2693 can be interpreted in two ways: one interpretation pertains to the physical obstruction 

presented by N13 to trypsin from accessing the sites 66 Lys and 91 Lys. Another possible 

explanation is that upon binding, N13 induces a conformational change that alters the tertiary 

structure of the protein to reduce the rate of proteolysis at the given site. The exposition of a viable 

conformational change of protein structure on N13 binding is further supported by the CD study 

of FABP3 in the presence of N13 displaying a prominent reduction of the negative CD peak at 

around 216 nm and the positive peak at 196 nm (Figure 4.3A). As FABP3 is a major β sheet protein 

any changes in its secondary structure CD spectra eventually indicates towards a perturbation in 

its β sheet composition. There was a reduction in both helix and β sheet composition upon binding 

to N13: helix percentage completely disappeared whereas β sheet percentage reduced to 58.9 % 

from 61.9 % and random coil increased to 41.1 % from 20 %. The effect of limited proteolysis on 

the GST tag was also monitored revealing a prominent effect on the intensity of two GST tryptic 

peptide fragments: m/z 1011 and m/z 1517 with p values of 0.0206 and 0.0005, respectively 

(Figure 4.4A). The increased ion intensity of the fragment m/z 1011 can be attributed to the 

increased accessibility of the protease to the sites 9 Lys and 18 Arg owing to possible 

conformational change on N13 binding. Similarly, the reduction in ion intensity of m/z 1517 can 

be explained in two ways: either N13 induces a conformational change in the protein, altering the 

accessibility of trypsin to the 89 Arg-103 Arg sites or N13 might physically block these sites.  
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However as evidenced in the EMSA and CD studies, N13 do not interact with GST, therefore 

physically obstructing trypsin from accessing the sites arises as a less plausible explanation. 

In a similar study for the N53 aptamer-FABP3 interaction, indicative differences were 

observed for 7 tryptic peptide fragments: m/z 1474, 907, 1546, 1540, 1823, 2693 and 1204 with p 

values 0.0002, 0.0481, 0.0001, 0.0001, 0.0006, 0.0360 and 0.0001, respectively (Figure 4.2, 4.5). 

The increased ion intensity of the peptide fragments m/z 907, 1474, 1546, 1540, 1823 and 1204 

suggests increased exposure of the trypsin cleavage sites 10 Lys, 22 Lys, 31 Arg, 53 Lys, 66 Lys, 

82 Lys, 97 Lys and 107 Arg  resulting from a possible protein conformational change on N53 

binding. For the peptide m/z 2693, a decreased ion intensity was observed implying physical 

obstruction to trypsin action at site 91 Lys or a possible conformational change in FABP3 affecting 

trypsin action at 91 Lys. Evidence of protein conformation change on N53 binding is displayed in 

the CD study where on N53 binding the negative CD peak at 216 nm increases accompanied by a 

simultaneous decrease in peak intensity at 196 nm (Figure 4.3B). There was a decrease in helix 

(from 18 % to 0 %) and β sheet composition (from 61.9 % to 54.7 %), whereas random coils 

increased from 20 % to 45.3 %. Since the GST tag was present during SELEX and limited 

proteolysis experiments, the effect on its fragmentation pattern during limited proteolysis was 

studied. Significant differences were observed for 6 GST tryptic peptide fragments: m/z 1011, 603, 

1032, 1831, 1517 and 500 with p values 0.0048, 0.0026, 0.0067, 0.0281, 0.0005 and 0.0018, 

respectively (Figure 4.4B, 4.6). The increased ion intensities of the peptide fragments m/z 1011, 

603, 1032, 1831 and 500 indicates towards a heightened receptiveness of the following trypsin 

digestion sites: 9 Lys, 18 Arg, 40 Lys, 44 Lys, 64 Lys, 73 Arg, 89 Arg, 135 Arg and 139 Lys,  
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while decreased ion intensity was observed for m/z 1517 owing to decreased trypsin digestion at 

site 103 Arg. This change in pattern is suggestive towards a protein conformational change leading 

to altered accessibility to the aforementioned sites or physical obstruction posed by N53 to the 

affected sites. This appears to be plausible as CD studies have indicated towards limited 

interactions of N53 with the GST tag (Figure 3.4F). 

4.3.2. Comparison of molecular docking, surface electrostatic potential mapping and limited 

proteolysis data to predict binding sites of the aptamers 

In silico docking of the aptamers and target FABP3 were undertaken to explore protein and 

aptamer domains involved in interactions. For prediction of the minimal aptamer binding region, 

PyMOL was utilized to scan any protein residues within a 4Å distance of the aptamer nucleotide 

residues (Table 4.1).  

Table 4.1: NPDock predicted models with amino acids and aptamer nucleotides within binding 

range 

Aptamer Predicted 

models 

Predicted amino acid residues involved in 

binding 

Predicted nucleotide residues 

involved in binding 

N13 1 1Met,  15Lys, 16Asn, 48Asp, 66Lys, 67Leu, 

68Gly, 69Val, 70Glu, 84Ile, 85Val, 86Thr, 

87Leu, 88Asp, 91Lys, 95Leu, 102Glu, 104Thr, 

106Val, 117Thr, 119Thr, 121Gly, 122Thr, 

124Val 

8T, 9A, 10C, 11G, 24G, 25G, 26A, 

27T, 35G, 36G, 37G, 38C, 39G, 46G, 

47T, 48A 

Continued… 
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 2 10Lys, 17Phe, 20Tyr, 21Met, 26Val, 27Gly, 

29Ala, 30Thr, 31Arg, 32Gln, 33Val, 34Ala, 

35Ser, 37Thr, 38Lys, 39Pro, 41Thr, 54Thr, 

56Ser, 57Thr, 58Phe, 59Lys, 60Asn, 61Thr, 

62Glu, 74Thr, 75Thr, 76Ala, 77Asp, 78Asp, 

79Arg, 105Leu, 107Arg, 116Leu, 118Leu, 

127Arg, 129Tyr, 130Glu, 131Lys, 132Glu 

69G, 71C, 72C, 73T, 78C, 79G, 80A, 

81A, 82C, 83A, 84A 

3 12Val, 13Asp, 14Ser, 15Lys, 16Asn, 18Asp, 

19Asp, 31Arg, 32Gln, 33Val, 35Ser, 36Met, 

88Asp, 91Lys, 95Leu, 97Lys, 100Gly, 102Glu, 

103Thr, 104Thr, 106Val, 108Glu, 117Thr, 

118Leu, 119Thr, 120His, 121Gly, 122Thr, 

123Ala, 124Val, 126Thr, 127Arg, 128hr 

7A, 8T, 9A, 10C, 11G, 24G, 25G, 26A, 

27T, 37G, 38C, 39G, 47T, 48A, 49A, 

50G 

4 10Lys, 11Leu, 12Val, 13Asp, 14Ser, 15Lys, 

16Asn, 19Asp, 34Ala, 35Ser, 36Met, 37Thr, 

38Lys, 57Thr, 102Glu, 104Thr, 106Val, 

113Lys, 117Thr, 119Thr, 120His, 121Gly, 

122Thr, 123Ala, 124Val, 127Arg, 130Glu, 

132Glu 

7A, 8T, 9A, 24G, 25G, 26A, 27T, 36G, 

37G, 38C, 39G, 41G, 47T, 48A, 49A, 

50G, 51G, 52G 

5 24Leu, 25Gly, 26Val, 30Thr, 40Thr, 42Ile, 

53Lys, 55His, 56Ser, 57Thr, 58Phe, 59Lys, 

60Asn, 61Thr, 62Glu, 64Ser, 65Phe, 66Lys, 

69Val, 70Glu, 71Phe, 72Asp, 74Thr, 75Thr, 

76Ala, 77Asp, 78Asp, 79Arg, 80Lys, 81Val, 

96Gln, 97Lys, 98Trp, 99Asp, 101Gln, 102Glu, 

120His 

59G, 60T, 62G, 64G, 71C, 72C, 73T, 

74G, 75G, 82C, 83A, 84A, 85G, 86C, 

87T, 88T, 89G, 90C 

N53 1 13Asp, 14Ser, 15Lys, 16Asn, 18Asp, 19Asp, 

20Tyr, 22Lys, 23Ser, 24Leu, 35Ser, 91Lys, 

94His, 98Trp, 101Gln, 102Glu, 103Thr, 104Thr, 

105Leu, 106Val, 107Arg, 108Glu, 110Ile, 

113Lys, 114Leu, 115Ile, 116Leu, 117Thr, 

118Leu, 119Thr, 120His, 121Gly, 122Thr, 

123Ala, 125Cys, 126Thr, 127Arg, 128Thr 

53G, 54G, 55A, 56T, 57G, 58C, 59G, 

60G, 61G, 62G, 63C, 64G, 65C, 68G, 

69C, 70G, 71C, 75G, 77T 

Continued… 
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N53 2 8Thr, 10Lys, 14Ser, 18Asp, 21Met, 28Phe, 

31Arg, 32Gln, 35Ser, 36Met, 38Lys, 40Thr, 

42Ile, 44Glu, 45Lys, 46Asn, 49le, 50Leu, 

51Thr, 53Lys, 55His, 56Ser, 57Thr, 62Glu, 

64Ser, 132Glu, 133Ala 

6A, 7A, 8T, 9A, 10C, 11G, 12A, 13C, 

14T, 15C, 16A, 17C, 18T, 31A, 32G, 

33G 

3 5Phe, 6Leu, 7Gly, 8Thr, 9Trp, 10Lys, 11Leu, 

12Val, 13Asp, 14Ser, 15Lys, 16Asn, 18Asp, 

22Lys, 26Val, 27Gly, 28Phe, 29Ala, 31Arg, 

35Ser, 36Met, 38Lys, 40Thr, 41Thr, 42Ile, 

43Ile, 44Glu, 55His, 130Glu, 131Lys, 132Glu, 

133Ala 

5T, 6A, 7A, 8T, 9A, 10C, 11G, 12A, 

13C, 14T, 15C, 16A, 32G, 33G 

4 1Met, 3Asp, 4Ala, 5Phe, 6Leu, 44Glu, 45Lys, 

46Asn, 48Asp, 49Ile, 50Leu, 51Thr, 62Glu, 

63Ile, 64Ser, 65Phe, 66Lys, 68Gly, 69Val, 

70Glu, 71Phe, 72Asp, 84Ile, 86Thr, 87Leu, 

88Asp, 93Val, 94His, 95Leu, 104Thr, 131Lys, 

132Glu, 133Ala 

12A, 13C, 14T, 15C, 16A, 18T, 19A, 

20T, 21A, 22G, 23C, 43G, 44T, 45G, 

46G, 48C, 49C 

5 8Thr, 10Lys, 24Leu, 38Lys, 39Pro, 40Thr, 

42Ile, 53Lys, 55His, 56Ser, 57Thr, 58Phe, 

59Lys, 60Asn, 61Thr, 62Glu, 72Asp, 78Asp, 

79Arg, 80Lys, 81Val, 82Lys, 97Lys, 98Trp, 

99Asp, 100Gly 

25G, 26A, 39G, 40C, 41G, 42G, 50G, 

51G, 62G, 63C, 64G, 65C, 67G, 68G, 

69C, 70G, 71C, 72C, 73T 

 

A radius of 4Å was employed as most weak interactions occur at that range. This helped to 

ascertain as to which protein residues are physically blocked by the aptamer binding or which 

affects the action of trypsin on FABP3. A total of 5 best-scored solution structures were evaluated 

for both N13- and N53- FABP3 complexes and compared with the limited proteolysis data. 

Briefly, the data obtained from the limited proteolysis experiment indicated towards the increased 

and decreased accessibility of trypsin cleavage sites of FABP3 in the presence of aptamer which  
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was then compared to the docking data for each complex, to reach a consensus as to which docking 

model best fit the limited proteolysis data. In the context of N13, model 1 best fit the limited 

proteolysis data, where 91 Lys and 66 Lys are totally masked by the aptamer while the sites 22 

Lys and 31 Arg are exposed for trypsin action (Figure 4.7A). A total of 16 nucleotide residues in 

the double-stranded regions of N13 were within interacting range of 24 protein amino acid 

residues. Among the 16 nucleotides within interacting range, both the forward primer and random 

region equally contributed to the figure with 8 residues each. Figure 4.7A and C highlights the 

trypsin digestion sites being affected and  the various domains involved or affected by N13 

binding. 

Based on the prerequisites obtained from the limited proteolysis data, model 1 best fit the 

data with 10 Lys, 31 Arg, 53 Lys, 66 Lys, 82 Lys, 97 Lys accessible for trypsin action while 91Lys 

remains sheltered from trypsin digestion. A total of 19 nucleotide residues of N53 fall within the 

interacting range of 38 protein amino acid residues (Figure 4.7B). 17 of the nucleotide residues 

are part of the random region while only 2 residues belong to the reverse primer. The various 

domains are represented in Figure 4.7B and D. 

Furthermore, qualitative examination of the electrostatic potential of  FABP3 at the surface 

of its interaction with N13 and N53 shows that the proposed binding sites as analyzed following 

docking studies on FABP3 involve mostly electropositive regions. In the context of N13 a total of 

10 amino acid (1 Met, 15 Lys, 16 Asn, 66 Lys, 67 Leu, 70 Glu, 85 Val, 87 Leu, 91 Lys and 119 

Thr) and 6 amino acids (15 Lys, 16 Asn, 22 Lys, 91 Lys, 113 Lys and 119 Thr) in the case of N53 

juxtaposed with the electropositive regions of the protein at pH 7.4 (Figure 4.8). Since protein-  
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DNA interactions are mainly governed by electrostatic and van der Waals forces, the probability 

of the amino acid residues in the electropositive regions, in contributing towards aptamer-protein 

binding is significant. Based on the result output of PLIP, a total of 11 hydrogen bonds and 3 salt 

bridges involving 11 amino acid residues was the basis of N13-FABP3 interaction. This range was 

further narrowed down to 5 amino acids based on the surface electrostatic potential of FABP3 at 

pH 7.4, the hydrogen bond (hydrogen-acceptor) H-A distance < 2.7Å and (donor-acceptor) D-A 

distance < 3.35Å (Table 4.2, Figure 4.7E). Similarly, N53-FABP3 interaction interface involved a 

total of 25 hydrogen bonds, 4 salt bridges, and 7 hydrophobic bonds. However, on further analysis 

on the premises as mentioned above it was narrowed down to 17 amino acids (Table 4.2, Figure 

4.7F). 

Table 4.2: Amino acids and nucleotides involved in bond formation at aptamer-protein interface 

Aptamer Salt bridges Hydrogen bond Hydrophobic bond 

N13 45Lys: 27T 

91Lys: 9A 

97Lys: 39G 

16Asn: 48A  

87Leu: 24G, 37G 

---- 

N53 38Lys: 68G 

120His: 58C 

16Asn: 71C, 20Tyr: 59G, 22Lys: 54G, 117Thr: 

60G, 122Thr: 56T, 23Ser: 56T, 123Ala: 56T, 

126Thr: 71C 

103Thr: 58C, 104Thr: 58C, 

105Leu: 59G, 106Val: 59G, 

107Arg: 60G, 118Leu: 59G, 

119Thr: 58C 

 

Comparison of both the interaction patterns of N13 and N53 with FABP3 reveals that N53-

FABP3 interaction is based on more amount of hydrogen and hydrophobic bonds as compared to 

salt bridges, which is in contrast to N13-FABP3 interaction with more salt bridges. Furthermore,  
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a glance at the results focusses on the fact that N53 has 3 times more interacting sites as compared 

to N13, which indicates towards more strong binding to FABP3. However, interaction studies have 

confirmed a prominent change in N53 as well as FABP3 conformation on binding (Figure 3.4H 

and 4.3). This simultaneous change of conformation for both N53 and FABP3 might ultimately 

affect the bonding pattern in the interacting interface which might explain the greater dissociation 

constant. Explanation on the same foundation for N13-FABP3 interaction yields a stronger 

bonding owing to the 3 salt bridges, supported by the findings that the magnitude of N13 and 

FABP3 conformation change on binding is lesser as compared to N53-FABP3 interaction (Figure 

3.4C,3.4D and 4.3).  

 Studies in detail of the amino acids predicted to be involved in securing aptamer-target 

interaction, for N13, a single amino acid 45 Lys was found to be exclusively present in FABP3, 

while all the other control proteins share the remaining 4 amino acids. This residue thus might play 

an important role in determining the specificity of N13 towards FABP3 alone. Similarly in case of 

N53, 5 amino acids are exclusive to FABP3 while 12 amino acids are shared by one or more of 

the control proteins. This result enlightens the fact that in N53-FABP3 interaction, all or few of 

the 12 shared amino acids among the control and target proteins might have an effect on the 

specificity of N53 binding, accompanied by a negligible presence of interaction between N53 and 

the control proteins (Figure 3.4F). This negligible change could be attributed to the very weak 

interactions at N53-control proteins interface since the interaction patterns are not visible for N53-

FABP3 in the EMSA gels (Figure 3.4B). 
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4.4. Conclusion 

This study elucidates the interaction patterns of the aptamers with FABP3 using a 

combinatorial approach, combining the strength of limited proteolysis information and in-silico 

docking. In our investigation, the docking studies were experimentally supported by SVD analysis 

of aptamer 3D melting curves, which indicated the validity of Mfold derived secondary structures. 

This was followed by the comparison of the predicted docked structures with limited proteolysis 

experiments to arrive at the best model.  

The limited proteolysis data analysis identified specific FABP3 trypsin digestion sites that 

were protected or overexposed on aptamer binding, which acted as a prerequisite for selecting 

among the docking models obtained. Based on this criteria the best fit models were selected after 

extensive position visualization of the respective amino acids in the complexed state. Comparative 

study of the pH-dependent surface electrostatic potential and profiling of the non-covalent 

interactions at the protein aptamer binding interface suggested a mixed type of interaction for both 

the aptamers. The nucleotide residues involved in binding are contributed from the primers as well 

as random regions, which reinforces the fact that primer regions might be directly implicated in 

binding or might secure the 3D aptamer structure for optimal interactions and hence are important 

to aptamer-target binding studies. However, interactions in the context of ssDNA should be 

carefully examined to avoid misprediction of bonds involving the –OH group at C2’of sugar and 

the absence of –CH3 group at the 5C position of the T residues. The results support that N53 has a 

comparatively larger footprint on FABP3 surface compared to N13. Another strong observation 

has been the binding-induced conformation change in both the aptamers as well as the target. Since  
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a change in conformation has a cumulative effect on the bonding pattern at the aptamer-protein 

interface, the strength of binding ultimately is influenced by the extent of conformation change as 

observed in the context of N53. Though having a predisposition for forming a greater number of 

stable interactions with FABP3 compared to N13, N53 has a greater dissociation constant owing 

to a greater conformational change induced loss of binding contacts. This is strongly supported by 

the CD studies, which in turn explains the greater dissociation constant of N53. This study also 

suggests the basis of specificity of N13 towards FABP3, a single amino acid 45 Lys which is 

conserved in FABP3. Similarly, the minor binding exhibited by N53 towards the control proteins 

could be due to one or more of the 12 amino acids conserved in FABP3 and one or more of the 

control proteins, more specifically 16 Asn, 22 Lys and 38 Lys which are conserved in all the four 

proteins. 

This combinatorial approach encompassing mass spectroscopy, molecular docking and CD 

spectroscopy unveiled the fact that the conformation changes which take place following 

molecular recognition process are also likely to significantly perturb the binding affinity between 

the aptamer and its target protein. Hence, the resulting binding affinity (dissociation constant) may 

not be a mere translation of the extent of surface coverage of the chemical bonding forces between 

these two interacting entities as revealed from the current studies.  This investigation also 

highlights the findings that the primer binding regions in the aptamers may also play an equally 

important role specifically in maintaining the specific 3D binding conformation of the aptamers. 

This combinatorial method may be used as an alternative investigation into obtaining information 

on the aptamer binding site for bulky aptamers and the interactions involved, which in turn can  
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help in determining the minimum aptamer length that binds to the protein to perform co-

crystallization for X-ray crystallographic studies. Thus this approach can be of considerable help 

in initial characterization of aptamer-target interactions especially, in the context of longer 

aptamers. 
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Figures 

 

Figure 4.1: MALDI-TOF mass spectrum of a 10 min tryptic digest of (A) recombinant FABP3, (B) 1:4 

molar ratio of FABP3:N13 and (C) 1:4 molar ratio of FABP3:N53. 
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Figure 4.2: Comparison of percent relative intensity of FABP3 peptide fragments in the absence and 

presence of (A) N13 and (D) N53 after trypsin digestion. Panels B, C, E and F represent the comparison of 

percent relative ion intensity versus digest time for two peptide ions (m/z 907.499 and 2693.399) observed 

in the FABP3 and the FABP3:N13 or FABP3:N53 tryptic digests. 
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Figure 4.3: Normalized CD spectra of FABP3 in the presence of (A) N13 and (B) N53. 

 

 

 

Figure 4.4: Comparison of percent relative intensity of GST peptide fragments in the absence and presence 

of (A) N13 and (B) N53, respectively after trypsin digestion. 
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Figure 4.5: Comparison of the relative ion intensity vs proteolysis time for tryptic fragments of FABP3 

affected in the presence of N53. 
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Figure 4.6: Comparison of relative ion intensity vs proteolysis time for tryptic fragments of GST affected 

in the presence of N13 (A and B) and N53 (C, D, E, F, G and H). 
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Figure 4.7: The best fit docking model as predicted by NPDock between (A) FABP3 and N13; and (B) 

FABP3 and N53. The trypsin digestion sites affected by aptamer binding are labelled red (aptamers are 

colored blue and protein green). (C) and (D) represents the various peptides influenced by the aptamer 

interaction for N13 and N53, respectively. Orange domain:aptamer residues within binding range; brown 

domain: peptide fragment with decreased intensity; light yellow: peptide fragment with increased intensity. 

Few of the proposed bonds formed at the interface of FABP3 with (E) N13 and (F) N53. 
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Figure 4.8: Surface electrostatic potential of FABP3 at pH 7.4 displaying electropositive groups in the 

binding region of (A) N13 and (B) N53 (using APBS). 
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CHAPTER 5 

Development of a paper-based microfluidic platform for 

detection of FABP3 

 

5.1. Overview 

Paper as a substrate has been extensively used in analytical and clinical chemistry ranging 

from paper chromatographic techniques used for the separation of different biomolecules, litmus 

paper to paper based diagnostic tests (Chin et al., 2007; Yetisen et al., 2013; Feigel et al., 1946; 

Clegg et al., 1950; Jungreis et al., 1997; Hossain et al., 2009; Oberhofer et al., 1982; Zocher et al., 

1999; Wong et al., 2006; Allen et al., 1995; Hardman et al., 2003; Gussenhoven et al., 1997; Wang 

et al., 2006; Deborggraeve et al., 2006; Liu et al., 2006; Zlateva et al., 2005). As a substrate, paper 

has many advantages over traditional device materials including power–free fluid movement to 

designated areas, cheap, portable, biologically compatible and modifiable for specific interests. 

Paper as a substrate for microfluidic devices was first reported by Martinez et al in the year 2007 

wherein they used a hydrophobic patterning reagent to define hydrophilic channels to direct the 

movement of sample to a defined area for sample analysis. This development paved the way for 

use of paper as a substrate for applications where low cost and portability are important. 

 

TH -1530_10610610



118 
 

Development of a paper-based microfluidic platform for detection of FABP3 

 

Paper-based microfluidic systems however suffer from two major drawbacks: first is the leakage 

of sample from the rear side of the channels during sample analysis and second is the difficulty in 

precise incorporation of reagents in the test zone without the inherent spreading of reagents to the 

surrounding areas including the microchannels. Additionally, covalent immobilization of certain 

detection reagents (e.g. antibodies, aptamers, enzymes etc.) in the test zone require multiple 

chemical treatment cycles and washing steps, which further aggravates the fabrication handling 

process. To overcome these problems various efforts have been made starting from clamping the 

device to plastic or glass, encasing the device in between adhesive tape, printing toner to 

laminating the device on both sides. Though advantageous, these methods have drawbacks of their 

own. For example the methods using certain adhesive tapes have the limitation that adhesive bond 

may weaken with the addition of sample and with time may wear off. Similarly the paper printed 

with a layer of toner mainly avoids contamination, acts as a thermal adhesive and helps in 

containing the reagents rather than acting as a mechanical support (Kauffman et al., 2010; Fu et 

al., 2010; Schilling et al., 2012; Fenton et al., 2008; Cassano et al., 2013; Canellas et al., 2010; 

Garcia et al., 2002; Asahara et al., 2003; Murray et al., 2003; da Silva et al., 2015; Schilling et al., 

2012; Schilling et al., 2013). 

 Here, we report a fabrication process and design to mitigate the problems mentioned above. 

We used a fabrication process using negative photoresist instead of using the simple wax or AKD 

printing technologies since the photolithography technique presented multiple steps wherein the 

extent of partial polymerization on only one surface of the µPAD can be tuned to offer a leak-

proof surface.  The current fabrication process (processing time ~1 hr) allows the partial  
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polymerization of photoresist on the rear of the device, which prevents sample leakage during tests 

and thereby reduces the cost of laminating both sides of the device from $ 0.036 to $0.018 per 

device, thus reducing the overall device cost to ~ $ 0.048. We also report a new design and method 

for preparing the customized test zone with controlled spotting facility of reagents and treatments 

involving multiple washing and regeneration steps. The customized test zone with embedded 

reagents specific for respective target analytes can be integrated to the base device at the time of 

analysis. Finally, a preliminary study was performed for detection of FABP3 on the paper based 

microfluidic device in a yes/no format using the developed aptamers as bio recognition element. 

The principle of salt-mediated aggregation of gold nanoparticles was exploited as an optical probe 

for detection of aptamer binding with the target FABP3 protein. 

5.2. Experimental Approaches 

5.2.1. Materials 

Whatman Chromatography paper No 1 (20 X 20 cm) was obtained from GE Lifesciences 

(India). Propylene glycol monomethyl ether acetate (PGMEA), 

triarylsulfoniumhexafluorophosphate salts (photoacid), coomassie brilliant blue G-250, divinyl 

sulfone, bovine serum albumin (BSA purity ≥ 98 %) and human serum albumin (HSA) were 

purchased from Sigma Aldrich (USA). EPON SU-8 resin was a gift from MomentiveTM (USA). 

Tetrabromophenol Blue, phenolphthalein indicator and 30 % hydrogen peroxide (H2O2) were 

purchased from Merck (Germany). Acetone and isopropanol were purchased from Himedia  
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(India). 3,3'-Diaminobenzidinetetrahydrochloride hydrate (DAB) was purchased from Amresco 

(USA). Monoclonal rat anti-human FABP3 antibody and goat anti-rat IgG HRP affinity purified 

polyclonal antibody were obtained from R&D systems (USA). Recombinant heart type fatty acid 

binding protein (FABP3) was purified in the lab with >= 95 % purity as discussed in Chapter 2. 

Transparency sheets (polyester with a thickness of 100 micron) were purchased from Oddy India 

Ltd. All other reagents were of analytical grade and used as received. 

5.2.2. Designing of microfluidic channels 

Design patterns were drawn with AUTOCAD (Version 2010). The designs consisted of six 

rows of 12 devices each totaling to 72 devices per sheet. The design of the microfluidic device 

consisted of a sample zone of 3 mm, an absorbent zone of 5.5 mm with connecting channels 3 mm 

in length and 1 mm in width. The test zone region was left empty in between the two zones. The 

designs were printed on a transparent sheet with a RICOH 2030 printer using a black toner 

cartridge (MP C2551) from RICOH (Japan). 

5.2.3. Device fabrication 

The microfluidic channels were fabricated on Whatman Chromatography paper No 1 using 

the FLASH technique with certain modifications (Martinez et al., 2008). Briefly, the photoresist 

(EPON SU-8 resin: 52 % by mass, triarylsulfoniumhexafluorophosphate salts (photoacid): 5 % by 

mass, and PGMEA: 43 % by mass, mixed overnight) was poured onto the paper, spread evenly 

with a glass rod and allowed to soak the photoresist for 5 mins. The photoresist impregnated paper  
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was then baked on a hotplate set at around 130 oC for 5 mins or till complete evaporation of the 

PGMEA. After complete cooling of the paper at room temperature, the paper was covered on one 

side with a black paper (with 0 % transparency) and the other side with the design printed 

transparent sheet. The paper surface in contact with the transparency sheet was then exposed to 

UV light (40 W) at a distance of 3 cm for 25 mins, following which the design sheet and the black 

paper were removed and the paper was again exposed to UV for 10-15 s on the same surface. The 

paper was baked at 130 oC for 5 mins. The unpolymerized photoresist was removed by soaking it 

in acetone, followed by a rinse in acetone (1x) and finally rinsing the paper with 70 % isopropanol 

using a squirt bottle. The rinse with isopropanol was done on the surface that was not in direct 

contact of the UV source. The devices were ready to use after drying at room temperature or were 

stored covered with aluminum foil. The circular test zone of appropriate sizes from Whatman 

chromatographic paper No. 1 was prepared by using a punching machine. This untreated test zone 

was used to load reagents before it was placed on the microfluidic channel. It was then incorporated 

externally between the sample and absorbent zone partially overlapping the microfluidic channels, 

followed by laminating the device on one side to hold the test zone in place. 

5.2.4. Characterization of the constructed device  

The surface morphology of the photoresist modified surface and unmodified surface of the 

device were analyzed through Atomic force microscopy (AFM) using an ambient air scanning 

probe microscope (Agilent Technologies 5500, USA) and a silicon nitride probe. Images were 

recorded with typical contact mode using Picoscan 5 software. The scan speed was set at 4.476  
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µm/s, I Gain-0.7, P Gain-1 and AC Drive of 1.7 %. Images of cross-sections of the modified and 

unmodified paper were taken using a Field Emission Scanning Electron Microscope (FESEM) 

(Zeiss) with EHT 1kV and a Nikon-SMZ800 microscope equipped with a Nikon D7000 camera 

(Japan). 

5.2.5. Flow characterization 

Flow rates were determined by applying a 10 % Coomassie Brilliant Blue G-250 in 

methanol to the sample zone and measuring the time for the dye to flow from the sample zone to 

the absorbent zone. The entire flow process was video graphed using a camera and the time 

required by the dye to travel from the sample zone to the tip of the absorbent zone was calculated 

from the video. Multiple experiments were conducted to obtain an average linear velocity. 

5.2.6. Quantitative assay for nonspecific detection of protein in artificial urine 

Artificial urine was prepared following the protocol of Brooks et al (1997). Stock solutions 

containing BSA were prepared using this artificial urine. Desired concentrations of BSA (10-100 

µM) were obtained by diluting the stock.  

The external test zone was spotted with 3 µL of 125 mM citric acid buffer at pH 1.8, dried 

at room temperature followed by addition of 3 µL of 10 mM tetrabromophenol blue (TBPB) in 

ethanol and allowed to dry at room temperature. Five µL of each sample was dispensed on the 

sample zone of the micro fluidic device and allowed to flow through the channels to the test zone  
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and react with the reagents spotted. The reaction was allowed to proceed for 10 mins after which 

the color development was recorded.  

5.2.7. Quantitative detection of base 

Different concentrations of sodium hydroxide (NaOH) solution were prepared in MilliQ 

(18 mΩ) water in the range of 1 mM to 10 mM. The test zone was spotted with a solution of 

phenolphthalein in ethanol and allowed to dry at room temperature. Five µL of each sample was 

dispensed on the sample zone and allowed to flow through the channels to react with the reagent 

spotted on the test zone. The development of color was monitored immediately after migration of 

sample to the test zone. 

5.2.8. Quantitative assay for specific detection of protein 

For the quantitative detection of protein (anti-FABP3 antibody), the test zone was 

covalently modified through DVS (divinylsulfone) chemistry to immobilize FABP3 (capture 

molecule) following the protocol of Yu et al, (2012). The homobifunctional DVS molecule 

contains electrophilic vinyl groups which exhibit cross-linking activity with nucleophiles. The 

chemical strategy involves the addition of one of the vinyl groups to the hydroxyl groups on 

cellulose while the remaining vinyl groups covalently attaches to the nucleophile bearing 

biomolecules. Briefly 12.0 × 9.0 cm sheets of Chromatography paper 1 were immersed in 20 ml 

10 % DVS solution (v/v, 0.1 M sodium carbonate, pH 11) and incubated in separate 400 ml-

capacity plastic zip bags, and agitated for 2 hr on a rocking shaker. Following incubation, the DVS- 
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activated (DVS+) paper was removed from the bags and rinsed in a plastic tray with 100 ml MilliQ 

water three times. These membranes were dried for 2 hrs in ambient conditions and then punched 

with a punching machine to obtain circular test zones each of diameter 4 mm. The FABP3 protein 

prepared in PBS (phosphate buffer saline, pH 7.4) was then spotted on the test zone and allowed 

to react under ambient conditions overnight. This was followed by three washing steps with PBS 

to remove any unbound protein. After drying the zone, it was spotted with BSA to block any 

exposed site. This was followed by three washing steps to remove excess BSA and subsequent 

drying under normal room conditions. The sample zone was spotted with 5 µM HRP conjugated 

anti-rat antibodies (detector molecule) and allowed to dry overnight at 4 oC. Different 

concentrations of rat anti-FABP3 antibodies (0-3.4 µM) were prepared in PBS and applied to the 

sample zone. The sample was allowed to migrate to the test zone, dried for 5 mins followed by 5 

applications of PBS buffer (20 µl each) at the sample zone to allow unbound antibodies to migrate 

to the absorbent zone. This was followed by application of DAB substrate (10 ml 0.05 % DAB in 

PBS with 10 µl 30 % H2O2). In the presence of H2O2, DAB is converted to an insoluble brown 

reaction product and water by the enzyme HRP. Color development after 5 mins was monitored 

to determine the concentration of analyte present in the sample. 

5.2.9. Method for digitization of obtained results 

To quantify the obtained results the images of the devices were acquired using an Epson 

Image scanner. The color images were then transferred to a computer, converted to 8-bit gray scale 

using Adobe Photoshop and the mean pixel intensities noted corresponding to each analyte  
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concentration. To obtain background corrected data, the mean pixel intensity of each device was 

subtracted from the intensity of a control device not exposed to any analyte. A similar method was 

used for the detection of protein with TBPB, where instead of converting the image to grayscale, 

the cyan channel in the CMYK (cyan, magenta, yellow, and key (black)) format was chosen to 

quantify the colorimetric response (Martinez et al., 2008). 

5.2.10. Synthesis of gold nanoparticles 

Gold nanoparticles were prepared by the classical citrate reduction method (Turkevich et 

al., 1951). Briefly, colloidal nanoparticles were prepared by rapidly injecting a sodium citrate 

solution (1 ml, 38.8 mM) to a boiling solution of HAuCl4 (10 ml, 1 mM) with vigorous stirring. 

The reaction was boiled till the color changed to wine red. It was cooled to room temperature and 

used for adsorption of aptamers. 

5.2.11. Detection of FABP3 using gold nanoparticles on the developed paper based 

microfluidic device 

A total 2 µM of aptamer was incubated with 1nM prepared gold nanoparticles (AuNPs) for 

10 mins. Three µl of the aptamer modified AuNPs were spotted on the external test zone, allowed 

to dry for 5 mins and then the test zone was incorporated with the base device and laminated. This 

was followed by addition of various concentrations of FABP3 spiked serum (0-120 ng/ml) to the 

sample zone of the device and allowed to incubate for 10 mins. A control test was also set taking  
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HSA as the analyte in place of FABP3. Subsequently, 120 mM NaCl was added in the test zone, 

allowed to incubate for 5 mins and the change in color were recorded with a camera. 

5.3. Results and Discussion 

5.3.1. Device fabrication process 

Detection of different analytes involves the use of different reagents which in traditional 

paper based microfluidic devices (µPADs) are spotted on the test zones. However, it requires an 

extremely controlled process to spot since erroneous handling can allow the reagents to cross to 

the other zones. Furthermore, detection strategies involving the use of sandwich assays demand 

covalent immobilization of capture molecules on the test zone itself. This adds multiple treatment 

steps of the test zone, which in the case of traditionally designed µPADs is not feasible. In addition 

to the above shortcomings, µPADs also suffer from another disadvantage that is the leakage of 

sample from the back side of the device. As a means of overcoming these drawbacks we designed 

a device consisting of a sample, absorbent and externally inserted test zone, as well as evolved a 

fabrication method which adds a leak proof layer at the back side of the device during the 

fabrication step itself.  

The device design and fabrication process is illustrated in scheme as Fig.5.1. For this concept we 

used the paper surface that was not directly exposed to the UV source. The slight projection of the 

channels on this side of the patterned paper acted as bridges to connect the test zone to the sample 

and absorbent zones. The channels were designed in a way that 1 mm length of the channel  
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overlapped with the test zone to facilitate effective movement of fluid to and from the channels to 

the test zone. The incorporation of the test zone between the sample and absorbent zones is a 

simple but critical step and can be manually performed without much difficulty. The different 

zones varied in size connected by channels: size gradually increased from the sample zone to the 

absorbent zone which helped to increase the wicking of fluid from the sample zone to the absorbent 

zone in a controlled manner (Fig 5.2). The addition of the absorbent zone to the design setup helped 

absorb the unbound detector molecules and reagents, resulting in less nonspecific detection 

signals. The optimized size ratio of the sample, test and absorbent zone were 1.83:1.33:1.00 (Table 

5.1). 

Table 5.1: Optimization of device design parameters 

Sl 

No 

Sample 

zone 

diameter 

(mm) 

Test zone 

diameter 

(mm) 

Absorbent 

zone 

diameter 

(mm) 

Length of 

channels 

(mm) 

Width of 

channels 

(mm) 

Ratio of 

the zones 

Flow pattern 

1 1 2 3 0.5 0.2 3:2:1 Sample zone too 

small/sample 

spillage/flow 

blocked. 

2 2 3 4 0.5 0.3 2:1.5:1 Sample zone 

small/flow 

blocked. 

3 2 3 5 1.0 0.4 2.5:1.5:1 Sample zone 

small/flow 

blocked halfway. 

4 3 4 5 1.5 0.4 1.66:1.33:1 Flow blocked 

halfway. 

Continued… 
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5 3 4 5.5 1.5 0.8 1.83:1.33:1 Flow time 

~15mins. 

6 3 4 5.5 3.0 1.0 1.83:1.33:1 Flow time 

decreased 

(~9mins) 

with 

uniform 

spreading 

to zones. 

 

Modification of the FLASH (Fast Lithographic Activation of Sheets) technique was carried 

out at multiple steps for obtaining a device that evades the need for lamination on the rear side to 

prevent the leakage of sample. The brief exposure of 10-15 s on the rear side of the device during 

fabrication allowed partial polymerization of the photoresist, thus making the back side of the 

device hydrophobic. The absence of isopropanol washing on the UV exposed side of the paper 

prevented leaching of the partial photoresist layer from that side of the paper, thereby preventing 

sample leakage from the rear side (Fig 5.3). 

 Furthermore the external placement of the test zone on the hydrophobic base of the 

prepared device (that is the paper platform consisting of the sample and absorbent zones) enhances 

the leak proof property of the device. The partial layer of photoresist on the device also limits the 

sample volume to 7 ± 0.2 µl as compared to devices without the partial photoresist layer which 

requires a larger sample volume of 10 ± 0.1 µl. The partial photoresist reduces the overall volume 

of the microfluidic channels which leads to the observed reduction in sample volumes. However, 

the minor variations in sample volume depend on the level of moisture content of the paper. 
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5.3.2. Characterization of the constructed device 

AFM images of the photoresist modified surface and unmodified surface of the device 

revealed a rough surface with uneven morphology for the unmodified surface whereas the treated 

surface appeared to be smoother (Fig 5.4A). The root mean square (RMS) roughness factor for the 

photoresist modified and unmodified surface were calculated as 44.4x10-6 and 76.9x10-6, 

respectively. The unmodified surface retained the fibrous structure of the paper displaying a rough 

contour whereas the surface with polymerized photoresist was smooth as the photoresist 

impregnated the fibrous structure of the paper. Cross sectional images of Whatman 

Chromatography paper No. 1 with photoresist and with a partial layer of photoresist were analyzed 

by FESEM (Fig 5.4B). The images revealed a change in the thickness of the papers following 

photoresist treatment. The thickness of the paper with complete photoresist was an average 271.8 

µm, which was greater compared to the untreated (180 µm) and partially layered (200.7 µm) paper. 

The increase in thickness of the partially layered paper in comparison to the untreated paper 

indicated the presence of photoresist in its paper structure. 

Cross-sectional view of the control and sample device manifests the presence of the partial 

photoresist layer (white layer) in the sample device as can be seen in Fig 5.4C (II) and the lack of 

the layer in the control device (Fig 5.4C (I)). The blue layer with dye corresponds to lack of 

photoresist. The device fabrication process was able to confine the aqueous blue dye preventing it 

from penetrating through the entire thickness of the paper. 

 

TH -1530_10610610



130 
 

Development of a paper-based microfluidic platform for detection of FABP3 

 

5.3.3. Flow characterization 

Comparison of fluid flow rates through the constructed channels on both the devices with 

externally fabricated and inbuilt test zone were carried out by applying a dye on the sample zone 

of each device and then recording the time needed for the dye front to reach the end of the absorbent 

zone. The device with inbuilt test zone had a greater flow rate of 3.3 ± 1.2 mm/min compared to 

1.8 ± 0.9 mm/min of the device with externally fabricated test zone. The decreased flow rate of 

device with prefabricated test zone can be ascribed to the overlapping design and less area of 

contact between the test zone and the connecting microchannels. The noticeable decline in the 

flow rate could be advantageous as it would allow increased time for the reagents to interact with 

the analyte thereby presenting a more sensitive detection signal. 

5.3.4. Quantitative detection of protein in artificial urine, base and specific protein (anti-

FABP3 antibody) 

Three assay methods were chosen to validate the application feasibility of the designed 

device. The nonspecific detection of protein and base were based on direct color change on 

interaction of the analyte with the specific reagents. Whereas, the specific detection of protein was 

based on a variation of the sandwich assay involved the use of a capture and detector molecule. 

Fig 5.5 shows the correlation of obtained signals to the corresponding analyte concentrations. All 

datum points are mean intensities of five measurements of each concentration using independent 

devices while the error bars represent the relative standard deviation. For nonspecific detection of  
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protein in artificial urine, BSA was used as the analyte in the range 10-100 µM. Quadratic least 

squares fitting of the data yielded a coefficient of determination (R2) of 0.99. The responses were 

linear in the range of 10-40 µM and started deviating from linearity, reaching a plateau at higher 

concentrations (Fig 5.5A and Fig 5.6A). The device was able to detect protein as low as 2.5 µM to 

as high as 40 µM. This renders the device useful as protein excretion during proteinuria falls in the 

range of 2.5-4.5 µM. 

Determination of base using the phenolphthalein indicator based detection was carried out 

in the range of 1-10 mM NaOH. Quadratic least square fitting of the data yielded an R2 value of 

0.97. The graph followed a linear pattern in the range of 1-4 mM (Fig 5.5B and Fig 5.6B). The 

limit of detection was found to be 1mM. 

Specific detection of anti-FABP3 antibody used the HRP catalyzed conversion of DAB 

into a brown precipitate. The scheme undertaken is demonstrated in Fig 5.7. The assay was carried 

out with an analyte concentration range of 0-3.4 µM. Quadratic least square fitting of the data 

yielded an R2 value of 0.97. The response was linear in the range of 0-0.8 µM, beyond which the 

signal was saturated (Fig 5.5C). The detection limit for quantifying anti-FABP3 antibody was 

found to be 0.05 µM. This model assay for indirect ELISA on the designed µPAD reaffirms the 

feasibility of the device for detecting various antigens and antibodies present in biological fluids 

during infections, autoimmune diseases etc. The results obtained confirmed the usability of the 

designed device for simple detection assays as well for complex assays involving antibodies. 
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5.3.5. Detection of FABP3 using gold nanoparticles on the developed µPAD 

Unmodified gold nanoparticles are inherently aggregated in the presence of salt ions but 

adsorption of aptamers on the surface of gold nanoparticles stabilizes them against salt-induced 

aggregation. However, on addition of the target protein and subsequent addition of salt solution, 

the adsorbed aptamer preferentially binds to the target, exposing the gold nanoparticles to salt 

induced aggregation (Fig 5.8). Both N13 and N53 were able to bind to the target protein 

specifically and the binding induced a change in color of the solution (Fig 5.9). Though easy to 

use, this gold nanoparticle based detection of FABP3 on the paper based microfluidic device 

served best as a yes/no format of detection with a minimum detection limit of 54 ng/ml. It could 

not be used a quantifiable assay due to the low color intensity change at disease concentration 

range, which was not prominent enough for quantifying using a camera or scanner. 

5.4. Conclusion 

The fabrication process used for the development of a µPAD, allows the partial 

polymerization of photoresist on the rear side of the device, which prevents sample leakage during 

tests and thereby reducing the cost of laminating both sides of the device. This study also describes 

a new design and method for preparing the test zone of µPAD with hassle-free spotting of reagents 

and treatment of the test zone which requires washing and regeneration. Functionality of the device 

was successfully demonstrated for colorimetric assays using fabricated test zones with different 

reagents (chemicals, proteins etc). The fabricated device presents the possibility of controlled  
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loading of varied biomolecules (antibody, protein, aptamers, DNA etc.) as well as chemical 

reagents on the test zones without any reagent crossover to surrounding sites of the device. Another 

advantage of the device for detection of FABP3 using aptamer modified gold nanoparticles is the 

absence of contact between the gold nanoparticles and the partial photoresist layer present in the 

other zones. This is because, gold nanoparticles tend to aggregate in the presence of photoresist 

without the addition of analyte or salt. Since the test zone is prepared externally the gold 

nanoparticles retain their homogeneous behavior and the color change is solely due to the reaction 

involving analyte, aptamer and salt. However, the gold nanoparticle based assay was not sensitive 

enough to generate a response curve and served more as a yes/no format for FABP3 presence. The 

minimum concentration of FABP3 detectable on the device was found to be 54 ng/ml which falls 

in the mid-range of AMI detection range. The prepared device has the potential for leak proof 

detection of analyte, requires low sample volume, involves reduced cost of production ($ 0.03, 

excluding reagent and lamination cost) and enables the integration of customized test zones. 

Furthermore, the prefabrication test zone approach might reduce the overall costs associated with 

low temperature storage of the device by minimizing the storage volume for the product as the 

storage of only prefabricated test zones with embedded heat labile reagents would suffice instead 

of storing the whole assembly with base device.  
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Figure 5.2: Illustration of the procedure followed to construct the device with an externally applied test 

zone. 

 

 

 

Figure 5.3: Sample device prepared by the conventional (control) and modified (sample) FLASH 

techniques were compared to demonstrate the impediment of leakage of sample from the rear of the sample 

device. 
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Figure 5.4: (A) AFM images of (I) unmodified surface and (II) photoresist modified surface of the device. 

(B) FESEM images of Whatman chromatography Paper No. 1 with (I) complete photoresist and (II) partial 

photoresist. (C) Cross-sectional view of the control (I) and sample (II) device showing the presence of the 

partial photoresist layer (white layer) in the sample device and the lack of the layer in the control device. 

The blue layer with dye corresponds to lack of photoresist. 
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Figure 5.5: Representative images of BSA, NaOH, and anti-HFABP antibody detection are shown on the 

head of each graph, respectively. The BSA, NaOH, and anti-HFABP antibody concentrations were in the 

range of 0–100 µM, 0–10 mM, and 0–3.4 µM, respectively. Calibration plots for each analyte are shown. 

The mean intensity for each data point was obtained from the histogram in Adobe Photoshop. Each datum  
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is the mean of 5 assays and the error bars represent the relative standard deviations. (A) Calibration curve 

for different concentrations of BSA in artificial urine. The linear region of the data was fit in a linear 

equation (shown in inset); the slope (m), intercept (b), and R2 values are as follows: 1.71, 0.9572, and 0.98, 

respectively. (B) Calibration plot for different concentrations of NaOH. The linear range of the data when 

fit into a linear equation (shown in inset) yielded a slope (m): 3.72, intercept (b): 26.0882, and R2 value: 

0.98. (C) Calibration plot for different concentrations of anti-HFABP. The linear region of the data (shown 

in inset) had a slope (m), intercept (b), and R2 value of 5.4063, 126.25, and 0.98, respectively. 

 

 

 

 

 

Figure 5.6: Fabricated µPAD for the analysis of (A) protein and (B) base. The circular zone in the middle 

is the externally added test zone pre-treated with tetrabromophenol blue and phenolphthalein, respectively. 
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Figure 5.7. Scheme used for the detection of specific protein using HRP-DAB chemistry. 
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Figure 5.8. Reaction principle used for detection of FABP3 using gold nanoparticles. 

 

Figure 5.9: Detection of FABP3 using aptamer modified gold nanoparticles. (A) N13 based detection (B) 

N53 based detection.
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Development of aptamers against human FABP3, a novel biomarker for AMI was accomplished 

for the first time. For the aforementioned work, coding sequences of the target FABP3 and the 

control proteins were successfully cloned, expressed in bacterial cells and purified. The 

recombinant proteins were validated through Western blot and their secondary structures were 

characterized through CD studies. All the proteins displayed secondary structures dominated by 

β-sheets which conforms to reported data. Employing SELEX, aptamers were generated 

specifically for FABP3, followed by TA cloning, screening and sequencing. Among the 50 

positive clones obtained 7 aptamer sequences demonstrated increased enrichment as compared to 

other sequences. A combination of EMSA and CD studies revealed that two aptamers (N13 and 

N53) were specific for FABP3 and bound to FABP3 with different affinities. Both the aptamers 

exhibited stable behavior at varying ionic conditions, pH and temperature. Furthermore, 

computational and SVD analysis of melting curves of the aptamers suggested that both the 

aptamers fold into simple stem loop structures and exist in a simple two state. This study served 

as a basis for prediction of the 3D structures of the aptamers to understand their interaction with 

FABP3.  Using a combinatorial approach involving limited proteolysis, mass spectrometry and 

molecular docking, the interaction patterns of the aptamers with the target protein FABP3 were 

explored. The results indicated towards a larger binding footprint on FABP3 by N53 compared to 

N13, in contrast to its high dissociation constant. This however can be explained by the observed 

change in conformation of both the aptamer and protein on binding, as observed in CD studies. 

The change in conformation of N53 and FABP3 on binding is more pronounced as compared to 
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N13, which might have a cumulative effect on the bonding pattern at the aptamer-protein interface, 

which might ultimately lead to loss of stable binding contacts between the protein and N53. Apart 

from casting light on the interactions involved, this study further suggests the basis of specificity 

of N13 towards a single amino acid which is conserved in FABP3, while the minor signal change 

observed for N53 on addition of the control proteins could be attributed to one or more of the 12 

amino acids conserved in FABP3 and one or more of the control proteins.  

 Finally, to achieve detection of FABP3 using aptamers on a paper based microfluidic 

platform, a device was designed and fabricated. The device so developed had two important 

characteristics-one is the leak proof property and the other is the facility for controlled spotting of 

reagents and feasibility of chemical modification on the test zone. The leak proof property is 

attributed to the partial layer of photoresist on the rear of the device which was achieved through 

modification of the fabrication process, while the feasibility of controlled application or surface 

modification of the test zone was achieved through incorporating an external test zone on the base 

device. Experimental validation of the designed device was conducted with detection assays for 

protein and base using a nonspecific approach while specific detection of proteins using ELISA 

was demonstrated on the device. For detection of FABP3 using the aptamers developed (N13 and 

N53), a salt induced aggregation of aptamer modified gold nanoparticles was used. This assay 

validated the practical utility of the developed aptamers on the µPAD constructed.  

 The investigations in this thesis, entails a detailed study from the generation of specific 

aptamers for FABP3 and the study of their diverse interaction patterns to their practical feasibility 

in the detection of AMI on a specially designed low cost µPAD. This study will further open 
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avenues for understanding aptamer-target interactions using alternative methods, validation of the 

dynamic phenomena involving these interactions and finally for generating highly sensitive 

aptamer based sensing of AMI for ASSURED diagnostics. 

Scope for future work 

The present investigation needs further exploration on a few important points to augment the work 

involving aptamer target interactions and their practical use in sensing. Firstly, the aptamers 

developed as a part of this thesis work, are the first ones to be reported against FABP3. Therefore, 

studies on determining the optimum sequence length capable of specific binding to FABP3 needs 

to be performed. Secondly, obtaining further information on the 3D structure of the aptamers may 

help in understanding its interaction with the target protein. X-ray crystallographic analysis of the 

co-crystallized aptamer-protein complexes could paint a more detailed picture of the interactions 

involved. Thirdly, a detailed investigation of the concurrent conformational change observed on 

aptamer-protein binding is required to understand the mechanisms involved and how it influences 

aptamer-protein binding affinity. Finally, use of the aptamers for detection of FABP3 in this thesis 

has been limited to a preliminary investigation using gold nanoparticles. Colorimetric assays on 

paper are mainly limited to yes/no or a semiquantitative format. This can be overcome by designing 

assays for more sensitive detection, so that a response curve can be generated. Additionally, 

different principles of sensitive detection like electrochemical or chemiluminescence can be 

implemented for enhancing the signal performance of the developed aptamers on the designed 

µPAD. Furthermore interference studies involving different components of serum are to be carried 
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out in the developed µPAD. 
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Appendix 

 

Table A1: List of Bacterial Strain 

Strain Description 

Escherichia coli DH5α 

(Novagen) 

F’ϕ80dlacZ∆M15 ∆ (lacZYA-argF) 

U169 endA1 recA1 hsdR17 (rk-mk+) 

deoR thi-1 phoA supE44 λ- gyrA96 relA1 

Escherichia coli BL21 (DE3) 

(Novagen) 

F- ompT hsdSB (rB- mB-) gal dcm 

(DE3). Derivation of B834. (Parental strain: 

B834; Resistance: none) 

 

Table A2: Culture medium for bacteria 

Luria Bertani broth (LB) (1 L) Casein enzymic hydrolysate 10 g, Yeast 

extract 5 g, NaCl 10 g, pH 7.5±0.2 

Luria Bertani agar (LB) (1 L) Casein enzymic hydrolysate 10 g, Yeast 

extract 5 g, NaCl 10 g, Agar 15 g, pH 7.5±0.2 
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Table A3: List of Buffers and Solutions 

Buffers /solutions for protein purification 

Binding buffer 50 mM sodium phosphate, 500 mM NaCl, pH 8.0 

Washing buffer 50 mM sodium phosphate, 500 mM NaCl, pH 8.0 

Elution buffer 50 mM Tris-HCl, 10 mM L-glutathione, pH 9.0 

 

Buffers/solutions for SDS-PAGE 

30 % acrylamide-bisacrylamide  

solution (100 ml) 

29.2 g Acrylamide, 0.8 g Bisacrylamide 

Tris-HCl, pH 6.8, 0.5 M 100 ml) 6.06 g Tris base, pH adjusted to 6.8 with 2 N HCl 

Tris-HCl, pH 8.8, 1.5 M (100 ml) 18.18 g of Tris base, pH adjusted to 8.8 with 2 N HCl 

Gel running buffer (10X) 30.0 g of Tris base, 144.0 g of glycine, and 10.0 g of 

SDS in 1000 ml of water. 

SDS gel loading buffer (2X) 100 mM Tris/HCl (pH 6.8), 4% (w/v) SDS, 

0.2% (w/v) Bromophenol blue, 20% (v/v) 

glycerol, 200 mM DTT or β-mercaptoethanol 

Staining solution  

(blue silver staining)  

(100 ml) 

10 ml ortho phosphoric acid, 10 g w/v ammonium 

sulfate, 0.12 g w/v CBB G250, 20 ml methanol and 

70 ml water. 
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Buffers/solutions for Western Blot 

Phosphate buffer saline (PBS) 11.5 g Di-sodium hydrogen orthophosphate, 

2.96 g Sodium dihydrogen orthophosphate, 

5.84 g Sodium chloride, pH 7.5. 

Phosphate buffer saline with Tween 20 

(PBST) 

PBS containing 0.1 % Tween 20 

Transfer buffer 25 mM Tris base, 39 mM glycine, 20% (v/v) 

methanol 

Ponceau solution (Sigma) 0.1 % PonceauS in 5 % acetic acid 

Blocking solution 5 % BSA in PBST 

 

Solution for competent cell preparation 

Transformation and storage solution 

(TSS) 

10 % (wt/v) polyethylene glycol, 5 % (v/v) dimethyl 

sulfoxide and 50 mM MgCl2 in LB broth, pH 6.5 

 

Solutions for Plasmid Isolation 

Solution I 50 mM glucose, 25 mM Tris/HCl buffer (pH 8.0), 10 

mM EDTA (pH 8.0) 

Solution II 0.2 N NaOH, 1 % SDS 
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Solution III 5 M potassium acetate, pH adjusted to 4.8 with acetic 

acid 

 

Solutions for SELEX 

Binding buffer 50 mM sodium phosphate buffer, pH 7.4, 50 mM 

NaCl, 5 mM KCl, 2.5 mM MgCl2 

Coupling buffer 20 mM Tris HCl, pH 7.5, 0.5 M NaCl, 1 mM EDTA 

TBE buffer (5X) 54 g of Tris base, 27.5 g of boric acid, 20 mL of 0.5 

M EDTA (pH 8.0) 

6 % TBE gel (12 ml) 3.4 ml 30 % acrylamide-bisacrylamide solution, 2.4 

ml of 5X TBE, 200 µl APS, TEMED 10 µl and 6.4 

ml water. 

 

Table A4: List of Antibody 

Name Source/Type Working 

condition 

Working 

dilution 

Use 

Monoclonal Anti-

Glutathione-S-

Transferase (GST), 

IgG2A (Sigma) 

Rat/ 

monoclonal 

Room 

temperature 

1:1000 Immunoprecipitation, 

ELISA, WB 
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Monoclonal Anti-

human FABP3, 

IgG2A, (R&D 

Systems, 

MAB1678) 

Rat/monoclonal Room 

temperature 

1: 1000 WB, 

Immunohistochemistry 

Anti-rat IgG HRP 

conjugated (R&D 

Systems HAF005) 

Goat/polyclonal Room 

temperature 

1: 3000 WB, ELISA 

 

Table A5: List of Primers 

Name  Sequence 

Primers for cloning 

FABP3 Forward: 5’CATGGATCCATGGTGGACGCTTTCCTGG3’ 

Reverse: 5’CGCCTCGAGTCACAATGCCTCTTTCTCATA3’ 

FABP1 Forward: 5’CATGGATCCATGAGTTTCTCCGG CAAGT3’ 

Reverse: 5’CGCCTCGAGTTAAATTCTCTTGCTGAT3’ 

FABP4 Forward: 5’CATGGATCCATGTGTGATGCTTTTGTAG3’ 

Reverse: 5’CGCCTCGAGTTATGCTCTCTCATAAACTCT3’ 

FABP7 Forward: 5’CATGGATCCATGGTGGAGGCTTTCT GT3’ 

Reverse: 5’CGCCTCGAGTCACAATGCCTTCTCATAGTG3’ 

Primers for PCR during SELEX 
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F1 5’-CAC CTA ATA CGA CTC ACT ATA GCG GA-3’ 

R1 5’-biotin-GCA AGC TTG TTC GAG CCA G-3’ 

5’-GCA AGC TTG TTC GAG CCA G-3’ 

 

Table A4: List of Antibiotic 

Name Stock Conc. (mg/ml) Solvent Working Conc. 

(µg/ml) 

Ampicillin 100 Water 100 
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