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                                                                             ABSTRACT 

 

With ever increasing population and rapid urbanization, the food handling system has 

changed enormously across the globe to meet the demand of the population. Outbreak of 

diseases due to contamination of food by chemicals, microbial pathogens, and toxins represents 

a serious threat to human health and imposes economic burden on individuals, families, 

industries and eventually countries. Therefore, screening of food items meant for human 

consumption for presence of undesirable species and adulterants are of immense significance in 

agriculture, industrial and healthcare sectors.  

Urea is amongst the most commonly used adulterant in preparation of synthetic milk. A 

chemical biology approach was adopted for generation of urea specific aptamer by performing 

Flu-Mag SELEX and an aptamer-AuNPs based assay was developed for urea detection. The 

fluorescence assay demonstrated highest binding affinity for U38 aptamer with a dissociation 

constant of 238 nM. Circular dichroism study of U38 aptamer showed significant structural 

changes and an increase in the melting temperature by 9°C with urea, thus confirming stronger 

binding interactions. Based on the observation of ligand induced structural changes, the U38 

aptamer was taken further for the development of an aptamer-AuNP based optical detection 

assay for urea in milk. A simple, rapid and user friendly method for milk sample preparation by 

methanol precipitation was standardized. Regions of U38 aptamer interacting with urea were 

determined by carrying out truncation studies, which highlighted the role of hair-pin motif in 

the forward region to be responsible optimum performance for the aptamer-gold nanoparticles 

assay. The aptamer-AuNPs biosensor developed in this study was specific for urea as compared 

to structural analogs viz glycine, alanine, serine and tyrosine. A urea dependent fluorescence 

recovery of gold nanoparticle quenched FITC-U38 aptamer further confirmed the specificity of 

the assay. In presence of 100 mM urea 85.5% fluorescence was recovered, while no significant 

recovery was observed with 100 mM glycine, confirming the specificity of the U38 aptamer for 

urea. Further, the robustness of the developed assay for other adulterants added to milk was 

evaluated and it was found to be unaffected in presence of salt (500 µM), sodium bicarbonate 

(20 mM), glucose (600 µM) and tween-20 (1%).  The aptasensor demonstrated a linear range 

of detection of 20-150 mM, with a lower visual detection limit of 50 mM. While the method 

offers advantages of being rapid, simple and specific for detecting high concentration of urea in 

milk, it can be further improved for increasing the sensitivity. This method can also be adapted 

for detecting urea in clinical samples since urea is a pathological marker in several renal 

associated diseases. 
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Apart from adulteration of food, diseases caused by foodborne pathogens are worldwide 

problem. E. coli O157:H7 is declared by Centre for Disease Control and Prevention (CDC) 

amongst the most dreadful foodborne pathogen, causing haemolytic uremic syndrome, 

characterized by bloody diarrhea. E. coli O157:H7 is known to produce type IV pilus (TFP) 

called as hemorrhagic pilus (HCP), which plays a central role in attachment to the mucosal 

epithelial cells. Amplification of hcpA locus from E. coli O157:H7 genomic DNA was 

performed and was cloned in pET28(a) vector. The expressed His-tagged protein His-HcpA 

was immobilized to the nickel NTA agarose beads for carrying out an affinity chromatography 

based SELEX for the selection of HcpA specific aptamers. An initial binding study of different 

selection round by electrophoretic mobility shift assay (EMSA) demonstrated binding in 10
th

 

round population. Further cloning and sequencing of the 10
th

 round of population was done and 

sequences were grouped in to different categories.  Based on the structural folding, eight 

putative aptamers were selected based on the stability in terms of free energy. Preliminary 

binding study for the putative aptamers by EMSA demonstrated binding of HcpA-38, 41, 64 

and 75 aptamers with target HcpA protein. Further, the best binding aptamer sequences can be 

coupled to different transducing elements like gold nanoparticles, single walled carbon 

nanotubes for detecting E. coli O157:H7.  

Bacterial infections are not only limited to foodborne diseases, but also have been 

extensively associated with nosocomial infection due to surgical devices and medical implants. 

Excessive use of antibiotics in hospitals has led to the emergence of antibiotic resistance among 

different nosocomial bacteria. Since the pace of conventional drug discovery is slow, there is 

urgent need for devise new strategies to kill or curb the growth of the antibiotic resistance 

microbes. In the present study, silver nanoparticles were bio-functionalized with polymyxin B 

antibacterial peptide using a facile method. The bio-functionalized nanoparticles (PBSNPs) 

were assessed for antibacterial activity against multiple drug resistant clinical strain Vibrio 

fluvialis and Pseudomonas aeruginosa. The results of antibacterial assay revealed that PBSNPs 

had ~3 fold higher antibacterial effect than the citrate capped nanoparticles (CSNPs).  

Morphological damage to the cell membrane was studied by scanning electron microscopy, 

testifying PBSNPs to be more potent in controlling the bacterial growth as compared to 

CSNPs. Bactericidal effect of PBSNPs was further confirmed by Live/Dead staining assays. 

Apart from the antibacterial activity, the bio-functionalized nanoparticles were also found to 

resist biofilm formation. Electroplating of PBSNPs onto stainless steel surgical blades retained 

the antibacterial activity against Pseudomonas aeruginosa.  Further, the affinity of polymyxin 

for endotoxin was exploited for its neutralization using PBSNPs. It was found that the prepared 
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nanoparticles removed 97% of the endotoxin from the solution. Such multifarious uses of metal 

nanoparticles can be explored as viable means of enhancing the potency of antimicrobial agents 

to control infections. 



IV 

 

LIST OF PATENTS AND PUBLICATIONS 

 

PATENT 

 Nucleotide sequences specific for detection of urea.  Applied at Indian patent office 

(Application number 901 /DEL/2014). 

 

 

PUBLICATION 

 Paramesh Ramulu Lambadi, Tarun Kumar Sharma, Piyush Kumar, Priyanka 

Vasnani, Sitaramanjaneya M Thalluri,  Ranjana Pathania, Naveen Kumar Navani 

(2014). Facile bio-functionalization of silver nanoparticles for enhanced antibacterial 

properties, endotoxin removal and biofilm control. Colloids and Surfaces B: 

Biointerfaces. (Communicated) 

 

CONFERENCE  

 Piyush Kumar, Paramesh Ramulu Lambadi, Tarun Kumar Sharma and Naveen 

Kumar Navani (2013). A Biotechnological Approach for Detection of Synthetic Milk 

Components; Urea Detection. Challenges in disaster mitigation and management. 

Organized by Centre of Excellence in Disaster Mitigation and Management, IIT 

Roorkee from February 15-17, 2013. 



V 

 

ACKNOWLEDGEMENT

 

This thesis is an outcome of the past five years, wherein I grew stronger, accepted failures and 

strived harder for success. I have been accompanied and supported by many people during this 

journey. I feel honoured that I have now the opportunity to express my gratitude to all those 

people who contributed directly or indirectly to this endeavour. 

 I would start with thanking GOD, for bestowing his choicest blessings on me and always 

providing a guiding light for me to walk on the right path of life. Without his grace, this would 

not have been possible. 

My sincere gratitude and heartfelt thanks to my guide and mentor Dr. Naveen Kumar Navani, 

Assistant Professor, Department of Biotechnology, IIT Roorkee. I am fortunate to be given an 

opportunity to work under his supervision. His mentorship was paramount in providing a well 

rounded experience consistent my long-term career goals. His constant focus on precision, 

enlightening ideas, constructive criticism and scientific freedom helped me pave my way 

towards becoming an independent researcher. I am deeply indebted to him for believing that a 

hypothesis which was put forth as being implausible could actually be validated. His 

unfaltering encouragement to pursue challenges throughout this program helped me 

immensely. I owe him more than words express.  

I am grateful to Dr. Ranjana Pathania for her invaluable suggestions and inputs in shaping my 

work. Her ideas and encouragement towards my work proved very helpful.  

I feel overwhelmed in thanking Dr. R. Prasad, Professor and Head Department of 

Biotechnology for providing necessary facilities, support and cooperation in the Department 

for research. 

I extend my heartfelt thanks to my student research committee (SRC) Dr. A.K. Sharma, 

Chairman SRC, Professor R. Prasad, Associate Professor, Department of Biotechnology and 

Professor Shishir Sinha, Professor Department of Chemical Engineering for their 

encouragement and suggestions.  

I extend a note of thanks to the staff members of my lab and department Mr. Jain , Mr. V.P 

Saini, Shashi madam, Mohan, Akshay, Anil ji and Ravi for providing  technical assistance and 

care .  

 



VI 

 

I seize the opportunity to express my special thanks to Dr. Santosh, Dr. Piyush,, Manasi, 

Rekha, Tapas, Tamoghna, Pardeep and Abhijeet,   for their kind support for the completion of 

the thesis. 

The members of my lab contributed immensely to my personal and professional time at IIT 

Roorkee. The group has been a source of friendships as well as good advice, collaboration and 

providing a stimulating and fun filled environment. I want to thank all the members of my lab 

CBDD Dr. Rajnikant, Dr. Supriya, Dr. Tarun, Dr. Jitendra, Atin, Anjul, Timsy and Dr.Ila for 

providing a helping hand during my research work. 

I am grateful to my friends Pradeep, Dr.Selvakumar, Dr.Shivender, Dr.Aditya, Manju, 

Prabhat, Bibekanand for all the emotional support and camaraderie during this period. 

 I am also indebted to the students I have had the pleasure to work with. 

Last but not the least I owe it to my family for believing in me and supporting me throughout 

my life. I fall short of words when I come to think of my family’s contribution. Their endless 

patience and priceless words of advice have helped me make it so far.  

 Besides this, several people have knowingly and unknowingly helped me in the successful 

completion of this project. I thank all of them.  

Financial assistance provided by CSIR is gratefully acknowledged.        

 

Roorkee                 (Lambadi Paramesh Ramulu) 



VII 

 

CONTENTS 

 

TITLE                                                      PAGE 

NO 

CERTIFICATES  

CANDIDATE'S DECLARATION  

ABSTRACT I-III 

LIST OF PTENTS AND PUBLICATIONS  IV 

ACKNOWLEDGEMENT          V-VI 

CONTENTS         VII-X 

LIST OF FIGURES               XI-XVI 

LIST OF TABLES XVII 

ABREVIATIONS XVIII-

XX 

  

CHAPTER 1 

INTRODUCTION           

 

1-7 

  

CHAPTER 2 

REVIEW OF LITERATURE 

8-53 

2.1. Milk  

2.2. Urea 

2.3. Urea sensors 

2.3.1. Colorimetric methods 

2.3.2. Biosensors 

2.3.2.1. Polymer matrix based urea biosensors 

2.3.2.1.1. Non-conducting polymers 

2.3.2.1.2. Conducting polymer  

2.3.2.1.3. Sol-gel 

2.3.2.2. Langmuir-Blodgett film 

2.3.2.3. Nanomaterials 

2.3.2.3.1. Nanoparticles 

2.3.2.3.2. Quantum dots 

2.3.2.3.3. Nanofibers and nanoporus membranes 

2.3.2.4. Miscellaneous  

2.4. Aptamer-gold nanoparticle based optical biosensors for small molecules 

2.4.1. Systematic Evolution of Ligands by EXponential Enrichment 

   (SELEX) process 

2.4.2. Aptamers 

2.4.3. Aptamers v/s Antibody/Enzymes 

2.4.4. Small molecule aptamers 

2.4.5. Gold nanoparticles (AuNPs) 

9-11 

11-12 

12-22 

12-13 

13-22 

15-19 

15-16 

16-18 

18-19 

19 

19-22 

20 

21 

21-22 

22 

23-34 

23-24 

 

24 

25 

26-29 

29-30 



VIII 

 

2.4.6. Aptasensors 

2.4.7. Colorimetric aptasensor for small molecules using unmodified  

AuNPs 

2.5. Escherichia coli O157:H7 

2.6. Different methods for bacterial detection 

2.6.1. Culture based methods 

2.6.2. Rapid methods 

2.6.2.1. PCR and Real-time PCR  

2.6.2.2. Immunological assays 

2.6.2.3. Immunomagnetic separation  

2.6.3. Microarrays  

2.6.4. Biosensors 

2.6.4.1. Surface plasmon resonance biosensors 

2.6.4.2. Fiber optic biosensors(FOBs) 

2.6.4.3. Cantilever biosensors 

2.6.4.4. Electrochemical biosensors 

2.6.5. Nanotechnology based biosensors 

2.6.6. Aptamer based biosensors 

2.7. Antimicrobial coating 

2.7.1. Surface modifications 

2.7.2. Antibiotic coatings 

2.7.3. Silver nanoparticle (AgNPs) 

30-31 

31-33 

 

34-36 

37-47 

36 

37-40 

37-38 

38 

38-40 

40-41 

41-47 

41-42 

42 

43 

43-44 

44 

45-47 

49-53 

50 

50-51 

51-53 

  

CHAPTER 3 

MATERIAL AND METHODS 

3.1. MATERIALS 

3.2.1. Media 

3.2.2. Reagents and buffers 

3.2. METHODS 

3.2.1.  Immobilization of urea on carboxyl magnetic beads 

3.2.2. Systematic evolution of ligands by exponential enrichment 

  (SELEX) for urea selection     

3.2.3. Enrichment of selected population from alternate round of  

                      selection, for preliminary   binding studies using fluorescence 

                      spectrophotometer 

3.2.4. Cloning, sequencing and sequence alingment of selected aptamer   

  pools 

3.2.5. Screenig of best urea binding aptamer by fluorescence based 

assay 

3.2.6. Determination of dissociation constant (Kd) of urea aptamer  

3.2.7. Circular dichroism measurement (CD) 

3.2.8. Preparation and characterization of gold nanoparticles (AuNPs)  

3.2.9. Preparation of milk samples for urea testing 

 

54-81 

 

54-55 

55-65 

65-81 

66 

66-79 

 

69 

 

 

70 

 

70 

 

70 

70 

70-71 

71 



IX 

 

3.2.10. Visual detection assay for urea based on aptamer-AuNPs  

    aptasensor 

3.2.11. Truncation study of U38 aptamer and secondary structural 

analysis by Mfold software 

3.2.12. Specificty and interference test of the assay 

3.2.13. Fluorescence recovery assay 

3.2.14. Limit of detection for the aptamer-AuNPs based aptasensor 

3.2.15. PCR amplification and Cloning of hcpA locus from E. coli 

O157:H7 

3.2.16. Overexpression study of recombinant-HcpA 

3.2.17. Purification and quantification of overexpressed HcpA protein 

3.2.18. SELEX for HCP using Ni-NTA bound His-HcpA 

3.2.19. Enrichment of selected population from alternate round of 

    selection, for preliminary   bind51.ing studies by Electrophoretic  

    Mobility Shift Assay (EMSA) 

3.2.20. Facile synthesis and characterization of polymyxin B capped  

silver nanoparticles 

3.2.21. Determination of minimum inhibitory concentration (MIC) and   

    characterization of bacterial  morphology by scanning electron  

    microscopy (SEM) 

3.2.22. Biofilm inhibition assay  

3.2.23. Live/Dead staining of the bacteria in the biofilm 

3.2.24. Viability analysis of PBSNPs treated P. aeruginosa PAO1 

3.2.25. Electrophoretic deposition of polymyxin and citrate capped 

silver nanoparticles 

3.2.26. Removal of Endotoxin by PBSNPs 

72 

 

72 

 

72 

72-73 

73 

73-75 

 

75 

75-76 

76-77 

78 

 

 

78-79 

 

79 

 

 

79-80 

80 

80-81 

81 

 

81 

  

CHAPTER 4 

GENERATION OF UREA SPECIFIC DNA APTAMER AND 

DEVELOPMENT OF AN APTASENSOR FOR “UREA” DETECTION 

 

82-103 

4.1. Immobilization of urea on carboxyl magnetic beads 

4.2. Systematic Evolution of Ligands by EXponential enrichment (SELEX) for 

generation of urea specific DNA aptamers 

4.3. Cloning, sequencing alignment of 8
th

 round of population and folding 

pattern of representative putative aptamers of each category  

4.4. Screenig of aptamers by fluorescence based assay 

4.5. Determination of dissociation constant (Kd) of urea aptamer (U-38) 

4.6. Structural Analysis by Circular Dichroism (CD) Spectroscopy 

4.7. Synthesis and characterization of prepared gold nanoparticles (AuNPs) 

4.8. Milk sample preparation 

4.9. Detection of urea using aptamer-AuNPs visual based approach 

4.10. Effect of truncation of U38 on aptamer-AuNPs aptasensor 

4.11. Specificty and interfernce studies of the urea aptasensor 

82-83 

83-85 

 

85-88 

 

88-89 

89-90 

90-91 

92-93 

93 

94-96 

96-98 

98-99 



X 

 

4.12. Fluorescence recovery assay 

4.13. Limit of detection by absorbance and fluorescence spectroscopy 

4.14. Conclusion 

99-100 

100-102 

102-103 

  

CHAPTER  5 

DEVELOPMENT OF DNA APTAMER FOR HEMORRHAGIC COLI 

PILIN (HcpA) OF Escherichia coli O157:H7 

 

104-115 

5.1. Bioinformatics analysis of Hemorrhagic Coli Pilus (HcpA) of E. coli 

O157:H7 

5.2. Amplification and cloning of hcpA locus from E. coli O157:H7 genomic 

DNA 

5.3. Expression, purification and quantification of His-HcpA 

5.4. SELEX process for HcpA aptamer selection and preliminary binding study 

by electrophoretic mobility shift assay (EMSA) 

5.5. Cloning of DNA pool from selected round and alignment of cloned 

sequences using BioEdit software and Mfold derived structure of different 

putative aptamer sequences  

5.6. Binding confirmation of putative aptamer with HcpA using electrophoretic 

mobility gel shift assay (EMSA) 

5.7. Conclusion 

104 

 

105-106 

 

106-108 

108-109 

 

109-113 

 

 

114 

 

114-115 

  

CHAPTER 6 

NANO BASED STRATEGIES FOR PATHOGEN CONTROL 

 

116-133 

6.1. Characterization of bio-functionalized nanoparticles and evaluation of the 

antibacterial activity 

6.2. Effect of bio-functionalized nanoparticles on biofilm formation 

6.3. Live/Dead staining of bacteria in biofilm  

6.4. Viability analysis of PBSNPs treated P. aeruginosa PAO1 using Flow 

cytometer  

6.5. Antibacterial potency of PBSNPs coating 

6.6. Removal of endotoxin by PBSNPs 

6.7. Conclusion  

116-126 

 

127 

127-128 

129-130 

 

130-131 

131-32 

132-133 

  

CHAPTER 7 

REFERENCES  

 

134-166 

        

 

 

 



XI 

 

LIST OF FIGURES 

 

Fig. 

No 

Figure Title Page 

No 

1.1 Schematic representation of a biosensor 3 

2.1 Food production chain: From growth, harvesting, storage, processing to 

distribution 

8 

2.2 Food pyramid 9 

2.3 Basic design of a biosensor 14 

2.4 Schematic representation of SELEX process 24 

2.5 Data for aptamer generated against different target from 1990-2011 26 

2.6 AuNPs based ATBR colorimetric assay for ATP molecule: In absence of 

ATP the AuNPs are not protected by the ATP aptamer-anti ATP 

aptamer complex, therefore are readily aggregated under high salt 

conditions; in the presence of ATP, a binding event of ATP with ATP 

aptamer releases the anti-ATP aptamer, thus protecting the AuNPs from 

aggregating in presence of salt 

31 

2.7 A schematic representation of a rationally engineered cocaine aptamer 

based colorimetric assay for cocaine detection by visual observation 

32 

2.8 Pathogenesis of E. coli O157:H7 infection 35 

2.9 Schematic representation of immunomagnetic separation method 39 

2.10 Schematic representation of DNA microarray based bacterial detection 

assay 

40 

2.11 Schematic representation of surface plasmon resonance based biosensor 42 

2.12 Schematic representation of cantilever based bacterial detection system 43 

2.13 Schematic representation of various application fields of aptamers 45 

2.14 Steps involved in biofilm formation 49 

3.1 Schematic representation of Flu-Mag SELEX for urea 68 

3.2 Preparation of milk sample for urea detection by aptamer-AuNPs assay: 

(A) Control and (B) Test sample with varying concentration of urea 

71 

3.3 Schematic representation of SELEX process for HCP specific aptamer 

generation 

77 



XII 

 

4.1A Urea immobilization: EDC assisted coupling of urea to carboxylic 

magnetic beads 

82 

4.1B Standard curve of urea: Coupling efficiency of magnetic beads 

calculated on the basis of standard curve for urea by diacetyl-monoxime 

method 

82 

4.2.1 A) 2.5% agarose gel (lane M-standard 50bp marker, lane 1 and 2-PCR 

amplified product after initial steps of selection, lane 3- negative 

control), B) 10% urea denaturing PAGE (Lane 1 and 2- 80bp of ssDNA 

product) 

83 

4.2.2 Schematic representation of Flu-Mag SELEX for urea 84 

4.2.3 Enrichment of urea specific sequences during Flu-Mag SELEX: 

Evaluation of the affinity for enriched DNA pool of different rounds 

against the RDL for urea-CMB by Flu-Mag selection based fluorescence 

assay 

85 

4.3.1 Sequence alignment by BioEdit software: DNA population of 8th round 

of urea selection was cloned and categorized based on sequence 

similarities obtained from BioEdit software 

85 

4.3.2 Secondary structure folding of putative aptamer candidate sequences 

(U2, U7, U10, U13, U17, U34 and U38). Free energy is shown as ∆G 

86-88 

4.4 Binding assay for individual candidate sequences: FITC labelled 

sequences from each representative category (U2, U7, U10, U13, U17, 

U23, U34 and U38) were assessed for the highest binding affinity 

towards UCB.  Representative sequence U38 of group 8 displayed 

maximum affinity as compared to the other candidate sequences and the 

FITC-RDL 

89 

4.5 Determination of binding affinity, Kd value of the DNA aptamer U38 by 

fluorescence based assay: The apparent dissociation constant (Kd) of an 

aptamer representing group 8 (clone U38) was determined by 

fluorescence based assay using FITC labelled U38 aptamer. The average 

mean fluorescence intensity of the eluted FITC labelled U 38 aptamer 

obtained was plotted to determine dissociation constant Kd. The 

experiment was repeated thrice and an error bar represents the standard 

deviation 

90 

4.6.1 Circular dichroism spectra: 5µM U38 aptamer in absence ( ), in 

presence of 100mM urea ( ) and in presence of 100mM glycine ( ) 

91 

4.6.2 Melting curve analysis: Melting temperatures of free U38 aptamer (Tm 

= 48.5°C), U38 aptamer in presence of urea (Tm= 57°C) and U38 

aptamer in presence of glycine (Tm= 49.7°C). Melting is monitored by 

Δε changes at 276nm. 

91 

4.7 Characterization of citrate capped gold nanoparticles: (A) UV-Vis 

spectrum, (B) Transmission Electron Microscope and (C) Dynamic 

92-93 



XIII 

 

Light Scattering, (D) Atomic force microscopy 

4.9.1 Schematic representation of Aptamer-AuNPs based visual detection 

assay for urea 

95 

4.9.2 Color and TEM images of AuNPs (2.7 nM) with U38 aptamer (250 nM) 

supplemented by NaCl (250 mM) in (A) absence of urea (red wine 

color,  no aggregation) and (B) in presence of 100 mM urea (purple 

color, aggregation) 

95 

4.9.3 Development of Aptamer-AuNPs based detection assay: Screening of 

best aptamer candidate (A) color images of (1) U38-T, (2) U38-C, (3) 

U34-T, (4) U34-C, (5) U7-T, (6) U7-C, (7) random sequence-T, (8) 

random sequence-C. (B) UV-visible spectra (350-750 nm) of all the 

samples tested. (Tabular inset) A620/A520 ratio gives a direct 

correlation of the colour changes observed inpresence of urea. Test (T) = 

AuNPs (2.7 nM) + aptamer candidate (250 nM) + processed urea spiked 

milk sample (50 µl) + NaCl (250 mM), control (C) = without urea. U38 

shows best colour and spectral changes 

96 

4.10.1 Visible absorbance spectra of different truncated variants of U38 

aptamer 

97 

4.10.2 Change in the ratio of A620/A520:  A linear correlation to color change 

and the performance of the assay for truncated aptamer (FTU38, RTU38 

and FRTU38) in comparison to the full length U38 aptamer 

97 

4.10.3 Secondary structure of truncated variants of U38 aptamer using MFOLD 

software. (A) U38, (B) FTU38, (C) RTU38 and (D) FRTU38 

98 

4.11.1 Specificity of the aptasensor in milk for urea and against structural 

analogs of urea: Color of AuNPs solution with 250 nM U38 aptamer 

(lane 1- processed normal milk sample, lane 2- processed 100 mM urea 

spiked milk sample, lane 3- processed 100 mM alanine spiked milk 

samples, lane4- processed 100 mM glycine spiked milk sample, lane 5- 

processed 100 mM serine spike milk sample, and lane 6- processed 100 

mM tyrosine spiked milk samples) and NaCl (250 mM) 

98 

4.11.2 Colorimetric response of urea aptasensor in presence of different 

common interfering agents:  Color of AuNPs solution with 250 nM U38 

aptamer (lane 1- processed normal milk sample,  lane 2- processed 100 

mM urea spike milk sample, lane 3- processed 100 mM urea + 500 µM 

NaCl spiked milk sample, lane 4- processed 100 mM urea + 600 µM 

glucose spiked milk samples, lane5- processed 100 mM urea + 20 mM 

sodium bicarbonate spiked milk sample, lane 6- processed 100 mM urea 

+ 1% tween 20 spiked milk sample) and NaCl (250 mM) 

99 

4.12 Fluorescence recovery assay based on the fluorescence quenching of 

FITC-labeled aptamer in vicinity of GNPs. Fluorescence emission 

spectra of FITC-labeled U38 aptamer alone ( ), FITC-labeled U38 

aptamer with GNPs ( ), FITC-labeled U38 aptamer with GNPs and 

99 

 



XIV 

 

100 mM urea ( ), FITC-labeled U38 aptamer with GNPs and 100mM 

glycine as a control ( ) and FITC-labeled U38 aptamer with GNPs 

and 100mM urea incubated with 100 unit of Jack bean urease ( ) 

 

 

4.13.1 Limit of detection of urea on visual basis: Color change (red to violet) 

observed by naked eye in presence of increasing concentration of urea 

101 

4.13.2 Limit of detection by spectral changes in absorbance ratio of A620/A520:  

Plot of urea concentration versus absorbance ratio (620/520) for 

quantification of urea in milk. The inset figure shows, a linearly fitted 

absorption spectra of the AuNPs solution containing the U38 aptamer 

versus the concentration of urea (0-250mM) 

101 

4.13.3 Limit of detection by fluorescence measurement: Fluorescence spectra 

of aptasensor in presence of unlabeled U38 aptamer and different 

concentration of urea (0-250mM).  The inset indicates dose dependent 

changes in fluorescence intensity of the AuNPs solution over different 

concentration of urea 

102 

5.1 Bioinformatics analysis of HcpA pilin protein of E. coli O157:H7 using 

pBLAST 

104 

5.2.1 Strategy for cloning hcpA in pET28 (a): Amplification of hcpA from E. 

coli O157:H7, digestion of hcpA PCR product and pET28(a) with 

BamHI and HindIII restriction enzyme and ligation of both the digested 

product were performed to yield a recombinant hcpA-pET28(a) vector 

105 

5.2.2 1% agarose gel for restriction digestion analysis of hcpA transformants: 

M- 100bp marker, 1- undigested vector of a clone, 2- digested vector 

with BamHI and HindIII restriction enzyme, with a fragment  of ~ 

452bp of hcpA gene 

106 

5.3.1 Overexpression study of His-HcpA in E. coli BL21 (DE3): Lane1-

uninduced, Lane2- induced, Lane M- protein standard marker 

106 

5.3.2 Ni-NTA purification of His-HcpA: Lane M- standard protein marker, 

fractions eluted with 250 mM imidazole in lane1- 9th , lane3- 7th, lane5- 

5th, lane6- 2nd, and lane7- 1st eluted fraction with 150 mM imidazole 

107 

5.3.3 15% SDS-PAGE of purified 22 kDa His-HcpA (lane 1) alongside a 

standard protein marker (M) 

107 

5.4 Electrophoretic mobility shift assay for HcpA in 8% native PAGE: Lane 

1,3,5- only DNA, lane 2,4,6- DNA with HcpA, lane 1,2- RDL, lane 3,4- 

8th round pool of DNA, lane 5,6-  10th round pool of DNA 

109 

5.5.1 Sequence alignment sequences by BioEdit software: Cloned sequences 

of 10th round of urea selection were cloned and categorized based on 

sequence similarities obtained from BioEdit software 

109-110 

5.5.2 Secondary structure folding of putative aptamer candidate sequences 

(HcpA-62, 75, 41, 33, 24, 64, 8 and 38) along with the respective free 

111-113 



XV 

 

energy (∆G) 

5.6 Binding confirmation of putative aptamers selected for HcpA: Putative 

aptamers with protein (38-P, 41-P, 64-P, 75-P) displays a shift in the 

mobility as compared to the free ssDNA (38, 41, 64, 75) 

114 

 

6.1.1 Schematic representation of synthesis of the polymyxin capped silver 

nanoparticles (PBSNPs) 

116 

6.1.2 UV–visible absorbance spectra of polymyxin capped silver 

nanoparticles prepared using varying concentration of polymyxin B 

117 

6.1.3 TEM images of PBSNPs at different scales: (A) 100 nm (B) 50 nm and 

(C) 20 nm revealing the size of PBSNPs to be 15±5 nm 

118 

6.1.4 Dynamic Light Scattering: Size distribution analysis by DLS 

demonstrated the size of PBSNPs to be ~71.5±0.5 nm 

118 

6.1.5 Zeta potential measurement of PBSNPs and citrate capped silver 

nanoparticles (CSNPs):  Zeta potential distribution of (A) PBSNPs and 

(B) CSNPs was measured to be 12.8+5.34 mV and -25.2 +7.15 mV 

respectively 

119 

6.1.6 FTIR spectra for (a) pure polymyxin B (b) PBSNPs 119 

6.1.7 Circular dichroism spectra for polymyxin, PBSNPs and CSNPs 120 

6.1.8 Minimum inhibitory concentration of PBSNPs and CSNPs: Against 

Vibrio fluvialis L15318 and Pseudomonas aeruginosa PAO1 

121 

6.1.9 Scanning Electron Micrograph: Panels (a) and (d) shows control cells 

(without SNPs). Panels (b) and (e) shows CSNPs treated cells. Panels (c) 

and (f) PBSNPs treated cells. (a-c) Vibrio fluvialis L-15318 and (d-f) 

Pseudomonas aeruginosa PAO1 

122 

6.1.10 Different mode of action of PBSNPs: An attribute to its antibacterial 

activity against the bacterial cell 

123 

6.1.11 Scanning Electron Micrograph: PBSNPs treated Vibrio fluvialis L-

15318 at different magnification (A) 20,000 X and (B) 50,000 X 

124 

6.1.12 Scanning Electron Micrograph: CSNPs treated Vibrio fluvialis L-15318 

at different magnification (A) 5000 X, (B) 20,000 X and (C) 50000 X 

124 

6.1.13 Scanning Electron Micrograph: Untreated Vibrio fluvialis L-15318 at 

different magnification (A) 5000 X, (B) 10,000 X and (C) 50000 X 

125 

6.1.14 Scanning Electron Micrograph: PBSNPs treated Pseudomonas 

aeruginosa PAO1 at different magnification (A) 5,000 X (B) 10,000 X 

and (C) 50,000 X 

125 

6.1.15 Scanning Electron Micrograph: CSNPs treated Pseudomonas 

aeruginosa PAO1 at different magnification (A) 5,000 X (B) 10,000 X 

and (C) 50,000 X 

126 



XVI 

 

6.1.16 Scanning Electron Micrograph: Untreated Pseudomonas aeruginosa 

PAO1at different magnifications (A) 5,000 X (B) 10,000 X and (C) 

50,000 X 

126 

6.2 Inhibition of biofilm formation:  (A) Cells treated with PBSNPs; (B) 

cells treated with CSNPs. The line graph indicate the biofilm biomass at 

550nm (O.D550) and the bar graph represents the bacterial growth at 

600 nm (O.D600) 

127 

6.3 Live/Dead staining of biofilm on glass coverslip: (A) PBSNPs MIC 

treated cells, (B) PBSNPs sub-MIC treated cells and (C) untreated cells. 

(i) represents green cells as live and (ii) red cells as dead 

128 

6.4 Live/Dead staining of planktonic P. aeruginosa PAO1 cells by flow 

cytometer and fluorescence microscopy: Flow cytometer scatter plot for 

(A) untreated unstained cells, (B) untreated SYTO9/PI stained and (C) 

PBSNPs MIC treated cells stained with SYTO/PI stains is represented 

.Different quadrants such as, lower left (LL) represents the unstained 

cells, upper left (UL) region represents live cells and dead cells are seen 

in upper right (UR) region. Fluorescence microscopy of (D) untreated 

stained cells and (E) PBSNPs MIC treated stained cells is represented, 

where  (i) represents live cells stained as green, (ii) dead cells stained as 

red 

130 

6.5 (A) AFM image of PBSNPs coated on surgical blade; (B) Antimicrobial 

assay measuring the antimicrobial activity of coated blade against P. 

aeruginosa PAO1. (a) Blade coated with PBSNPs. (b) Blade coated with 

CSNPs. (c) Blade coated with PBSNPs followed by proteinase K 

treatment. (d) Uncoated blade. Zone of inhibition are observed 

surrounding the blade (broken red circles) 

131 

6.6 Endotoxin removal capability of PBSNPs:  (A) Control endotoxin (no 

agent added); Removal by (B) PBSNPs; (C) CSNPs. Original picture of 

the wells (top inset) along with graphical representation (bottom). 

Percentage on X- axis represents the residual endotoxin after the 

treatment 

132 

 

 



 

XVII 

 

LIST OF TABLES 

 

Table 

No 
Title 

Page 

No 

2.1 Role of synthetic milk components 10 

2.2 Differences in properties of synthetic and natural milk 11 

2.3 List of aptamers for small molecules with its chemical nature and 

binding affinity (Kd) 

27-28 

3.1 Bacterial strain used in this study 64 

3.2 Oigonucleotides used in this study 65 

3.3 Design for Flu-Mag selection strategy for urea 69 

3.4 SELEX strategies for selection of aptamer for HcpA pilin 77 

 

 

 

 

 

 

 

 



XVIII 

 

                ABBREVIATIONS  

 

AFM    Atomic microscopy 

Amp     Ampicilin 

ATP     Adenosine Triphosphate 

AuNPs    Gold nanoparticles 

BME     -Mercaptoethanol 

BSA     Bovine serum albumine 

CD    Circular dichroism 

CFU     Colony forming unit 

CSNPs    Citrate capped nanoparticles 

CV    Crystal violet 

DLS    Dynamic light scattering 

DNA     Deoxyribonucleic acid 

DNA    Dexoy-ribonuleic acid 

dsDNA   double stranded DNA 

EDC     N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

EDTA     Ethylene diamine tetra acetic acid 

EHEC    Entero hemorrhagic Escherichia coli 

EMSA    Electrophoretic mobility shift assay 

FITC    Fluorescein isothiocynate 

FITC-RDL   FITC labelled random DNA library 

FITC-U38   5’ FITC labeled U38 aptamer 

FRTU38   Forward and reverse truncated U38 aptamer 

FTIR    Fourier transform infrared 

FTU38    Forward truncated U38 aptamer 



XIX 

 

g    Grams 

HCP    Hemorrhagic Coli Pilus 

HcpA    hemorrhagic coli pilin subunit/monomer 

His-HcpA   Histidine tagged hemorrhagic coli pilin subunit/monomer 

IPTG     Isopropyl thio , D-galactoside 

Kan     Kanamycin 

kDa    Kilodalton 

L    Liter 

LB     Luria Bertani 

mA     milli Ampere 

mg     milligram 

min    minutes 

ml     milliliter 

mM     millimolar 

Ni-NTA   Nickle Nitrilotriacetic acid 

nm    nanometer 

nM    nanomolar 

O.D     Optical density 

PBSNPs   Polymyxin B capped silver nanoparticles 

PCR     Polymerase chain reaction 

pH     power of hydrogen 

PNA    Peptide nucleic acis 

RDL     Random DNA library 

RNA     Ribonucleic acid 

RNA    Ribonucleic acid 

ROS    Reactive oxygen species 



XX 

 

rpm     rotation per minute 

RT     Room temperature 

RTU38   Reverse truncated U38 aptamer 

s    seconds 

SDS     Sodium dodecyl sulphate 

SEM    Scanning electron microscopy 

SPR    Surface plasmon resonance 

ssDNA    single stranded DNA 

STEC    Shiga Toxin producing Escherichia coli 

TAE     Tris Acetate EDTA buffer 

TBE     Tris Borate EDTA buffer 

TE     Tris EDTA 

TEM    Transmission electron microscopy 

TEMED    N ,N,N,N – Tetra methyl ethyl diamine 

TFP    Type IV pilus 

t-RNA    yeast transfer RNA’s 

U38/FLU38   Full length U38 aptamer 

Urea-CMB    Urea coupled carboxyl magnetic beads  

UV     ultraviolet 

V    Volt 

X- Gal    5–Bromo, 4 – chloro, 3 –indolyl  , D-galactoside 

μg    microgram 

μl    microliter 

μM     micromolar 

°C     Degree Celsius  

A620/A520   Absorbance ratio of 620 and 520 nm 



1 

 

CHAPTER 1 

INTRODUCTION 

 

The world population is on the rise and is anticipated to reach 7.6 billion by 2020, with 

approximately 98% of this population growth taking place in developing countries like India. 

The population is expected to reach 3.4 billion in urbanized countries across the globe. These 

exponentially increasing numbers have set al.arm bells for world health and food security. 

Rising urbanization and changes associated with it has altered the way food is produced and 

handled, thus lengthening the food chain with chances of introducing or exacerbating 

foodborne hazards. Outbreak of diseases due to contamination of food by chemicals, microbial 

pathogens, and toxins represents a serious threat to human health and imposes economic 

burden on individuals, families, industries and eventually countries [1]. Therefore, food safety 

is an important public health concern for all countries. Extensive efforts are being made by 

strategies like Hazard Analysis and Critical Control Point (HACCP) Hurdle technology to 

prevent, eliminate or reduce the incidences of food borne illnesses by implementing the ‘active 

managerial control’ system in food industries [2]. An active managerial control (AMC) system 

seems to be an attractive ploy for reducing the contamination risk, but this faces challenges of 

strictly following the critical and rigorous steps involved in AMC. While developed countries 

seem to have successfully adopted this strategy, it has proven difficult for AMC to establish its 

roots in developing countries. Consequently, these issues have stressed the need to develop 

methods to asses and monitor the presence of health hazards to avoid human health problems. 

Milk and its related products are highly nutritious and are widely consumed all around 

the world. Therefore, milk plays an essential role in international market and is given immense 

economic importance. India is the leading milk producing country on the global map, 

accounting for 127.9 million tons of milk production [3]. The unorganized, fragmented dairy 

sector, tropical climate (favoring bacterial growth), laxity in quality control and escalating 

population with increased demand has made milk vulnerable to different types of adulteration 

[4]. Adulteration has been defined as deliberately debasing the quality of food either by adding 

poisonous or deleterious substances, mixing or substituting substances of inferior quality or by 

removing valuable ingredients from food. Food Safety and Standards Authority of India 

(FSSAI) reveals that 70% of the milk in India, especially the liquid milk does not conform to 

the standards [5]. The situation is further deteriorated by the incessant use of synthetic milk in 

the market. Synthetic milk is a perfect blend of vegetable oil, urea, detergent, powdered 

sugar/salt and skimmed milk powder in water which imparts it thick and creamy consistency 
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similar to the natural milk. Urea is one of the key ingredients used to increase the nitrogen 

content of the synthetic milk, thus mimicking the high protein content of normal milk.  Even 

though urea is secreted in milk as a byproduct of protein metabolism at a harmless 

concentration (8 – 40 mg/dl) [6], but further addition of urea to milk has adverse effects on 

human physiology. Addition of urea has been associated with nephritis, renal dysfunctions 

(acute or chronic), urinary tract obstruction, diabetes and certain extra-renal diseases such as 

congestive heart failure and liver diseases. Adulteration of milk is mostly restricted to Indian 

sub-continent. Reports of melamine adulteration in infant milk have emerged recently from 

China [7]. It becomes imperative to detect urea not only in dairy sector but also in clinical and 

agricultural industries (environmental analysis). Several extant methods are available for 

detection of urea which include Van Slyke aeration and titration method [8], gas 

chromatography [9], calorimetry [10] and fluorimerty [11]. However, these methods have 

several drawbacks such as use of hazardous chemicals and complicated sample pretreatment 

which renders the process time consuming and unsuitable for onsite detection. Consequently, 

these issues have highlighted the need to develop simple, rapid, sensitive and cost effective 

methods to detect and monitor the presence of undesirable species to avoid human health 

problems. Biosensors are looked upon as the alternative to the existing method with 

characteristics to overcome the drawback of the extant detection methods available.  

Biosensor is an analytical device which is comprised of a biological molecular 

recognition element (enzyme, aptamer, antibodies, whole cells, cellular receptors, etc.) and a 

physico-chemical transducer [12]. Biosensors have been categorized into electrochemical, 

optical, acoustical, mechanical, calorimetric, or electronic types based on the ability of the 

transducer to convert the biological response into a measurable signal which usually is 

proportional to the analytes concentration[13-16]. A range of urease enzyme based biosensors 

have been developed for detecting urea. These biosensors are based on non-conducting and 

conducting polymer, sol-gel polymeric matrices, Langmuir-Blodgett films, nanomaterials 

(based on nanoparticles, quantum dots and nanofibers) and ion-selective field effect transistor 

[17]. Although these  are considered sensors for urea, yet they suffer from  complicated sample 

pretreatment ,  stability issues with urease enzyme, interference in functionality by  ionic 

strength of the medium, lack of reproducibility, complicated design,  long response time and 

requirement of sophisticated instruments. Therefore, there is a need of a new biological 

recognition element with greater stability as compared to the enzyme based biosensors.  
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Fig 1.1 Schematic representation of Biosensors 

Aptamers are single stranded DNA or RNA biomolecules selected to binding a wide 

range of targets starting from simple species as ions to complex target such as whole cells [18-

36]. Aptamer are generated through an in-vitro process known as Systematic Evolution of 

Ligands by EXponential Enrichment (SELEX) [37, 38]. Aptamers have unprecedented 

advantages over enzymes or antibodies, as they can be selected for any possible targets in their 

native conditions, thus extending their use as molecular recognition element (MRE) in 

detecting analytes in real field samples. Aptamers offer several additional advantages as MRE 

in biosensors by virtue of stability in different ionic conditions, thermostablity, ability to be 

synthesized in bulk with high reproducibility and purity. Even though a series of aptamer based 

biosensors have been developed using different transducers, yet transducers offering “label-

free” and “real-time” sensing of target molecule are considered desirable. 

With recent advancement in nanotechnology, there has been a surge in development of 

novel nanaostructures, nanodevices, nanomaterials, and nanoparticles for designing new 

biosensor with improved properties [39-41]. Metal nanoparticles; especially gold nanoparticles 

(AuNPs) are being exploited as the transducer elements for developing optical aptasensors. 

Gold nanoparticles exhibit several exclusive properties such as biocompatibility, chemical 

stability, strong localized surface plasmon resonance (LSPR), and high extinction coefficient 

[42]. Gold nanoparticles functionalized with aptamers have been reported for colorimetric 

detection of several analytes [43-50]. Further, to circumvent functionalization steps which are 

cumbersome, time consuming and costly; unmodified gold nanoparticles appear to be an 

excellent choice for developing an aptamer based optical biosensors [51-61]. Aptasensors 

based on colorimetric detection can be optimized for developing onsite detection methods due 
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to the specificity, sensitivity, simplicity, and detection of analytes on visual basis or by naked 

eye.  

Apart from adulteration of food, diseases caused by food borne pathogens are a 

worldwide problem, both in terms of public health and economic cost. Foodborne Disease and 

Active Surveillance Network (FoodNet) surveyed 15% (an estimated 48 million) of US 

populations for incidences of infections transmitted by pathogens through food sources. The 

report confirms 19,056 infections, 4,200 hospitalizations, and 80 deaths in 2013 accounting 

from Campylobacter, Cryptosporidium, Cyclospora, Listeria, Salmonella, Shiga toxin–

producing Escherichia coli (STEC/EHEC) O157 and non-O157, Shigella, Vibrio, and Yersinia 

[62]. Although the rate of incidence of food borne diseases is high, many cases go unnoticed 

unless and till an outbreak is reported. An estimate from World Health Organization (WHO) 

testifies that overall only 10% of foodborne infection cases in developed countries and only 1% 

in developing countries are notified. In India the magnitude of the problem associated with 

foodborne disease is difficult to estimate as many of them go unreported, unrecognized or un-

investigated [63].  In many cases the delay in identifying the etiological agent from the time of 

exposure, takes several days thus delaying the exact course of treatment for the disease which 

can prove to be life threatening [64]. 

Even though Escherichia coli O157:H7 contributes to only 2% of food borne cases when 

compared to the Salmonella (23.4%), yet the cause to fatality ratio (CRF) are same (0.4) for 

both the bacteria i:e 0.4, suggesting the importance of E. coli O157:H7 in terms of food safety 

for consumers [65]. E. coli O157:H7 is declared by Centre for Disease Control and Prevention 

(CDC) amongst the most dreadful foodborne pathogen, causing gastroenteritis diseases in 

infected individuals. Infection occurs after ingestion of contaminated food such as undercooked 

beef, raw contaminated milk, unpasteurized apple juice/cider, lettuce, dry cured salami, yogurt, 

vegetables [66]. Furthermore, transmission has been characterized from sources such as direct 

contact with cattle and its related environment [66]. E. coli O157:H7 shows cytopathic effect 

on different cells causing watery diarrhea which may leads to hemolytic uremic syndrome 

(HUS) and thrombotic thromobocytopenic purpura (TTP) under severe conditions eventually 

leading to death [67, 68]. Therefore detection of this dreadful pathogen in clinical and 

suspected food samples becomes an indispensable step in controlling outbreak of the disease. 

While traditional culture based methods and some rapid molecular detection techniques (RFLP, 

PCR, DNA microarray etc), immunological methods, ATP bioluminescence assay and 

immunomagnetic separation have been developed for E. coli O157:H7 [69-72]; yet a simple, 
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rapid, highly sensitive and cost effective approach for bacterial detection is the need of the 

hour. To fill the void of the conventional and rapid methods, biosensors have emerged as the 

superior alternative for bacterial detection which will complement the fight to control the 

further spread of pathogens [73-77]. As chemical biology tools aptamers have evolved as the 

possible answer to this problem. Infections instigated by E. coli O157:H7 have been well 

studied till date and research still continues to decipher various biomolecules involved in its 

pathogenicity. One of the important factors is Hemorrhagic coli pili (HCP) of E. coli O157:H7 

which is involved in bacterial adhesion whose immunomodulatory role for onset of disease has 

been well documented [78, 79].  

Bacterial infections are not only limited to foodborne diseases, but also have been 

extensively associated with nosocomial infection due to surgical devices and medical implants. 

Such infections pose persistent and severe problems that account for high morbidity in hospital 

settings with significant socio-economic burden on healthcare system worldwide [80-83]. 

According to Centre for Disease Control and Prevention (CDC), surgical site infections 

account for ~22% of hospital acquired infections [84]. Bacteria by virtue of its ability to adhere 

to different surfaces are capable of initiating a process of biofilm formation, which is a key 

factor for their survival in hostile environment. Biofilm protects bacteria from the assault of 

antibiotics which otherwise is sufficient enough to kill the planktonic cells [85]. The situation 

is further deteriorated with pervasive and imprudent use of antibiotics that have contributed 

immensely to the emergence of multiple drug resistance (MDR) bacteria [86]. Therefore, 

several prevention strategies are being developed which aims at either inhibiting the adhesion 

of the planktonic cells or killing the bacterial cells which have adhered. These strategies are 

based on either modifying the physicochemical properties of the device surface or direct 

coating of antimicrobial compounds on the surfaces of medical devices [87-90]. Advances in 

the field of nanotechnology have motivated the scientists to develop innovative strategies to 

utilize nanomaterials which not only effectively control bacterial infections but can also 

mitigate their toxins. 

One such strategy is the use of silver nanoparticles (SNPs) as antimicrobial coatings on 

surfaces of medical devices. Since SNPs interact with bacterial surface by random collision, 

high concentration of SNPs are required to exert antimicrobial effect [91]. Toxicity issues 

associated with silver demand that silver be used at a concentration as low as possible. To 

overcome this problem, silver nanoparticles have been synthesized using various biological 

moieties including antibiotics, enzymes, polysaccharides, and oligopeptides so as to enhance 
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the antibacterial potential [92-94]. In recent years, antimicrobial peptides (AMPs) have 

emerged as excellent antimicrobial agents to address multidrug-resistance in bacteria [95, 96]. 

AMPs act like “molecular knife” and facilitate the damage to bacterial cell membrane even at 

low concentrations [97]. Additionally, AMPs can stabilize SNPs by exerting polyvalent effect 

as they form layers on the surface of SNPs and thus prevent agglomeration [98, 99]. 

This thesis aims at utilizing chemical biology and nanotechnology approach for detection 

of environmental contaminants and strategy to mitigate nosocomial threat. 

Objectives 

1. Generation of urea specific DNA aptamer and development of an aptasensor for 

“urea” detection 

This objective deals with generation of urea specific aptamers through Flu-Mag SELEX 

[110], and initial development of a qualitative aptamer-AuNPs based colorimetric assay i:e 

“Presence or Absence” of urea in real milk samples beyond the natural limit. Further the 

qualitative approach of the urea specific aptasensor was extended to a quantitative assay, where 

the limit of detection for the method was determined. The colorimetric assay was further tested 

for its specificity or selectivity for urea against structurally similar molecules and interfering 

substances/molecules present in synthetic milk. Eventually the limit of detection for the assay 

was determined.  

2. Development of DNA aptamer for Hemorrhagic Coli Pilin (HcpA) of Escherichia coli 

O157:H7 

This objective deals with development of DNA aptamer against HcpA of E. coli 

O157:H7. In brief the hcpA locus of E. coli O157:H7 encoding for HcpA was cloned and 

expressed as His-tagged protein.  Aptamer selection for recombinant HcpA was performed by 

SELEX using Ni-NTA bound recombinant HcpA. DNA populations from different rounds of 

selection for HcpA were tested for its binding towards purified HcpA using electrophoretic 

mobility shift assay (EMSA). The putative aptamer population of a selected round was 

amplified and cloned. The clones thus obtained were screened for the best binding aptamer 

sequence. Development of HcpA specific aptamer further opens up different avenues such as 

developing an aptasensor for specific detection of E. coli O157:H7 in buffer as well as different 

sample matrices. 
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3.1.2.3. Nanobased strategies for pathogen control 

The purpose of this study was to enhance the antibacterial activity and test these 

preparations for various medical applications. For this (i) we have chosen polymyxin B 

(antimicrobial peptide) to synthesize bio-functionalized nanoparticles by a simple and efficient 

method, (ii) We assessed the  PBSNPs for their antibacterial and antibiofilm activity against 

multi drug resistant clinical isolate of Vibrio fluvialis and Pseudomonas aeruginosa PAO1, (iii) 

Further, we coated stainless steel surgical blades with PBSNPs and tested their ability to 

mitigate nosocomial pathogen Pseudomonas aeruginosa,  (iv) Finally, we tested  the ability of 

PBSNPs to mitigate endotoxins from solution.  
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CHAPTER 2 

                                                                               REVIEW OF LITERATURE 

 

An anticipated rise in world population to a staggering figure of 7.6 billion in 2020 has 

aggrandized the already existing and the everlasting problem of global food crisis. This affects 

the political and economic stability of a country creating social unrest in developed and 

developing nations. With rapid urbanization across developed countries food handling system 

has changed to meet the food demand of the population. This magnitude of demand for food 

has increased the steps in handling the food; extending its storage, processing and distribution 

further in the food chain, thus increasing the chances of introducing or exacerbating foodborne 

hazards (Fig.2.1) 

 

Fig. 2.1 Food production chain: From growth, harvesting, storage, processing to distribution 

Since ancient times humans have been dependent on each other for many things, food 

has been one of the most important thing. Still the scenario remains unchanged in this 

contemporary world, where food export is an important aspect of trade to meet the demands of 

the needy. Food in every form is perishable and its consumption has been associated with 

dreadful diseases.  Foodborne disease outbreaks have been linked with either contamination of 

food by chemicals, microbial pathogens or toxins of microbial origin. These contaminants 

impose a serious threat to human health and have socio-economic impact on families, directly 

affecting industries and eventually are a setback to the growth of the country [1]. Therefore, 
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food safety is a prerequisite for public health worldwide. In recent years the importance of food 

safety with regards to food borne illness has been addressed by World Health Organization 

(WHO) by increasing the standards of food safety policies adopted for export. Despite the 

growing international awareness of foodborne diseases, risk associated with health and socio-

economic development, food safety still remains completely unresolved. Although Hazard 

Analysis and Critical Control Point (HACCP) is a strategy being adopted for food safety, but 

its rigorous implementation of the active managerial control (AMC) needs to be assessed on a 

global platform [2]. Apart from this strategy which has contained the situation within limits, 

there is an ever increasing demand for introducing analytical systems for critically assessing 

and monitoring the real-time contaminants of the food, further curtailing the incidences of 

foodborne diseases 

2.1. Milk 

The history of milk goes way back to 8000 BC and since then it goes hand in hand with 

the human civilization. Since, its discovery the importance of milk has been summoned in 

ancient Egyptian, Indian Vedic and ancient Hebrew civilization along with its mention in the 

Bible [100]. Milk is included in the food pyramid chart prepared by United States Department 

of Agriculture (USDA) signifying its importance in our day today diet (Fig.2.2). 

 

 

Fig. 2.2: Food pyramid 
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 Milk is considered to be a complete food, supplementing nutrients essential for 

development and maintenances of the sound physiological status of the body. Therefore, it 

plays an important role in international market, which gives it immense economic importance. 

India is the largest milk producing nation on the map, but it fails to meet the increasing demand 

of the people which are mostly based on the cultural diversity (rituals) and eating habits which 

greatly involves either milk or milk products in their diets [3]. In India, most of the credit for 

the failure to meet the demand goes to the unorganized and fragmented dairy sector which is 

equally supported by the tropical climate providing an ambient temperature for growth of 

foodborne organisms, thus affecting the quality of milk. Further laxity in quality control and 

increasing demand has made milk vulnerable to different types of adulteration.  

Adulteration is an act of voluntarily deteriorating the quality of the food offered, either by 

supplementing poisonous or deleterious substance, mixing or substituting inferior quality 

substances or removal of beneficial substances [101]. Adulteration is not only limited to the 

intentional act of debasing the quality of food by addition, substitution or removal of essential 

ingredients of the milk, but also covers the incidental contamination during the food production 

chain (Fig. 2.1). The most primitive and common act of adulteration is done by increasing the 

volume of milk adding water, thus decreasing its nutritional value. In China, more than 50,000 

infants suffered from renal complications after consumption of milk adulterated with melamine 

used to increase the nitrogen content of milk, which mimics high protein content [7].  

Survey conducted by Food Safety and Standard Authority of India (FSSAI), claims that 

70% of the commercially available milk in the market is of inferior quality and is unfit for 

human consumption [5]. The situation is further deteriorated by the incessant use of synthetic 

milk in market containing cheaper and highly toxic chemicals for its synthesis. Synthetic milk 

is a perfect combination of vegetable oil, urea, detergent, powdered sugar/salt and skimmed 

milk powder in water, imitating the chemical characteristic and composition of natural milk 

[102, 103]. Role of each ingredient in synthetic milk is listed in the table 2.1. 

Table 2.1 Role of synthetic milk components 

Synthetic milk components Purpose/role 

Vegetable oil Represents milk fat 

Salt or sugar Adjustment of lactometer reading 

Urea Increase nitrogen content 

Detergent Emulsifier 

Sodium bicarbonate Adjustment of alkalinity 
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Synthetic milk can be easily detected based on the differences in it physical and chemical 

characteristics as compared to the natural milk. But on the contradictory, adulteration of 

synthetic milk in a defined proportion with natural milk is very difficult to detect as no 

altercation in the color, taste, odour or consistency of the milk is observed. Prevention of Food 

Adulteration Act (PFA) system has declared addition of external urea to the milk as illegal and 

even the Supreme Court of India has stated this act as heinous crime and a punishable offence 

[104]. 

Table 2.2 Differences in properties of synthetic and natural milk 

Property               Synthetic milk Natural milk 

Physical 

Colour or appearance  White as natural milk White 

Odour Saopy smell, once prepared 

freshly, but disappears when 

stored overnight at 4 °C 

Not distinctive 

Taste Extremely bitter, not palatable at 

all 

Palatable 

Density 1.025-1.035 1.025-1.035 

Storage Shows spoilage and appearance 

of yellow color at room 

temperature 

Curdling but no change in 

color on storage at room 

temperature 

Texture Soapy to touch No soapiness 

pH Highly alkaline,10.5 Slightly acidic, 6.4-6.8 

Urea concentration 14mg/ml 0.2-0.7mg/ml 

Urea test Highly positive, intense yellow  Weakly positive, faint 

yellow color 

Fat 4.5%, can be varied easily 4.5% 

Sugar test(Resorcinol) Positive Negative 

Urea is an integral part of synthetic milk production; therefore it becomes impetrative to 

detect urea, as it imposes severe effect on human health. A brief review of different methods 

for urea detection is discussed in the following section. 

2.2. Urea 

Urea [CO (NH2)2] is an integral part of mammalian physiology (humans and dairy 

animals), thus signifying its importance in clinical chemistry and dairy industry [105, 106]. 

Detoxification of ammonia produced as a result of protein metabolism takes place in liver 

yielding urea as the end product. Urea has been shown to have detrimental effect on human 

when exceeds its physiological limit. For humans the normal value of blood urea nitrogen 

(BUN) content ranges from 6-60 mg/dl, whereas in patients suffering from renal inefficiency 

the value of BUN may vary from 120-300 mg/dl [107]. While, in cattle the normal milk urea 
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nitrogen (MUN) level is 18-40 mg/dl, with the maximum limit set to be 70 mg/dl [108, 109]. 

The MUN also acts as the standard for real time monitoring of urea content in dairy industries 

which is an indicator of protein feeding efficiency [110]. This real time assessment decreases 

the feed cost, increases the protein content of the milk, and improves the reproductive 

performance with minimal disposal of urea in environment [111, 112]. Urea is a normal 

constituent of milk which makes up to 55% of the total non protein milk nitrogen content 

[113]. MUN of 70 mg/dl in milk is an upper limit and value above this concentration makes 

milk unfit for human consumption and represents an act of adulteration. Consumption of such 

milk can lead to severe health problems such as indigestion, acidity, ulcers, impairment of 

kidney and even cancer. Therefore, it becomes relevant and imperative to detect and monitor 

urea in environmental and clinical fields, dairy industries and food processing units. 

2.3. Urea sensors 

Although several different methods have been published and employed for detection of 

urea especially from the clinical point of view, still there is an increasing demand for simple, 

sensitive, robust, reliable, cheap and an onsite detection method for sensing urea in other fields 

such as food science and environmental monitoring. 

2.3.1. Colorimetric methods 

An extensive literature survey suggests two fundamental colorimetric methods for 

determination of urea i) direct (non-enzymatic) and ii) indirect (enzymatic) iii) miscellaneous 

methods.  

 The direct method involves the reaction of urea with diacetly-monoxime or similar 

compounds to give a chromgenic product that can be quantified spectrophotometrically 

[114, 115].  

 The second, indirect method for urea estimation involves the use of urease enzyme to 

breakdown urea into ammonia which then react’s either Nessler’s reagent or by 

Berthelot reaction to forms colored product [116]. 

 Miscellaneous methods such as Van Slyke aeration, titration and gaseometric, 

manometric, infrared or UV-visible spectrophotometery measures release of nitrogen 

after reaction with hypobromite, hypochlorite etc and by combining urease with 

ammonia ions selective electrode [115, 116].  

 Various different chemicals have been screened for the direct urea detection methods such as 

Ehrlich’s reagent xanthydrol, o-phthalaldehyde, nioxime, diacetyl-monoxime and 

benzoylacetyl- monoxime. Among these well studied chemicals, diacetyl- monoxime was 
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selected as the best candidate offering the least amount of concerns and drawback as compared 

to the others for its use in different arena of science for estimation for urea. The diacetyl-

monoxime method is based on the Fearons reaction to form a yellow colored product [117]. 

Although this method is the choice for urea estimation over other chemical reagents, it suffers 

from drawbacks such as instability of the colored formed, interference from polypeptides, 

amino acids, citrulline, allantoin, semicarbazide, and substituted urea. This method also suffers 

from drawback of using obnoxious reagents, hazardous chemical with corrosive nature 

detrimental for equipment in use, heating step adding to the volatile pollution at work place, 

time consuming and requires pre-treatment of samples. Apart from these disadvantages the 

method is widely used as it is very specific and avoids ammonia related problem associated 

with enzymatic based method. Several modifications of Ormsby’s et al. (1942) diacetyl-

monoxime methods have been introduced [118-120] with improvement in stability of the 

developed color and reduction in assay time. This improved manual method was used to 

develop automated flow injection analysis by Sullivan, et al. 1991 for rapid analysis of 

different samples ranging from clinical to environmental [121, 122]. 

These enzymatic methods too are associated with problems of being inaccurate and pose 

reproducibility issues due to the unavoidable problem with ammonia, giving a false impression 

of increased nitrogen content in biological fluids such as blood. Also this method is an 

unattractive ploy for urea estimation in samples which contains either urease inhibitors such as 

sodium, potassium, fluoride ions and ammonia the product of urease activity [114]. While 

improvement in the primitive and the development of new chemical methods were in progress, 

an emerging field of sensor coined as “biosensor” was discovered to tackle all the above issues 

associated with the chemical method.  

2.3.2. Biosensors 

Biosensors are looked upon as the alternative method of choice over the traditional 

chemical methods with advantages of being simple, rapid, sensitive, robust, reliable, and cheap 

with onsite detection abilities. Owing to their potential advantages biosensors have been 

applied in environmental monitoring, food safety and field of medical diagnostics [123]. 

Inspired by the sensing characteristic of biological molecules present in the nature, most 

of the chemical and physical methods to detect analytes have found an impressive alternative 

known as the “BIOSENSOR”. Biosensors are analytical devices that incorporates molecular 

recognition element (MRE) linked to a physico-chemical transducer which acts synergistically 

to sense several different analytes. The MREs of the biosensors are biological molecules such 
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as enzymes, nucleic acids (DNA, RNA or aptamer), whole cell (bacterial and mammalian), 

antibodies, cell receptors and other biologically derived or inspired molecules (lectin and 

molecular imprinted polymers). MRE is the cornerstone of any biosensor as it acts as the probe 

which recognizes different analytes, while transduction of this biorecognition event into 

measurable signals is performed by transducer.  

 

Fig 2.3. Basic design of a biosensor 

Biosensors can be divided into different categories based on the physico-chemcial 

changes that accompanying the recognition event, such as electrochemical (potentiometric, 

condutometric and amperomteric), optical, thermometeric and piezoelectric. The concept of 

biosensor came from Professor Leland C. Clark (1962), to sense glucose using glucose oxidase 

entrapped at the Clarks oxygen electrode. Since then it has acted as the model for rest of the 

biosensors developed. The first urea sensor was developed by Guilbault and Montalvo 

employing urease as the biosensing element which degrades urea to ammonium and 

bicarbonate ions. This biosensor worked on the principle of sensing ammonium ion thus 

bringing a change in the potential across the cation selective glass electrode.  

             NH2CONH2 + 3H2O                       2NH4
+
 + OH

-
 + HCO3

-
 

Different transducing elements such as CO2 electrode, ammonium gas selective glass 

electrode, pH electrode, ammonium ion selective electrode and miniaturized urea electrode 

using ion-selective field effect transistors have been used for sensing urea [108].  Urease based 

urea biosensors have been developed by using various matrices such as conducting and non-

conducting polymers, sol gel, Langumir-Blodget films, nanoparticles and self assembled 

monolayers (SAMs) [17, 108]. These matrices have played key role in providing urease the 

support for immobilization, stability in varying temperature, pH and ionic strength, increase in 

shelf life and thus reducing the cost for developing urea biosensors. Immobilization of urease 

to different matrices has been achieved either by physical or chemical methods [17]. 

Urease 
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2.3.2.1. Polymer matrix based urea biosensors 

2.3.2.1.1. Non-conducting polymers 

Urea biosensors have been fabricated based on wide variety of polymers such as 

phosphine oxide polyether, polygalacturonate, polyurethane-acrylate, acrylonitrile, 

hydroxyapatite, alginate, bovine serum albumin, poly (vinyl ferrocenium), polyethylenimine, 

synthetic latex polymer, activated polyvinyl alcohol (PVA), polyvinyl chloride (PVC) and 

chitosan [17]. These polymers offer a wide range of characteristics by their ability to be 

tailored over a range of chemical and physical properties. Apart from providing physical 

support to the enzyme, mechanical strength and long term stability these polymers presents 

great flexibility, biocompatibility in designing cost effective biosensors. 

Sehitogullari and Uslan’s [124] developed a potentiometric biosensor by immobilizing 

urease on PVA activated with 2-flouro-1-methylpyridiniumtoluene-4-sulfonate (FMP), with 

detection limit of only 1mM which is lower than the physiological range. Later in 2004, Lakard 

et al. developed a metal electrode potentiometric biosensor using polyethylenimine films [125] 

The biosensor had quick response time of 15-30 s, detection range 1 × 10 −2.5
 to 1 × 10 −1.5

 M 

with 4 weeks life time. An increase in the stability of the biosensor developed was linked to the 

chemical immobilization step, preventing the leaching off of the enzyme from the electrode. 

Immobilization of urease by electroprecipitating poly (vinyl ferrocium) per-chlorate electrodes 

was performed by Kuralay et al. 2006 biosensor for urea with linear detecting range of 1 to 250 

µM and a handsome shelf life of 29 days [126]. Nonetheless, the matrices experience a 

drawback of releasing toxic degradation products. 

Natural polymers such as chitin and chitosan, offers advantages of being biocompatible 

and non-toxic in nature. Therefore it has been widely used as the immobilization support for 

urease enzymes for industrial application in detecting urea. The optimized immobilization 

method was found to be adsorption followed by reticulation of gutaraldehyde solution, with 

improved response characteristics of 30 s to 2 min, linear detection range of 10
−4

 to 10
−2

 M and 

2 months life time [127]. However, further work needs to be carried out for development of 

natural polymer biosensor with commercial application.  

PVC based NH4
+ 

ion selective potentiometric biosensors are considered to be the 

advanced version of the pH electrode [128, 129] and ammonium ion selective electrodes [130, 

131] that sense the ammonium ion liberated by enzymatic reaction. These electrodes show 

strong dependence on buffer capacity with compromised sensitivity and narrow detection 

limits. PVC membrane glass based electrodes [132, 133] modified with ionophores [134] have 
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been their possible replacement, with shorter response time, good reproducibility and extended 

life time of 12 months. The potential use of aminated-PVC membrane electrode has been well 

discussed [132]. Walcerz et al. 1995 developed aminated-PVC pH membrane electrode 

covalently immobilized with enzyme for estimating urea by quantifying the hydronium ion 

after enzymatic reaction [135]. Later, in 2002 a miniaturized buffer independent urea sensor 

was fabricated based on the immobilization of urease on all the solid state, aminated-PVC 

membrane and NH4
+ 

selective electrode [136] with detection range of 5× 10
 −2

 and 5 × 10
 −4

 M. 

However, the performance of the sensor was severely affected in presence of sodium and 

potassium ions.  Kovacs et al. 2003 developed an optical biosensor in the form of a thin 

plasticized PVC film comprised of optode-membrane ion selective optical biosensor with ion 

selective ionophore (nonactin) and ETH 5294 (Chromoionophore). Although the method was 

sensitive it suffered from the drawback of being influenced by NH4
+
, Na

+
, and K

+
. The PVC-

NH2 based biosensor was replaced by carboxylated-PVC based biosensors which showed 

improved performance in response time, sensitivity and durability of the sensors. This 

developed method also challenges the biosensors based on palmitic acid and non-actin 

improvised PVC membrane NH4
+
 ion selective electrodes for sensing urea serum 

concentrations [137].  

Regardless of the development in non-conducting polymer based urea biosensors, a lot of 

them still have to overcome the problems encountered with interfering species. Also the bulky 

electrodes system needs to be upgraded with miniaturized biosensors, cutting on the cost price 

for reagents and enzymes used.   

2.3.2.1.2. Conducting polymers 

Conducting polymers are conjugated polymers synthesized by either chemical or 

electrochemical methods. These polymers can be synthesized with controlled film thickness, 

desired conductivity, different functionalization possibilities and using several supporting 

electrolytes. The conducting polymers have been extensively studied by several researchers for 

its electrochemical property [138-140], and devices based on these polymers are of increasing 

clinical importance. A one step process of entrapping enzymes into the polymer during the 

process of electropolymerization can be achieved, which offers even distribution of polymer 

films on to the surfaces of electrodes of any shape and size [141].  

Among the existing different conducting polymers, polyaniline, polypyrrole and 

polythiophene has been the choice for designing amperometric based urea biosensors. Out of 

these three polymers, polypyrrole has been the most widely used fabricating urea biosensors 
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[142-144]. Polyaniline and polythiophene have not gained the popularity as the polypyrrole 

has, as they become electro-inactive in neutral pH limiting their use in biosensors. An 

amperometric flow injection based biosensor was developed by Adeloju et al. 1996 [145], with 

linear detection range of 3-15 mg/l of urea. Rajesh et al. 2005 later improved on the sensitivity 

of the amperometric biosensor by increasing the enzyme concentration while preparing the 

polypyrrole film with additional use of pulsed amperometric detection [146]. The detection 

limit achieved was 60 mg/l with linearity in the range of 100-450 mg/l. Apart from advantages 

this developed biosensor had shelf life of only 2 weeks and requires pre-treatment through 

anion exchange separators for removing interferants in biological samples before detecting urea 

[146]. Efforts to improve the sensitivity of biosensor designed using polypyrrole was initiated 

by Komaba et al. 1997 by preparing a composite film with polyion complexes [147].  

However, immobilization of urease on to the composite via electropolymerization was 

exceedingly low. Therefore polyacrylic acids were found to be the replacement of polyions 

complexes, enhancing the efficiency of immobilization with improved response of 53 mV per 

decade. Further the sensitivity of 110 mV per decade was achieved by using combination of 

polyions (polycation polystyrene sulphonate and polyanion polyacrylic acid). The performance 

of the biosensor was in direct correlation with the amount of enzyme immobilized onto the 

electrode [148]. Although promising, the shelf-life and the reproducibility of the biosensor 

have not been reported.  

It is well know that the performance of the biosensor strictly depend on the process of 

immobilization, therefore Adeloju et al. 1993 [147] entrapped urease into polypyrrole matrix 

by electrochemical means with stability of the biosensor of 2 months. However the developed 

biosensor cannot be reused. Later in the 1997, Adeloju et al. fabricated a thin urea biosensor by 

covalently immobilizing urease onto the copolymer of pyrrole and N-3-aminopropylpyrrole 

[144]. The biosensor showed stability of 2 months at 4-6 °C, detection range of 6.3× 10
 −6

 to 

4.07× 10 
−4

 M with electrode sensitivity at 27.5 mV/dl. The use of polypyrrole offer an 

advantage of being a pH sensitive indicator at near –IR range, therefore acting as an optical 

indicator, with detection limit for urea in linear range of 0.06–1 M [142].  

A phenylyaniline-poly(n-butyl-methacrylate) (Pn-PBMA) composite film with a 

homogenous combination of poly(vinyl methyl ether) (PVME) and poly(vinyl ethyl ether) 

(PVEE) as dispersants, has been adapted for the fabrication of urea and uric acid biosensors. 

Further a composite of polyaniline-Nafion based amperometric biosensor was developed using 

casting and electrochemical immobilization methods. It was found that casting method based 
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biosensor was better in it detection ability, with sensitivity of 6 mg/dl. However these methods 

still have to find their grounds in detecting urea in real time clinical samples. A multifunctional 

biopolymer layer based amperometric biosensor was developed using poly(pyrrole) and poly(5-

amino-1-naphthol) [149]. Poly(5-amino-1-naphthol) playing a role of reducing interferences 

signal of ascorbic and uric acids, while the poly(pyrrole) acts as the electrochemical transducer. 

The developed method showed chemical immobilization to be the best for the performance of 

the urea biosensor developed, with better sensitivity, stability and shelf life compared to the 

other immobilizations methods. The sensor was sensitive upto 100 mM concentrations in a 

linear range with its possible use in clinical samples. Chirizzi et al. 2011[150] developed 

electrosynthesized poly(o-phenylenediamine) (PPD) film potentiometric biosensor with 

buffering capability. Urease was immobilized onto the galssy carbon electrode using PPD film, 

with limit of detection in the range 10 µM to 1 mM exhibiting sufficient sensitivity for practical 

urea estimation. Later in the same year, Lakard et al. 2011 [151] came up with a potentiometric 

urea biosensor based on urease  either by layer by layer physisorbtions or by covalent 

immobilization on to the charged polysaccharides electrodeposited polyaniline. A better 

stability of the biosensor was due to the protecting role played by the polysaccharide and the 

sensitivity achieved was 1 µM to 0.1 mM. 

In recent years, progress in the development of new conducting polymer and molecular 

imprinted polymers (MIPs) holds promise for the development of urea biosensors with better 

stability and improved reproducibility. MIPs are polymers tailored with predefined specific 

recognition site for the interaction of the target molecule, thus acting as the new generation of 

recognition elements. Huanga et al. 2009 [152] developed a biosensor with the aid of MIPs 

specific for urea on the gold electrode surface. However, the method suffers from the instability 

of the MIPs. Therefore, Alizadeh et al. 2013 [153] used cross-linked imprinted polymers 

offering a better stability and selectivity to the MIPs. A capacitive biosensor for urea with 

nanosized urea imprinted polymer receptors on graphite electrode surface was fabricated. 

Although, the biosensor showed dynamic linear range of detection of 0.1 picomolar to 0.1 mM, 

but suffers from drawback of being pH sensitive, with loss of activity in pH above 5. Also 

removal of interfering Ca
+2

 and Mg
+2

 by cation exchange resins was mandatory before samples 

are analysed for the urea estimation.  

2.3.2.1.3. Sol-gel based urea biosensors 

Sol-gel matrices are known to inherit different physical (rigidness, thermal and tunable 

porosity) and chemical (inertness and photostability) properties, therefore widely used for 
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fabricating several opto-electronic based biosensors. Immobilization of urease in tetramethyl 

orthosilicate sol-gel was used for coating on to a screen-printed inter-digitated array electrode 

for developing a conductometric urea biosesnor. The method showed detection in a linear range 

of 0.03–2.5 mM[154]. Even though the biosensor offers good reproducibility, denaturation of 

urease during encapsulation steps limits its shelf life only to 25 days.  Tetra ethoxy orthosilicate 

(TEOS) sol-gel based embedded with urease, acetyl choline esterase with FITC dextran optical 

sensors have been developed as the optical biosensor for detection of multiple analytes such as 

urea. The sensor detects urea in 2.5 to 50 M range, but displays poor stability and with 45% 

drop in the sensitivity within 4 weeks [155]. Tetramethy-lorthosilicate (TMOS) derived sol–gel 

urease microencapsulated biosensors offer greater stability and sensitivity with detection limit 

of (0.01–30 mM) [156]. Although the method is suitable for estimating urea in serum samples, 

the results are highly variable in presence of interfering analytes (glucose, ferrous sulphate, 

thiourea and mercury chloride) and suffers from longer response time with stability of just 2 

weeks.  Sol-gel based urea biosensors suffers from drawback of lack of reproducibility, 

sensitivity and unknown catalyst matrix interaction probing researcher to find solutions to the 

existing problems or come up with a better alternative material. 

2.3.2.2. Langmuir-Blodgett film  

The Langmuir-Blodgett (LB) film technology preserves the biological activity of the 

enzymes which has been extensively used for sensing cholesterol, glucose and urea [157]. An 

ion selective field effective transistor (ISFET) functionalized with octadecylamine embedded 

urease enzyme films have been used for detecting urea in linear range of 0.2-20 mM. This 

developed sensor displayed a quick response time of 15 s and better stability was achieved 

using gutaraldehyde as the stabilizing agent [158]. LB films have been used for stably 

immobilizing urease monolayers onto octadecyl silane-modified SiO2/Si substrates.  A 

potentiometric urea biosensor based on mixed monolayer of poly(N-vinyl carbazole) and 

stearic acid of LB onto the electrode demonstrated sensitivity of 5mM, with shelf life of 5 

weeks [157]. The notable fact of the LB film based biosensors is that most of them are not 

tested for urea detection in clinical samples and effect of interfering analytes has not been 

reported.  A detailed study of the LB film based biosensor would give a better perspective of 

the promises the methods shows in developing urea biosensors.  

2.3.2.3. Nanomaterials 

Several nanomaterials with dimensions ranging from 1 to 100 nm are the products of 

nanotechnology, aiming at controlling the matter at its atomic level. These nanomaterials 
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exhibits distinct chemical and physical properties from there bulk matter counterparts such as 

enhanced plasticity [159], reactivity and catalytic activities [160], improved thermal and optical 

properties [161, 162], better electron transport and quantum mechanical properties [163, 164]. 

Apart from these properties, they also exhibit unique surface chemistry, biocompatibility and 

high surface area and large pore volume ratio. These novel properties have approved there uses 

in fabricating different promising biosensing platforms for chemical, biomedical and 

environmental sensing of several analytes [165]. Different nanomaterials such as metal 

nanoparticles (gold and silver), quantum dots and rods, magnetic nanoparticles, nanowires, 

nanofibers and nanotubes have been profoundly used in developing numerous biosensors for 

different applications.   

Rapid progress in the field of nanotechnology has seen surge in the growth of 

nanomaterials with new properties. Functionalization of nanomaterials with natural 

biomolecules (enzymes, DNA, RNA and antibodies), ligands and bioactive groups; have been 

adapted to produce sensitive and selective biosensor for detection of a particular analyte [166]. 

Immobilization of enzymes on to different nanomaterials such as nanoparticles, quantum dots 

and nanofibers for selective sensing of urea is discussed in brief.  

2.3.2.3.1. Nanoparticles 

Gold nanoparticles (AuNPs) have been utilized for immobilization of enzymes onto the 

self assembled monolayers via chemical adsorption with retention of enzymatic activity [167, 

168]. Yang et al. 2006 [167], developed a renewable potentiometric mercury sensor based on 

urease immobilized self assembled gold nanoparticles. Tiwari et al. 2009 [169], fabricated a 

urea sensor using a pH sensitive natural dye; heamtein. AuNPs electrode was functionalized 

with hyperbranched polyester-Boltron ® H40 (H40–Au) coated indium-tin oxide and further 

immobilized with urease to develop an amperometric based urea biosensor. The developed 

sensor demonstrated higher sensitivity in range of 0.01- 35 mM owing to efficient 

immobilization and showed enhanced shelf life with response time of 3 s. Tyagi et al. 2013 

[170], deposited nickel oxide (NiO) nanoparticle film onto the idium tin oxide (ITO) coated 

glass substrate. This NiO-ITO-glass substrate acted as an efficient matrix for immobilization of 

urease for developing a urea biosensor. This method showed faster response time of 5s with 

urea detection in linear range from 0.83–16.65 mM. Most recent development in the field of 

nanoparticle came from Tyagi et al. 2014 [171], with development of NiO nanorod urea 

biosensor. The NiO nanorod biosesnor showed exact same range of detection and response 

time as NiO nanoparticles. 
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2.3.2.3.2. Quantum dots 

Quantum dots are semi-conductors fluorophores with higher luminescent and photostable 

properties. A slightest change in the surface property of QDs results in a dramatic change in its 

optical property. This property has been exploited for fabricating biosensors for detection of 

specific analytes by coupling QDs with several biomolecules. A urea biosensor was developed 

by Haung et al. 2007 using a CdSe/ZnS QDs as an indicator with urease as the catalyst [172]. 

The urea detection system was based on the enhancement of the QDs luminescent intensity, 

which was in correlation to the enzymatic degradation product of urea. The detection limit of 

sensor was 0.01-100 mM with optimization of buffer conditions (pH and concentration). Later 

in 2008, Duong and Rhee developed urea biosensor using CdSe/ZnS QDs entrapped in sol-gel 

matrix [173]. The sensitivity of the sensor for urea was linear in range of 0-10 mM. The 

entrapped enzyme showed higher enzyme activity as compared to membrane immobilized 

urease and 12 fold better than urease immobilized on double layer. The sensor was stable for 2 

months and is claimed to be suitable for biomedical and environmental applications. 

Molecular imprinted chitosan film doped with CdS quantum dot was utilized for 

developing a voltametric based urea biosensor [174]. The QDs-CdS-MIP displayed quicker 

adsorption time, linear range of detection 5 picomolar to 100 nM, with lower detection limit of 

1 picomolar. The feasibility of practical application for the developed methods was tested by 

estimating urea in blood. The method was found to be stable with good reproducibility. 

Azadbakht and Gholivand, used penicillamine-CdS quantum dot modified AuNPs electrode for 

the covalent attachment of Ni-2,3-pyrazine  dicarboxylic   acid   (Ni-PDA)  film for developing 

a QDs based urea biosensor [175]. The biosensor displayed excellent electrochemical catalytic 

activity towards urea oxidation. The method displayed quicker response time with good 

reproducibility, while the applicability of the method in real field samples still remains 

unexplored.  Nonetheless the field needs further development with challenges of scientific 

queries to be answered. 

2.3.2.3.3. Nanofibers and nanoporus membranes 

Nanofibers synthesized by electro-spinning technique have been used for fabricating urea 

biosensor. A biosensor based on nanocomposite of urease and PVP showed faster response 

time with higher sensitivity [176]. Silicon wafer based amperometric urea biosensor was 

developed by immobilizing urease onto the organic polymeric conductor [177]. In another 

method the urease coupled SAM was chemisorbed onto the gold electrode by EDC coupling 

which showed three fold better sensitivity as compared to the previous reported method [178].  
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Also recently different nanomaterials based urea biosensor have been developed using zinc 

oxide, irconium oxide, iron oxide, tin oxide, titanium oxide nanoparticles, double layered 

hydroxides  etc [179]. 

2.3.2.4. Miscellaneous 

Some of the latest urea detection methods are summarized in the following section. 

Gabrovska et al.. discovered a new matrix for urease immobilization composed of rhodium 

nanoparticles embedded in a coploymer of chitosan with chemically modified aniline polymer 

[180]. The membrane thus developed was able to sense urea linearly from 1.6-8.2 mM with 

lower detection limit of 0.5 mM. The membrane thus developed was only stable for 10 days 

with performance of 86.8 % on the last date. An optical sensor for urea based on surface 

plasmon resonance was fabricated for biomedical applications by Bhatia and Gupta [181]. The 

optical probe of the biosensor is layered with silicon, silver and urease enzyme which shows a 

decrease in resonance wavelength proportional to the increasing urea concentration.  The 

sensor was able to sense urea in the range of 0-160 mM, close to the range of physiological 

serum. It was observed that the sensitivity of the sensor decreases with the increase in the urea 

concentration with no effect on the accuracy of the developed method was seen. A novel 

piezoelectric biosensor was developed by immobilizing single enzyme nanoparticles on to the 

nanoporus alumina membrane for sensing urea in liquid and urine samples [182]. The method 

demonstrated great stability with quick response time of 12 s and linear detection range of 0.08 

µM to 1mM with lower detection limit of 0.05 µM. The feasibility of the method was 

confirmed by testing its use in biological sample such as urine.  

Even though there are number of biosensors developed so far, a lot of ongoing research is 

still in the wake of finding one simple, reliable, sensitivity, accurate yet robust method 

applicable for different types of samples at once. Commercially available methods are all 

enzyme based methods which suffer from drawback of high cost, complicated construction and 

requirement of reference electrode. The urease based methods have been shown to be 

nonspecific and catalyze the hydrolisis of other biomolecules such as formamide, acetamide 

and N-hydroxy urea. Also the presence of ions such as sodium, potassium and fluoride have 

shown to have inhibitory affect on the urease enzyme thus hampering the performance of the 

urease based biosensor. Apart from the search of advanced material with better signal 

transducing abilities, there is a need for seeking new biological recognition elements which can 

substitute or fulfill the shortcomings of the enzyme based biosensors. Nucleic acids aptamers 

can act as the protagonist of the forthcoming enzyme free biosensors. 
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2.4. Aptamer-gold nanoparticle based optical biosensors for small molecules 

2.4.1. Systematic Evolution of Ligands by EXponential Enrichment (SELEX) process 

Since the discovery of nucleic acids, they have been admired as the genetic material 

inheriting the role of carrying information that encodes for protein. Later as the time travelled 

through the phase of pioneering research in molecular mechanism of genetics, additional 

functions of nucleic acids were explored. In 1990’s two independent research groups working 

separately came up with the revelation of identifying RNA sequences capable of binding a 

particular ligand in a specific manner, which were selected through an in vitro process called 

Systematic Evolution of Ligands by EXponential Enrichment (SELEX) [37, 38]. This 

functional nucleic acid were called aptamers, derived from the Latin aptus, meaning “to fit” 

and mers standing for “oligomer”. Later, just preceding the discovery of RNA aptamer, DNA 

aptamer was also discovered by one of the same pioneering group.  

A typical process of SELEX as shown in fig. begins with random DNA or RNA library 

pool of sequences, ideally containing 30-80 random nucleotide sequence flanked by two fixed 

primer domains. This pool of DNA is initially incubated with the target of interest which in 

case of small molecules, are immobilized to solid support matrix. Binding step is followed by 

separation step which involves washing off the unbound or non-functional sequences from the 

biding sequences. Bound sequences are eluted from the target by means of change in 

conditions such as temperature, pH, ionic change or use of chaotropic agent depending on the 

strength of molecular interaction between the target and the bound sequences. The separated 

sequences are than amplified to generate enough products to start up the selection process once 

again. As the PCR products are double stranded, they are rendered single stranded either by 

bead based method or by gel electrophoresis. Whereas RNA is transcribed from the PCR 

product by in vitro transcription and the pooled is RNA directly used of next round of SELEX. 
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Fig 2.4 Schematic representation of SELEX process 

2.4.2. Aptamers 

Aptamers are single stranded oligonucleotide of RNA, DNA or PNA (peptide nucleic 

acids), which folds into intricate three-dimensional structure with help of Watson-Crick base 

pairing of the nucleotide, favoring formation of different functional nucleic acid domain 

enabling them to carry out functions such as gene regulation (Riboswitches), catalytic activity 

(DNAzymes) and ligand-binding. Since its discovery, different aptamer with high binding 

affinity and specificity has been developed for targets ranging from small molecules (organic 

dye, pesticides, drugs and chemical additives), metal ions, amino acids, peptide, proteins, to 

whole cells [18-35, 183-188]. Owing to the ligand binding property, aptamers plays an 

important role in diagnosis, by being an integral part of the biosensor and in therapeutics by 

inhibiting functions of certain biological molecules [189, 190]. Aptamers are also called as the 

“chemical antibodies” due to their synthetic nature and is considered to be an archrival of 

antibody when it comes to their potential use in different biosensors as the MRE [191]. 
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2.4.3. Aptamer v/s Antibody/Enzymes 

Antibodies have always fascinated the field of biosensors by acting as the formidable 

sensing element since its days of discovery. Along with enzymes the antibodies dominated the 

field of biosensor and were considered as the gold standard recognition element, until the 

discovery of aptamer which offers unprecedented advantages over these conventional natural 

sensing elements. First, aptamers can be selected in conditions mimicking the target’s natural 

environment (pH, temperature and salt concentration). Second, aptamers in principle can be 

generated against any possible target, even for small molecules (metal ions, organic dyes, 

drugs, pollutants and chemical adulterants) for which antibodies are almost impossible to 

develop. Third, aptamers are also called as chemical antibodies as they are selected by in vitro 

process, once selected they can be generated in bulk via chemical synthesis with high accuracy 

and reproducibility with minimum batch to batch variation in their performance. Whereas, 

antibody generation uses animal or cell culture facility, which increases the chance of batch 

variation and finally may affect the performance of the biosensor. Fourth, the phophodiester 

bond of the nucleotides imparts aptamer greater stability to thermal and chemical changes. In 

changing conditions of pH, ionic strength or temperature, as antibodies tends to get denatured 

irreversibly whereas aptamers denature reversibly and can regain their functionality when 

conditions become favorable. Therefore, antibodies have limited use in onsite detection of 

analytes. Four, aptamers can be easily modified with different fluorescence tag, 

electrochemical indicators and nanoparticles.  Apart from the advantages mentioned aptamers 

ability to undergo conformational changes upon target binding, this has introduced a new 

strategy in developing biosensor. 

Owing to these advantages, aptamers have become an integral part of upcoming 

biosensors for environmental monitoring, food sector and in the field of medical diagnostics. 

Numerous aptamers have been generated till date for a wide variety of target namely cells, 

small molecules, proteins and virus (Fig.2.5). 
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                                                                                                    ©Challenges and Opportunities for Small Molecule Aptamer Development 

Fig 2.5 Data for aptamer generated against different target from 1990-2011.  

2.4.4. Small molecule aptamers 

Although selection of aptamer started with the small molecule in 1990 [37, 38], but they 

make up only 19% among all the aptamers discovered till 2011. The decrease in the number of 

small molecule aptamer attributes to the fact that it is relatively easy to select aptamers against 

larger targets as they offer more functional groups and structural motifs, creating a possibility 

of fishing out sequences interacting with the target via hydrogen bond, hydrophobic or 

electrostatic interactions [189]. Regardless of the situation, small molecules play important role 

in biological process, as they can easily diffuse across the cell membrane [192]. Small 

molecules such as toxins, carcinogens, toxic adulterants and pesticides in food, organic dye and 

toxic chemicals released in water bodies are harmful in nature, while molecules involved in cell 

signaling, pigments in plants, defense molecules and antibiotics are the better side of it [193, 

194].  Therefore sensing of the hazardous small molecules becomes an imperative task in 

agriculture, medicine and environmental analysis. 

Although aptamers developed for small molecules are meager in number, they are among 

the most widely studied aptamers in the literature. The aptamer against ATP is second most 

studied aptamer in terms of the publication, just preceding the thrombin aptamer and has been 

extensively used for developing various aptamer based assays and biosensors. Cocaine and 

theophylline aptamers are among the top ten most frequently used aptamer for biosensing 

purpose [195]. Small molecule aptamers have shown extraordinary selectivity, even able to 

discriminate structural analogs of target molecules differing by a single residue. Theophylline 
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RNA aptamer has shown such remarkable specificity of 10,000 times weaker binding affinity 

for caffine a structural homolog, differing by a single methyl group. Theophylline aptamers 

selectivity was 10 fold higher than the antibody counterpart [196]. The selectivity of aptamer 

was further extended to differentiate between the entaniomers of small molecules [197]. Initial 

aptamer development showed partially distinguishing characteristic between L and D amino 

acid, but later a RNA aptamer was developed by Geiger et al. 1996, displayed high affinity and 

complete enantio-selectivity [198-200]. Recently, DNA aptamers with entiaoselectivity was 

developed for small molecules like (R)-thalidomide and for (S) and (R) - ibuprofen [201, 202].  

More recently, Carother et al. 2010 gave possible explanation or reasons on the scarcity 

of high affinity small molecule aptamer for sensing purpose by demonstrating a linear 

relationship of affinity (kD) with the molecular size of the target molecules. These predictions 

came on the basis of 8 aptamer selected for the study and was consistent with the other studies 

showing a direct proportionality of kD with targets molecular weight [203]. However, this 

theory does have exception of high affinity aptamer against theophylline (180 g/mol). Many 

such aptamers have been developed with affinity from low to mid micromolar to nanomolar 

range such as Bisphenol-A [20] and oxytetracycline [56] aptamer. Whereas, natural aptamers 

such as thiamine, guanine and glycine riboswitches; show remarkable binding affinity for their 

target small molecules [204-206]. Altogether, this indicates that an artificial SELEX process do 

have potential to select aptamers with high affinity and specificity similar to the naturally 

existing ones. A comprehensive list of small molecule aptamers developed so far is enlisted in 

the table below. 

Table 2.3 List of aptamers for small molecules with its chemical nature and binding affinity (Kd) 

Target DNA/RNA Binding 

affinity (Kd) 

Reference 

Organic dye RNA 100-600 µM [37] 

Reactive green19 DNA  33 µM [24] 

D-tryptophan   RNA  18 µM [198] 

Theophylline  RNA 100 nM [196] 

L- citrulline   RNA 62–68 μM [199] 

Flavin mononucleotide RNA  0.5 µM [207] 

Kanamycin A RNA ≤ 300 nM [208] 

Nictoinamide adenine  dinucleotide  RNA  2.5 μM [209] 

Adenosine monophosphate and 

adenosine triphosphate 

DNA 6 μM 
[210] 

L- arginine DNA 2.5 mM [211] 

L- argininamide DNA 0.25 mM [211] 

L- arginine RNA 300 nM [200] 

Dopamine RNA 2.8 μM [212] 



28 

 

Sulforhodamine B DNA 190 nM [213] 

Streptomycin RNA 1-10 μM [214] 

L-isoleucine RNA 200-500 μM [215] 

Malachite green RNA ≤1 μM [216] 

Cyclic adenosine monophosphate RNA 10 μM [217] 

Adenosine triphosphate RNA 127-223 μM [218] 

L-tyrosine RNA 35 μM [219] 

S-adenosyl homocysteine RNA 0.2-0.8 μM [220] 

Neomycin RNA 1.8 μM [221] 

L-tyrosinamide  DNA 4.5 μM [222] 

Tetracycline RNA 1 μM [183] 

Kanamycin B RNA 180 nM  [28] 

Adenine RNA 10 μM [18] 

Flavin adenine dinucleotide RNA 50 μM [223] 

L-isoleucine RNA 1-7 mM [29] 

Adenosine triphosphate RNA 2 μM [224] 

Tobramycin RNA 30–100 nM [225] 

Kanamycin RNA 10–30 nM [225] 

Adenosine triphosphate RNA 5 μM [226] 

Ethanolamine DNA 6–19 nM [21] 

Codeine RNA 2.5–4 μM [227] 

(R)-thalidomide DNA 1 μM [201] 

Oxytetracycline DNA 10 nM [228] 

Ochratoxin A DNA 200 nM [229] 

Dopamine DNA 700 nM [230] 

Diclofenac DNA 2.7–166.34 

nM 
[231] 

(S) and (R)-ibuprofen DNA 1.5–5.2 μM [202] 

Kanamycin DNA 78.8 nM [57] 

L-tryptophan DNA 1.757 μM [232] 

Bisphenol A DNA 8.3 nM [20] 

Ochratoxin A DNA 96–293 nM [233] 

Polychlorinated biphenyls (PCB77) DNA 4.02, 8.32 

μM 
[25] 

fchlorinated biphenyls (PCB72 and 

PCB106) 

DNA 60–100 nM 
[234] 

Ampicillin DNA 9.4–13.4 nM [58] 

There are certain technical challenges associated with development of aptamers against 

small molecules. Immobilization of these small molecules is a must for carrying out SELEX 

for the small molecules and has been achieved by using solid support such as magnetic, acrylic 

and agarose and sepahrose beads. While not all of the small molecules can be directly 

immobilized on beads, therefore modifications of either small molecules or the surface matrix 

becomes mandatory for its immobilization, which may alter the natural chemical nature of 

molecules by eclipsing some functional groups. For example, aptamer developed against 
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immobilized rhodamine demonstrates weaker biding affinity for rhodamine in solution [235]. 

Other technicality issue with small molecule aptamer is quantifying its binding affinity for the 

target molecules. Different methods have been employed for this such as separation, 

fluorescence; mass sensitive based (QCM and SPR) methods [236] do face challenges due to 

the nature of small molecular size, mass, many time no intrinsic fluorescence and problems 

associated with labeling which alters its chemical nature etc. Due to this issues, contemporary 

methods such as microchip electrophoresis and atomic force spectroscopy has been adapted, 

but yet no single techniques can be generalized for estimating the binding affinity in terms of 

dissociation constant (Kd) of small molecules [237, 238].  

While the aptamer technology is more than two decade old, still challenges are imposed 

on its integrity over its practical application of developing novel aptamers for small molecules 

which are relevant from industrial, environmental and medical point of view. Nonetheless, with 

advancement in science and the impact that small molecules are having on day today’s life, this 

will surely boost the development of aptamer field against new small molecules and their 

applicability in biosensing field. The molecular recognition element is known as the corner 

stone of the biosensor and aptamer clearly has the edge over the other MRE’s available in 

market. However, transducer of the biosensor plays an indispensible part and has been 

categorised into electrochemical (amperometric, conductometric and potentiometric), optical 

(SPR, fiber optics, nanoparticles, Raman and FTIR) and mass (piezoelectric and 

magnetoelastic) based on the type of signal they generate.  

2.4.5. Gold nanoparticles (AuNPs)  

Recent advancement in nanotechnology has seen a surge in development of novel 

nanaostructures, nanodevices, nanomaterials, and nanoparticles which are currently used as the 

transducer in different biosensors [39, 41]. Nanomaterials are structures ranging from 1-100 nm 

in size with large surface are to volume ratio and exhibiting unique physical, chemical, 

structural, mechanical, electrical, optical, magnetic and catalytic characteristic surfacing from 

its quantum effect [239]. Different nanomaterials such as silica, gold nanoparticles, carbon 

nanotubes and gold nanorods have been adopted as the platform for fabricating biosensors. 

Among all these nanomaterials, gold nanoparticles (AuNPs) are being exploited as the 

transducer element in developing optical aptasensor as they exhibit several exclusive properties 

such as biocompatibility, chemical stability, strong localized surface plasmon resonance 

(LSPR), and high extinction coefficient [42]. To date, gold nanoparticles have been synthesized 

by physical, chemical and green chemistry methods.  Moreover, introduction of new techniques 
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for synthesis are continuously evolving to control the size and shape, so as to improve its 

sensing, photothermal, diagnostics and drug delivery properties [240-248]. Gold nanoparticles 

synthesized by Turkevich et al. which was later slightly modified by Ferns et al. 1970 [165, 

247-250] is the most widely used method for obtaining 10-20 nm citrate capped nanoparticles. 

In addition to sodium citrate, different reducing agents such as hydroquinone have been used 

for synthesizing 50-200 nm monodispersed AuNPs [251]. Besides using aqueous phase for 

synthesis, organic phase has been used for preparation of 2-5 nm AuNPs, reducing the gold salt 

by sodium borohydride in presence of alkenethiol [252]. Various organic phases like toluene, 

chloroform, and hexane have been used for carrying out synthesis of AuNPs. Later, an era of 

monolayer protected clusters of AuNPs synthesis began by functionalizing the surface of 

AuNPs with thiol, DNA, RNA, proteins and many amphiphilic polymers, which came into the 

field of biosensing [49, 253-256].  

2.4.6. Aptasensors 

The combination of gold nanoparticles with DNA offers greater flexibility towards 

developing new biosensors based on optical (colorimetric and fluorescence), electrochemical, 

surface-enhanced Raman scattering (SERS), SPR and mass spectroscopy [41]. The aptamer 

coupled gold nanoparticle sensors demonstrated higher specificity and selectivity in sensing 

DNA, protein, heavy metals, small molecules and other biological relevant molecules in health, 

food safety and biomedical fields [239, 242, 253, 256].  Optical sensors, in particularly the 

colorimetric based biosensor have utilized gold nanoparticles LSPR and distance dependent 

optical property [42][46]. A large number of aptamer functionalized-AuNPs colorimetric 

aptasensor have been reported for detection of several different analytes [43-50, 257-261]. 

Aptamer functionalization process involves a number of cumbersome steps, are time 

consuming and costly method. Further to overcome these disadvantages of functionalized-

AuNPs, Rothberg et al. 2004 [60] discovered an alternative method of detecting specific DNA 

sequences of genomic DNA using label free gold nanoparticles. The method is based on the 

principle of that short ssDNA sequences adsorb preferably on the surface of AuNPs than the 

dsDNA, protecting them from the assault of change of pH or ionic strength. This interaction is 

possible as the ssDNA is sufficiently flexible to uncoil the bases, which interacts with the gold 

nanoparticle with attractive Van der Walls force. On introduction of target, aptamer binds the 

target rendering AuNPs susceptible to the pH or ionic change which neutralizes the negative 

charge of the AuNPs causing them to aggregate with a visual color change from red-purple.  
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This pioneering research of employing unmodified AuNPs has brought revolution in the 

colorimetric based methods, with a possible naked eye read out eliminating the need of 

sophisticated instrument used in other methods. Aptamers conformational change accompanied 

by target binding has been employed in large number of aptamer based colorimetric assay for 

different small molecules. 

2.4.7. Colorimetric aptasensor for small molecules using unmodified AuNPs 

Despite the fact, a large number of aptamers have been discovered till date; only limited 

aptamer-AuNPs colorimetric assays utilizing unmodified AuNPs have been developed so far. 

The possible limiting factor is that not all the aptamer embrace structural changes on target 

binding which is the principle of the assay.  

Wang et al. 2007, group was the first to have taken advantage of Rothberg et al. 2004 

[51] discovery and developed a colorimetric assay for sensing ATP molecule [55]. The assay 

was named as ATBR (aptamer target binding readout), with slightly modified version of the 

assay described by Rothberg. The novel strategy translated the ATP binding event to the 

dehybridization of an ATP aptamer-anti ATP aptamer hybridized duplex, resulting in aptamer-

ATP complex with subsequent release of the anti-ATP aptamer oligo. AuNPs are protected by 

the liberated ssDNA, showing resistance to higher salt concentration still remaining red, while 

AuNPs get aggregated in absence of ATP. This sensitivity of the assay was 0.6 µM and 2 µM 

by UV-visible spectroscopy and visual basis respectively. Apart from being sensitive this 

method displayed high selectivity against other structural analog molecules like CTP, GTP and 

UTP. 

 

Fig 2.6 AuNPs based ATBR colorimetric assay for ATP molecule: In absence of ATP the AuNPs are not 

protected by the ATP aptamer-anti ATP aptamer complex, therefore are readily aggregated under high salt 

conditions; in the presence of ATP, a binding event of ATP with ATP aptamer releases the anti-ATP aptamer, thus 

protecting the AuNPs from aggregating in presence of salt. 
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Almost a year later, Zhang et al. 2008  came up with a novel strategy of visually 

detection cocaine using a rationally engineered aptamer structure [54]. The initial attempt of 

the group to detect cocaine was based on the strategy adopted by Wang et al. 2007. Although 

this displacement strategy is generic, it suffers from drawback of displaying slow kinetics, 

which reduces the performance of the assay. Therefore in the wake of overcoming this 

shortcoming a new approach was pursued, which is universal, rapid and sensitive. This group 

demonstrated that aptamer can be rationally engineered by deleting, adding or modifying the 

nucleotides in the non conserved region without perturbing their ligand binding site. The 

cocaine aptamer was sliced into two parts ACA1 and ACA2 with modification to prevent inter-

strand binding. Interestingly, in case of cocaine free sample both the part of the cocaine 

aptamer remained free, thus protecting the AuNPs from aggregating in presence of salt. 

Whereas, in presence of cocaine the two parts of cocaine aptamer transformed into a cocaine 

binding structure by interacting with each other. This method was sensitive enough to detect 

cocaine at concentration as low as 20 µM with higher limit of 200 µM. Also the assay is 

specific over two structural analogs ecgonine methyl ester and benzoyl ecgonine. 

 

Fig 2.7 A schematic representation of a rationally engineered cocaine aptamer based colorimetric assay for 

cocaine detection by visual observation. 

Kim and co-workers have successfully developed a colorimetric aptasensor for detection 

of oxytetracycline (OTC), which is a nuisance in many dairy and other food products and pose 

a serious threat to human health [56]. In their study, initial experimental setup resulted in a 

higher detection limit, forcing them to optimize the conditions to achieve better sensitivity. 
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After optimizing several parameters such as salt concentration, aptamer molar ratio to AuNPs 

and AuNPs concentration; they were able to detect OTC with higher sensitivity in a linear 

dynamic range of 25 nM to 1 µM, which meets the USA-FDA regulation limits. A greater 

sensitivity was only achievable by using UV-visible spectrophotometer.  

Song et al. 2011  became the first group to have developed a DNA aptamer against 

kanamycin and showed its applicability in developing AuNPs-based aptasensors [57]. The 

detection limit for the colorimetric assay was found to be above 10 nM with best results seen at 

25 nM concentration. The developed assay was specific and showed no cross reactivity with 

streptomycin, sulpfadimethoxin and ampicillin. 

The arsenal of the aptamer-AuNPs assay was further raised to a new level by Yang et al. 

2011  by detecting ochratoxin A (OTA), a class of mycotoxin found in food commodities 

[262]. Binding of OTA aptamer to ochratoxin A induced a structural change from random coil 

to a rigid antiparallel G-quadraplex structure, which was demonstrated for the first time with 

circular dichroism study. The developed assay was sensitive to detect from 20-625 nM in a 

rapid span of 5 min. the specificity of the assay was tested with warfarin and showed no change 

in color at 5 and 10 µM concentrations.  

The functionality of the aptamer-AuNPs aptasensor was further extended by Zheng et al. 

2011 by detecting a neurotransmitter (dopamine), marker for neurological disorder such as 

Alzhiemers and Parkinson’s diseases [60]. The limit of detection for the assay was 5.4-54 µM, 

and was specific against the other interfering molecules such as dihydroxyphenylalanine, 

catechol, epinephrine, 3, 4- dihydroxyphenyl acetic acid, homovanillic acid and ascorbic acid. 

Song et al. 2012 developed an ampicillin specific aptamer and consequently used it for   

the development of AuNPs-aptasensor assay based on dual fluorescence–colorimetric method 

to detect ampicillin [58]. This method was used for detecting ampicillin in water and field 

samples of milk and the limit of detection was 10 ng/ml. 

Later in the year Mie et al. 2013 developed a label free aptasensor for detection an 

endocrine disrupter bisphenol A [263];  using anti bisphenol aptamer developed by Jo et al. 

2011 [20]. The limit of visual detection for this method was 0.1 ng/ml.  

The aptamer-AuNPs aptasensors offers several advantages of being simple, rapid, and in 

many cases provides a naked eye detection of the desired target analyte without the need of 

sophisticated instrument.  Thus, aptasensor has emerged as a new field of interest for small 

molecule detection. Based on the principle of these assay, a method for detection of urea in 

adulterated milk samples can be developed. 
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Apart from adulteration of food, diseases caused by food borne pathogens are a 

worldwide problem, both in terms of public health and economic cost. Foodborne Disease and 

Active Surveillance Network (FoodNet) surveyed 15% (an estimated 48 million) of US 

populations for incidences of infections transmitted by pathogens through food sources. The 

report confirms 19,056 infections, 4,200 hospitalizations, and 80 deaths in 2013 accounting 

from Campylobacter, Cryptosporidium, Cyclospora, Listeria, Salmonella, Shiga toxin–

producing Escherichia. coli (STEC/EHEC) O157 and non-O157, Shigella, Vibrio, and Yersinia 

[62].  Although, over the last few years the rate of foodborne diseases have remained constant a 

large number of cases have been associated either with commercially available foods or 

outbreaks span between states or even countries.  

2.5. Escherichia coli O157:H7 

Escherichia. coli O157:H7 is a gram negative facultative anaerobic bacillus, colonizing 

the intestinal tract of humans and other animals. Since its discovery, by Theodor Escherich in 

1885; these commensal have been the causative agents of gastro-intestinal complications in 

humans. In 1982, a diarrheal outbreak was associated with identification of different 

pathogenic strains of E .coli. Later these strains were designated as enteropathogenic E. coli 

(EPEC), enteroinvasive E. coli (EIEC) and enterotoxigenic E. coli (ETEC) [72]. Later in the 

same year a new strain referred as E. coli O157:H7 was implicated in outbreaks associated with 

hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) and have been designated as 

enterohemorrahgic E. coli (EHEC). Of all the E. coli strains, Centre for Disease Control (CDC) 

has declared O157:H7 serotype as the most dreadful food-borne pathogen as it causes life 

threatening diseases. Infection occurs after ingestion of contaminated food such as 

undercooked beef, raw contaminated milk, unpasteurized apple juice/cider, lettuce, dry cured 

salami, yogurt, vegetables [66]. Furthermore, transmission has been characterized from sources 

such as direct contact with cattle and its related environment. Fig 2.8 shows the pathogenesis of 

E. coli O157:H7, with initial adherence to the microvilli cells, production of toxins followed by 

ischemic damage to the colon cells resulting in hemorrhagic condition [264].  
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Fig 2.8 Pathogenesis of E. coli O157:H7 infection 

Pathogenicity of E. coli O157:H7 has been generally associated with two major factors 

such, Shiga toxin 1, 2 and locus for enterocyte effacing islands (LEE). E. coli O157:H7 cells 

gets attached to the intestinal cells via development of attaching and effacing (AE) lesions thus 

causing  gastroenteritis and HUS infections [265, 266]. Colonization of the intestinal mucosa 

has known to be the primary step towards establishing EHEC infections in humans. The role of 

intimin and Tir protein mediated bacterial attachment has been well documented [267], but it 

was found that he mutants of itimin were still able to colonize the epithelial cells, thus 

indicating the role of unidentified adhesions [268]. While, certain less characterized adhesins 

are proposed to be associated with bacterial adhesion, but they are only present in certain 

EHEC strains.   

Other than LEE, E. coli O157:H7 encodes for a large number of putative genes involved 

in fimbriae and pilin biosynthesis [269, 270]. Several adhesins have been associated with 

different EHEC strains such as SFP of sorbitol fermenting EHEC O157, long polar fimbriae, 

curli, type I pilus, type IV pilus (TFP) [271]. Most of them are yet to be explored for their 

possible role in pathogenesis [79]. Recently it has been reported that a EHEC strain produces 

an adhesion appendage called E. coli common pilus (ECP) which are produced in other 

pathogenic and non pathogenic strains of E. coli [272]. Later it was characterized that either 

strains lacking ECP were unable to adhere to the cultured epithelial cells. Therefore, studies 

need to be done to elucidate the role of the pili proteins in pathogenesis. Therefore, a series of 

research by Giro.J.A group deciphered the role of TFP present in E. coli O157:H7 and named it 

as hemorrhagic coli pilus (HCP). The HCP is composed of 19 kDa pilin subunits encoded by 

the hcpA locus of E. coli O157:H7 genome. The TFP are produced in many gram negative 

bacteria and plays an important role in pathogenesis by acting as a potent virulence factor, 

adding to the survivability and aiding in transmission [273]. TFP has been associated with 

different functions such as attachment to the eukaryotic cells, twitching motility, biofilm 



36 

 

formation, DNA uptake and bacterial aggregation [79]. It has been reported that HCP is 

specifically expressed in E. coli O157:H7 [273], thus it can be an attractive target molecule for 

the specific bacterial detection. 

As E. coli O157:H7 is an acclaimed life threatening pathogenic bacterial species, 

therefore its detection in different food matrices and clinical samples becomes imperative for 

the further containment of the spread of disease. This review aims at briefly summarizing 

different methods for the E. coli O157:H7 detection. 

2.6. Different methods for bacterial detection 

The review gives a brief introduction of different methods ranging from the traditional 

culture based method to some rapid molecular detection techniques (PCR, DNA microarray 

etc), immunological methods and immunomagnetic separation have been developed for E. coli 

O157:H7. Different biosensors and introduction of nanotechnology based methods for rapid, 

sensitive and specific detection of E. coli O157:H7 has been briefly discussed. 

2.6.1. Culture based methods 

A conventional bacterial detection method involves typical steps of a pre-enrichment, 

selective enrichment, selective plating, biochemical tests and seriological confirmation. 

Development of bacterial specific media for direct identification has been attained, but are only 

restricted to genera levels for almost all bacterial species. For specific detection of E. coli 

O157:H7 the biochemical characteristic of O157:H7 is exploited, as they usually do not 

ferment β- glucuronidase. Thus,  sorbitol MacConkey agar (SMAC) is used as the specific 

media for E. coli O157:H7, which allows differentiation from the rest of the E. coli species 

bases on the color of the colonies [274]. Further modification of the media with trypticase soya 

agar enabled detection of E. coli O157:H7 from acidic apple cider [275]. The culturing 

methods is always performed in combination specifically with the IMViC test for 

differentiating the E. coli from the rest of the Enterobacteriaceae family [276]. Although the 

conventional method are considered as the gold standard method for bacterial detection and 

identification, they suffer from drawback of being time consuming, labor intensive, less 

sensitive and interferes with selective identification of bacterial due to the presence of 

microbial flora. Combination of other methods has been adopted to reduce on the time taken by 

the conventional method. The combination of commercially available rainbow agar with PCR 

showed a reduced time of detection to 30 h [72].  
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2.6.2. Rapid methods 

Rapid methods have been looked upon as the alternative to the conventional culture 

based method for faster, sensitive and specific bacterial detection and identification. Some of 

the rapid methods are discussed in brief such as PCR, ELISA, real time PCR and 

immunomagnetic separation  

2.6.2.1. PCR and Real-time PCR 

To achieve rapid and accurate epidemiological investigation of the outbreak, it becomes 

mandatory for any method to be able to differentiate the target bacterial species from the other 

similar bacterial serogroup which are non pathogenic. DNA amplification technology offers 

with the advantages of being highly specific and sensitive method for bacterial detection aiding 

in the conformation of the infectious agents in a rapid manner. As the process requires very 

minute amount of DNA, very few number of bacteria can be detected using this technique. 

A number of PCR based methods have been developed for E. coli O157:H7 detection 

which generally involves a multiplex PCR, targeting non-specific genes of E. coli O157:H7 

[277-279]. This method is suitable only for isolated strains of bacteria, thus limiting its use in 

samples containing mixture of different strains of E. coli O157:H7. Therefore, this method 

needs to be improved with detection of gene only specific for pathogenic strain of E. coli 

O157:H7. Moreover, an internal amplification control needs to be included in the PCR based 

techniques, so as to eliminate the false negative results which may be the due to the presence of 

PCR inhibitors in the sample.  

Traditional PCR based methods are based on end point assay and the results have to be 

visualized by gel electrophoresis method. However, a real-time assessment of PCR products of 

the target genes can be achieved using real-time PCR protocol [74]. Real-time either uses 

fluorescent dye intercalation or fluorescent tagged gene specific primers for detection of the 

PCR product in an online manner. Extensive research has been conducted utilizing real-time 

PCR for specific detection of E. coli O157:H7 [280]. Rapid detection of E. coli O157:H7 

multiplex real-time was performed by Jothikumar. N and Griffiths. M.W., 2002 [74], by 

amplifying stx1 and stx2 gene by real-time SYBR Green fluorescent PCR assay. Multiplex 

PCR has been also adapted for detection of several microbes at a time, targeting different 

individual specific genes. Kim et al. 2007 has reported detection of different microbes such as 

E. coli O157:H7, Salmonella typhimurium, Staphylococcus aureus, Listeria monocytogenes,  

and Vibrio parahaemolyticus using a single PCR [281]. Real-time PCR, despite being rapid 
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suffers from drawback of being costly, requires sophisticated instruments, laborious and need 

skilled personnel’s for its operation.   

2.6.2.2. Immunological assays 

Immunological based methods for detection of different targets ranging from bacterial 

cells, spores, viruses and toxins have been developed so far [282]. These assays are based on 

the specific interaction of antibodies with its target antigen. Various immunological assays 

have been developed for detection of different pathogenic microbes which includes E. coli, L. 

monocytogenes, Salmonella spp and others [283-285]. At present different immunoassays have 

been developed such as enzyme immunoassay, enzyme linked immunosorbent assay (ELISA), 

enzyme linked fluorescent assay (ELFA), immune-precciptation ,agglutinin and radio immuno 

assays [286]. E. coli O157:H7 was detected using polyclonal IgG antibodies from chicken by 

sandwich ELISA method; the assay utilized a secondary antibody specific to the primary IgG 

immunoglobulins. The method was able to detect up to  40 CFU/ml [74]. A rapid and sensitive 

chemiluminescence immunoassay for E. coli O157:H7 detection with signal dual-amplification 

using glucose oxidase and laccase were developed by Zang et al. 2014 [287]. The developed 

method was based on luminol-H2O2-laccase reaction which demonstrated a linear range of 

detection from 10
3
-10

5
 CFU/ml in total time of <2.0 h. 

Antibodies have been widely used for detection purpose; therefore it has found 

commercial importance in the field of biological sensors. A combination of PCR and ELISA 

(VIDAS ECO O157®) was adopted for detection of E. coli O157:H7 in cheese samples [288]. 

Another example of commercially available E. coli O157H7 kit is ABNOVA’s ELISA kit, 

which utilizes Horseradish peroxidase conjugated anti-E. coli antibodies  which gives a colored 

product in presence of TMB; a chromogenic substrate for detection and quantification.   In 

addition to the spectrometric detection, electrochemical detection by voltammetry changes with 

use of an electroactive enzyme  have been reported  [289]. This method was sensitive to detect, 

10
3
 -10

5
 CFU/ml have with limit of detection as low as 1 CFU/ml after enrichment process.  

Different methods have been reported for bacterial detection using antibodies in 

combination with other detection methods, to complement and improve the sensitivity and 

specificity of the developed method. 

2.6.2.3. Immunomagnetic separation  

Isolating desired bacterial species from food and water samples have been a daunting task, 

because of low bacterial count, interference from sample matrix and presence of inherent 
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microbes. Therefore immunomagnetic separation (IMS) techniques have been used for 

concentrating the desired bacterial species from the sample matrix and separating them from 

the background microbial flora and complex sample matrix. The IMS method was developed as 

an alternative to the primitive methods such as use of filter and immunoaffinity beads. While 

these primary methods suffered from drawback of clogging, because of particles present in the 

sample matrix, limiting their further use.  

Infectious dose of E. coli O157:H7 has been reported to be as low as a single cell to 100 

CFU/ml [67], therefore the detection method need to be sensitive to be able to detect such low 

number of bacteria. Along with the low number the interference from nonspecific group of 

bacteria are the obstacles for accurate identification of the infectious agent. Thus to overcome 

this drawback, immunomagnetic separation technique (IMS) was developed. As shown in the 

Fig. 2.9, the method utilizes E. coli O157:H7 specific polyclonal or monoclonal 

immunoglobulin immobilized to Fe-magnetic nanoparticles (shown as small red circle) for 

entrapment and enrichment of the specific bacterial cells (blue cells represent E. coli O157:H7) 

from the other background flora. This method has been widely used for extracting E. coli 

O157:H7 from different samples matrices [290].  

 

Fig 2.9 Schematic representation of immunomagnetic separation method 

A comparison study of commercially available standard ELISA technique (Tecra) was 

performed with IMS-ELISA to investigate the performance of the assays in terms of E. coli 

O157:H7 detection in mince beef samples. The IMS-ELISA methods was found to be more 

sensitive than the commercial ELISA kit, as the IMS technique was able to concentrate the 

bacterial ells from the background of the sample matrix.  

IMS coupled with real-time PCR method have been used to increase the sensitivity of the 

PCR method. Fedio et al. 2011 utilized Pathatrix™ IMS beads for the enrichment of E. coli 
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O157:H7 from the artificially contaminated raw ground beef samples. Further, IMS has been 

used in combination with fluorescence immunoassay by Zhu et al. 2011 [291], with high 

capture efficiency with detection limit of ass low as 10 CFU/ml.  

The use of immunomagnetic separation (IMS) for capturing and detecting foodborne 

pathogens has gained popularity, partially due to the introduction of automated and high 

throughput IMS instrumentation. Although IMS methods have reduced the time span for the 

specific detection of bacterial species, an enrichment step is mandatory for the sensitivity of the 

method. Nevertheless it has been the method of choice for most of the bacterial detection in 

recent times. 

Recent development in the field of biotechnology have opened new avenues for the 

development of novel and advanced microbial detection systems.  These methods promise 

greater degree of specificity, sensitivity and lower detection range. In addition, micro  and  

nano  fabrication  technology  has  made  it  possible  to  integrate  multiple  processes  in form  

of  microarrays  in  a sequence for high throughput screening. 

2.6.3. Microarrays  

Microarrays consist of an orderly arrangement of probes (oligonucleotides, DNA 

fragments, proteins, sugars, or lectins) attached to a solid surface [64]. It is like a miniature 

laboratory, and often referred to as a “lab-on-a–chip” device.  Microarrays are fabricated with 

different technologies for example, photolithography, inkjet printing, and electrochemistry.  

This  technology  has  been widely used for identification  of  microbial  virulence  factors,  

antimicrobial  resistance,  and  bacterial  detection  etc. The major strength of microarrays is its 

ability to be used as a miniaturized device for the development of high throughput detection 

system.   

 

Fig 2.10 Schematic representation of DNA microarray based bacterial detection assay  
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Gehring et al.. developed a sandwich protein based microarray for detection of E. coli 

O157:H7.  Biotinylated capture antibodies were immobilized onto streptavidin-modified gold 

slides to analysis the bacterial load. The method was sensitive and detected 3×10
6
 CFU/ml of 

E. coli O157:H7 [292]. Furthermore, the method was slightly modified with carbohydrate as 

the recognition molecules  for specific detection of E. coli O157:H7 [293].  

As shown in Fig 2.10, a DNA microarray has the potential to hybridize hundreds to 

thousands of genomic targets simultaneously. Further, this method eliminates the expression 

dependent identification of bacterial pathogens, as is the case with other microarrays (protein or 

lectin based). The method provides  an inexpensive, flexible and strain-specific detection and 

identification of pathogens [294]. The microarray method has limited use in bacterial detection 

assay as it suffers from the drawback of not being able to discriminate between the dead and 

live cells.  

2.6.4. Biosensors 

Biosensors are analytical devices that incorporates molecular recognition element (MRE) 

linked to a physico-chemical transducer which acts synergistically to sense several different 

analytes. The MREs of the biosensors are biological molecules such as enzymes, nucleic acids 

(DNA, RNA or aptamer), whole cell (bacterial and mammalian), antibodies, cell receptors and 

other biologically derived or inspired molecules (lectin and molecular imprinted polymers).  

Antibodies have been the primary choice as the molecular recognition element for bacterial 

detection in different sample matrices. This section briefly gives a review of different bacterial 

biosensors developed for specific bacterial detection. 

2.6.4.1. Surface plasmon resonance (SPR) biosensors 

SPR  biosensors  are  based on the principle of biomolecular interaction between the 

immobilized recognition molecule with the target analyte Fig. 2.10 [295]. This interaction leads 

to a change in the refractive index of the sensor, which is linearly proportional to the number of 

target molecule present in the sample. Based on this principle different SPR immunosensors 

have been fabricated with an aim for specific bacterial detection. A SPR sensor specific for E. 

coli O157:H7 was developed by Fratamico et al. using a monoclonal antibody immobilized to 

the gold surface with further detection of E. coli cells with a polyclonal antibody. The 

developed method detected 5-7×10
7
 number of cells [296].  
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Fig 2.11 Schematic representation of surface plasmon resonance based biosensor 

SPR being a heterogeneous method requires complicated surface chemistry and 

immobilization of different molecular recognition species onto a relatively expensive gold-

plate slides or nanoparticles. Also this method requires sophisticated instrument and skilled 

personnel’s for its handling, extensive optimization steps which may differ from sample to 

sample limits its use as the bacterial detection strategy.    

2.6.4.2. Fiber optic biosensors (FOBs) 

FOBs  have  developed  into  highly  specific  and  sensitive  tools  for  rapid  detection  

of bacteria. They are based on immunoassays and nucleic acid hybridization and available in a 

number of assay formats. The recognition elements are immobilized on the core of optical 

fibers  which  are  constructed  of  silica  glass,  with  modified  optical  properties.  When the 

excitation light from a laser or white light travels through the waveguide via total internal 

reflection, the transitory wave produced at the surface of the fiber core excites the fluorophore 

and they emit light of higher wavelength which is captured.  The exhibit several advantages 

including speed of detection, sensitivity, specificity and portability. These benefits of FOBs 

make them promising alternatives for the detection of bacteria. Ferreira et al.  demonstrated  

one  of  the  first  applications  of  FOBs  for  the  detection  of  aerosolized bacteria  

responsible  for  nosocomial  infections  and  found  applicability  in  the critical-care units of  

hospitals  [297].  At present, wide spread applications of these sensors is limited by their cost 

and complexity in design. 
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2.6.4.3. Cantilever biosensors 

Due  to  their  high  sensitivity,  cantilevers  can  be  used  for  the  detection  of  

molecular targets.  These  cantilevers  resemble  atomic  force  microscopy  (AFM)  tips  and  

can  be attached with MRE. Upon  binding  of  a  target,  the  cantilever  deflects  a  couple  of 

nanometers,  thereby  facilitating  its  detection.  Since the deflection is proportional to the 

amount of target binding, cantilever biosensors are quantitative [298]. Figure 2.12 shows 

schematic representation of the cantilever biosensor based bacterial detection. A cantilever 

biosensor was constructed by Iic et al. for the detection of E. coli O157:H7. It could detect up 

to 10
6
-10

9
 CFU/ml [299]. The advantages of these biosensors include the absence of any 

enzymatic amplification steps such as PCR and the need of labels (i.e. fluorophore).  However, 

developing  these  sensors  into  a  simple  and  user  friendly  sensor  would  require  

significant 

 

Fig 2.12 Schematic representation of cantilever based bacterial detection system 

2.6.4.4. Electrochemical biosensors 

Electrochemical based biosensors are classified into amperometric, potentiometric, 

conductometric and impedimetric based on the different signals these transducing elements can 

sense. Amperometric biosensors are the most adopted method of choice among the other 

electrochemical biosensor, as they are superiorly sensitive and have better linear range of 

detection. Amperometric biosensors have been widely accepted and at present there are 

numerous commercially successful devices available in the market [300].a rapid and sensitive 

detection method was developed by Setterington et al. 2012, which is based on magnetic 

extraction of bacterial cells using immunofunctionalized magnetic plyalinine core shell 

nanoparticle. The method was able to detect bacteria ranging from 6-40 CFU/ml. 

Apart from the amperometric based detection of E. coli O157:H7, screen printed 

integrated microsystem based on electrochemical impedance and by amperometric signals have 

show to detect 10
2
 and 10

8
 CFU/ml respectively in less than 30 min with optimized sample 

volume of 10 µl [301]. 
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An impedimetric label free immunosensor was developed for detection of E. coli 

O157:H7 by Barreiros et al. 2013[302]. This method was based on the covalent immobilization 

of anti E .coli antibodies with the aid of self assembled monolayer of mercaptohexadecanoic 

acid onto the gold electrode. The developed immunosensor was able to detect E. coli O157:H7 

with a linear range of 10
3
-10

4
 CFU/ml. The lower detection limit by electrochemical 

impedance spectroscopy was found to be 2 CFU/ml and the method demonstrated specificity 

with no significant adsorption of Salmonella typhimurium. 

2.6.5. Nanotechnology based biosensors 

Identification of pathogenic agents by different conventional molecular methods have 

been widely accepted and used in different laboratories across the world. Although being 

highly specific, sensitive and reproducible, these methods are not feasible to be adopted for 

onsite detection purpose as they require sophisticated, expensive instruments which are operate 

by trained personnel and are time consuming. Biosensors have been developed as an alternative 

method with rapid, specific and sensitive detection of different analytes.  Despite promises 

shown by these methods of being rapid and sensitive, only few methods have been developed 

for onsite detection owing to the bulky nature of the developed biosensors. With introduction 

of nanotechnology different nanomaterials have been developed to achieve faster, sensitive and 

more economical diagnostic assays. 

Nanotechnology combined with material science has revolutionized the field of 

biosensing. Functionalized nanomaterials have been used as catalytic agents, for 

immobilization of diverse organic and inorganic molecules, as optical or electroactive labels to 

improve the biosensing ability by demonstrating higher stability, specificity and sensitivity. 

Different nanomaterials such as metal nanoparticles, nanowires, carbon nanotubes, 

nanocomposite and nanostructured materials are used as the biosensing platform for 

environmental, medical and food related industries [303]. 

A nanobiosensor is composed of a molecular recognition element (MRE) and a signal 

transducing element. In a typical nanobiosensor, nanomaterials act as the signal transducer 

which is coupled to different molecular recognition elements such as, antibodies, aptamers, 

peptides and carbohydrate moieties [74] for target recognition. Apart from the highly adopted 

nanomaterials-antibody based bacterial detection methods, aptamers have emerged as the rivals 

of antibodies. Nonmaterial coupled aptamer biosensors are called as aptasensors and they have 

been adapted for detecting several different analytes which are of significant importance in 

medical, environmental and food industries.  
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2.6.6. Aptamer based biosensors 

Aptamers are single stranded oligonucleotide of RNA, DNA or PNA (peptide nucleic 

acids), which folds into intricate three-dimensional structure with help of Watson-Crick base 

pairing of the nucleotide, favoring formation of different functional nucleic acid domain 

enabling them to carry out functions such as gene regulation (Riboswitches), catalytic activity 

(DNAzymes) and ligand-binding. Owing to the ligand binding property, aptamers plays an 

important role in diagnosis, by being an integral part of the biosensor and in therapeutics by 

inhibiting functions of certain biological molecules [189, 190]. Aptamers are also called as the 

“chemical antibodies” due to their synthetic nature and is considered to be an archrival of 

antibody when it comes to their potential use in different biosensors as the MRE [191].  

 APTAMER ANTIBODY 

Production In vitro process of generation 

(Chemical synthesis) 

Invivo process (Biological synthesis 

i:e animals are required) 

Target Developed virtually against any 

target 

Limited targets (can’t be generated 

against small molecules and toxins) 

Specificity Able to differentiate isomers of 

amino acids 

Cannot clearly differentiate between 

similar target 

Stability Thermostable, can be renatured 

after thermal denaturation 

Temperature sensitive, irreversible 

damage after denaturation 

Batch 

variations 

Little or No Significant 

Cost Relatively economic once 

generated against a target 

Expensive due to down-streaming 

processes involved in purification 

Chemical 

modification 

Ease of synthesis and open to 

wide range of modifications 

Hard to manipulate through 

modifications 

Owing to these advantages and their ability to be selected against a myriad target 

analytes; aptamers have tremendous potential in diverse field of biosensing as shown in fig  

 

Fig 2.13 Schematic representation of various application fields of aptamers 
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Aptamer technology offers development of an inexpensive, rapid, sensitive detection 

system for microbial pathogens [304-306]. Aptamers have been selected for different microbes 

such as Lactobacillus acidophilus [26], Salmonella enterica serovars [307], Salmonella 

typhimurium  [308], Listeria monocytogenes [309], Staphylococus aureus [310], Shigella 

dysenteriae [184], E. coli NSM59 [311], Campylobacter jejuni[312] , Mycobacterial 

tuberclosis[313, 314]  etc. Several research groups have used these aptamers in conjugation 

with different nanomaterials for their specific detection. The major advantage of aptamers in 

the area of cellular detection is their ability to target and specifically differentiate microbial 

strains without the need of any previous knowledge of the membrane or structural changes 

present in a particular microorganism. 

Stratis-Cullum and coworkers reported a qualitative capillary electrophoresis 

immunoassay method for specific detection of Campylobacter jejuni [315].This methods was 

highly specific even in presence of E. coli O157:H7 and Salmonella typhimurium. Another 

report by So et al. for specific detection of E. coli  was developed by  functionalizing E. coli 

aptamer onto the single walled carbon nanotubes using field effective transistor as the signal 

transducer [316]. The sensitivity of the method was found to be between 10
5 

-10
7 

CFU/ml. 

Further, Vivekananda and Kiel utilized biotin labeled aptamer and coupled it to the 

streptavidin-conjugated alkaline phosphatase for developing a dot blot assay specific for 

Francisella tularensis detection [317]. Queirós et al.. developed a label-free DNA aptamer-

based impedance biosensor for the detection of E. coli outer membrane proteins (OMPs) [318]. 

Gold electrode was immobilized with 6-mercapto-1-hexanol(MCH) labeled E. coli  specific 

aptamer for OMPs which detected E. coli OMPs in linear dynamic range of 1 × 10
−7

– 2 × 10
−6

 

M.  

Aptamer mediated assays are mostly based on fluorescence and colorimetric techniques. 

Fluorescent detection is widely employed due to the availability of many different fluorophore 

and quenchers. The ease of labeling aptamers with fluorescent dyes, have shown to inherit 

capability for real-time detection of variety of analytes. Such modified aptamers are known as 

signaling aptamers. Nanotechnology has introduced nanomaterials such as Quantum dots 

(QDs) which are seen as the replacement of other organic and synthetic fluorescent dyes used 

in developing biosensors. Owing to a high photostability and better fluorescence quantum yield 

they have been accepted widely and are used in arrays of biosensors.  

Bruno et al. [312] utilized an aptamer selected against membrane protein of 

Campylobacter jejuni to develop a detection method based on sandwich assay using magnetic 
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bead and red quantum dot. This method was tested for specific bacterial detection in various 

food matrices and showed no cross reactivity with other bacterial species but exhibited some 

cross reactivity with Campylobacter coli and Campylobacter lari. 

Different nanomaterials such as silica, gold nanoparticles, carbon nanotubes and gold 

nanorods have been adopted as the platform for fabricating biosensors. Among all these 

nanomaterials, gold nanoparticles (AuNPs) are being exploited as the transducer element in 

developing optical aptasensor as they exhibit several exclusive properties such as 

biocompatibility, chemical stability, strong localized surface plasmon resonance (LSPR), and 

high extinction coefficient [42]. An aptamer coupled gold nanoparticle sensors have 

demonstrated higher specificity and selectivity in sensing DNA, protein, heavy metals, small 

molecules and other biological relevant molecules in health, food safety and biomedical fields 

[239, 242, 253, 256]. A large number of aptamer functionalized-AuNPs colorimetric aptasensor 

have been reported for detection of several different analytes [43-50, 257-261].  

Thereby, influenced by these properties of gold nanoaprtilces, Wu et al. [319] 

developed a label free colorimetric based aptamer-gold nanoparticles assay for specific 

detection of E. coli O157:H7 and Salmonella typhimurium. A truncated version of LPS specific 

aptamer on to the surface of polydiacetylene PDA modified gold nanoparticles.  The aptasensor 

thus developed was based on the principle of aggregation of aptamer adsorbed gold 

nanoparticle in presence of specific bacterial cell, leading to a color change from red to purple 

upon addition of high salt. A rapid and cheap method was developed with no need of 

sophisticated instrument and even circumventing the process of cell lysis which seems to be a 

necessary step in many bacterial detection methods. The limit of detection for the method was 

determined to be 10
4
-10

8
 colony-forming units CFU/ml in a span of 2 h.  
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Bacterial infections are not only limited to foodborne diseases, but also have been 

extensively associated with nosocomial infection due to surgical devices and medical implants. 

Such infections pose persistent and severe problems that account for high morbidity in hospital 

settings with significant socio-economic burden on healthcare system worldwide [80-83]. 

According to Centre for Disease Control and Prevention (CDC), surgical site infections 

account for ~22% of hospital acquired infections [84]. Although the risk of infection after 

surgical implantations is low, they have been associated with substantial morbidity, repeated 

surgeries and prolonged therapy [320].  This increases the burden on the healthcares system 

and economic burden on individual’s family and insurance companies [320-322]. 

Pseudomonas infection is generally associated with hospital acquired infection, which 

tends to infect immunocompromised individuals and is responsible for 10% of the nosocomial 

infections [323]. Pseudomonas aeruginosa is the most common infectious agent for causing 

Pseudomonas infection. Pseudomonas causes infections like pneumonia, blood related 

infections and surgical site infections. Risk of infection is augmented in individuals who are on 

ventilators or intravascular devices such as catheters, patients with burn injuries and wounds 

caused by surgery [324]. Among all the type of infections the surgical site infection is the most 

tormenting issue causing severe illness and deaths in infected individuals. Infection caused by 

P. aeruginosa has become difficult to treat, due to the intrinsic ability of Pseudomonas to form 

biofilms which show limited susceptibility to the antimicrobial treatments [325, 326]. Biofilms 

are surface attached microbial communities with architectural characteristics, phenotypic and 

biochemical properties different from their free swimming, planktonic counterparts [327] 

Biofilm formation begins with attachment of bacterial cells with the surface, followed by 

growth an aggregation to form a bacterial community and secretion of exopolysaccharide 

leading to the formation of an extracellular matrix around the bacterial community [328] (Fig. 

2.14). This extracellular layer along with the distinct mechanism exhibited by the microbial 

communities acts as the barrier for antimicrobials agents and plays a key role in increasing the 

antibiotics resistance to 1000 fold greater than the planktonic counterparts [329].  
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Fig 2.14 Steps involved in biofilm formation 

Apart from this P. aeruginosa has evolved over the time to develop antibiotic resistance 

towards different antimicrobials used during the course of therapeutic treatment [330]. Also, 

antibiotic resistance have emerged from the exchange of antimicrobial resistances gene among 

different strains from patients to patients [331]. The ability to tolerate antibiotics and allelic 

exchange of antibiotic resistance gene has resulted in emergence of multi drug resistant (MDR) 

P. aeruginosa. 

The conventional antimicrobial drugs have failed to control the infectious diseases caused 

by the MDR strains, therefore there is dire need of novel antimicrobial agent to confront the 

challenges imposed by these superbugs. With an aim to deal with the problems associated with 

bacterial biofilm and the MDR strains, several different counter measures have been adopted 

[332, 333]. The following section gives a brief review of different antimicrobial strategies 

implemented for curtailing the health hazards caused by these persistent microbial 

communities. 

2.7. Antimicrobial coatings 

The phenomena of bacterial adherence and their ability to grow onto the surfaces were 

first recognized by Zobell et al [334]. It was established that bacteria prefer to colonize a solid 

surface rather than free dwelling in their planktonic state [335]. Extensive studies on the 

mechanism of the biofilm formation have been done over the past decades, thus different 

attempts have been made by modifying surfaces to inhibit bacterial adhesion and are called as 

antifouling surfaces. In many cases the surfaces are impregnated or coated with bactericidal 

agents such as antibiotics, antimicrobial peptides etc, thus acting as the biocidal surfaces [336-

338].  
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2.7.1. Surface modifications 

Surface modification is an antifouling strategy which may resist or prevent bacterial 

adhesion due to unsuitable surface topography or surface chemistry with respect to the different 

bacterial cells [339, 340]. Based on the topological characteristics rough surfaces are likely to 

adhere more bacterial cells as compared to the smoother surface, owing to the adhesive forces 

and larges surface area offered by the rough surface. Further, this study has been contradicted 

by Whitehead et al. bacterial colonization can occur on the surfaces with an average roughness 

(Ra) of the order of only a few nanometres or sub-nanometres [341]. Additionally role of 

hydrophobicity and surface charges have been studied for its antifouling role and it was found 

that hydrophobic surfaces are more prone to bacterial adherence because of stronger interaction 

[342]. On the other hand hydrophilic surfaces were comparatively resistant to bacterial 

attachment [342].  

One of the key strategies for imparting adhesion resistance involves the functionalization 

of surfaces with poly(ethylene glycol) (PEG) or oligo(ethylene glycol). Several alternatives to 

PEG-based coatings have also been designed over the past decade. While protein-resistant 

coatings may also resist bacterial attachment and subsequent biofilm formation, in order to 

overcome the fouling-mediated risk of bacterial infection it is highly desirable to design 

coatings that are bactericidal. 

Quaternary ammonium compounds (QAC) are positively charge molecules which have 

shown to have bactericidal activity. The antibacterial activity is due to the cationic surfactant 

like properties. These compounds have limited used in operation theaters, ceiling fans, floors of 

hospital environment. QAC have has not being applied to the surgical devices or implants as 

they are cytotoxic in nature. Moreover, studies have found bacterial resistance has developed 

towards it, owing its extensive use. 

2.7.2. Antibiotic coatings 

Bacterial biofilm is known to be refractory to most of the antibiotics, as the microbial 

community is protected by the extracellular polysaccharide matrix. As a consequence only sub-

inhibitory concentrations of antibiotics reach the bacterial cells in the biofilm, leading to the 

development of antibiotic resistance. Bacterial adherence to medical device leads to severe 

complications and in worst case leads to removal of implant. Therefore antibiotic coatings are 

seen as the remedy for this problem. Reports of the use of gentamycin mixed in cements of 
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orthopedic or orthodontic implants have shown to slow release of antibiotic in local areas 

preventing the bacterial adhesion.  

Antibiotics have been applied with biodegradable a surface coating, which leads to the 

slow release of antibiotics at the surface-tissue interface. Poly(D.L-lactide) containing 

gentamycin drastically reduced the infection by locally releasing the antibiotics as compared to 

the systemic gentamycin treatment.  

2.7.3. Silver nanoparticle (AgNPs)  

Since its emergence, nanotechnology has revolutionized the scientific world. There are 

hardly any branches of science and technology where it does not put its impression. The 

magical touch of nanotechnology not only enriches the field of modern medicine and cosmetics 

but also establish its presence in environmental remediation, conserving renewable energies, 

protecting medical devices from the pathogenic microorganisms [343, 344]. Because of its 

unique physical properties, nanoparticles have been utilized for diverse applications which are 

important to improve the quality of human life. Silver based nanoparticles (AgNPs) have 

gained an increasing attention now a day because of its extraordinary physicochemical and 

biological properties. In addition to its excellent electrical and thermal conductivity, it has good 

chemical stability and catalytic potential. In terms of biological effect, silver based 

nanoparticles have broad spectrum antimicrobial potency. Because of this quality, AgNPs are 

extensively used in various consumer products of daily use, including plastics, soaps, pastes, 

food and textiles. Various databases indicate that the research interest on AgNPs is escalating 

rapidly since last 10 years. China tops the list of the countries publishing maximum number of 

research papers on silver based nanoparticles. USA and India are also contributing a lot on 

research of AgNPs and publishing a good number of research articles on this topic.  

Ag-NPs have some big role to play in these circumstances because of its broad spectrum 

antimicrobial activity as and low toxicity. Various research article shows that Ag-NPs are 

effective against a wide variety of microorganisms. The efficiency of the nanoparticle depends 

on its quality, in particular its size and physicochemical properties [345, 346]. Therefore, an 

efficient and economically feasible method of synthesis is the key to success of silver based 

nano-biotechnology research. There are multiple approaches have been developed and 

followed by various research group worldwide. The most frequently used methodology of 

synthesizing Ag-NPs includes chemical synthesis, physical synthesis, photochemical synthesis 

and biological synthesis [347-354]. 
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Studies have concluded that silver nanoparticles offer better antibacterial activity as they 

allow more effective contact with bacteria due to their large surface area property. The possible 

ways silver nanoparticles exert their antimicrobial activity after interacting with bacterial cells 

is by (a) release of silver ions and generation of reactive oxygen species (ROS); (b) interaction 

with membrane protein and disrupting its function; (c) disturbing the cell membrane 

permeability by accumulation; (d) entering into the cells, releasing the silver ions and 

generating ROS thus causing DNA damage [355, 356]. Because of these distinct antibacterial 

properties, several rapid and efficient methods for silver nanoparticle synthesis have emerged 

as a research area of interest for biomedical applications. [346, 357, 358]. Several reports of 

biological synthesis using bacterial cells, fungi and plant extracts have shown to mediate the 

silver nanoparticle formation [359]. On the basis of these biosynthetic mechanism, different 

biological molecules such as proteins [360],peptide [361, 362], antimicrobial peptide [363] 

[364], carbohydrates, antibiotics [364, 365], antibiotics [366] have been explored to direct the 

molecular control of silver nanoparticles. Additionally, a combination of biomolecules with 

inorganic compounds; have led to the development of novel particles with merged functional 

properties of both the compounds.  

A hybrid antimicrobial enzyme and silver nanoparticles coating for medical device was 

developed by Eby et al. [360]. In this method silver nanoparticle was synthesized using 

Lyzozyme as the reducing and capping agent, which was electrophoretically deposited on 

surgical blades. The antimicrobial effect on these surgical blades were tested against Klebsiella 

pneumoniae, Bacillus anthracis, Bacillus subtilis, Staphylococcus aureus and Acinetobacter 

baylyi for their antimicrobial, demonstrated a 3 log reduction of bacterial growth.  

A sodium borohydrate reduction method was used for preparing β-cyclodextrin capped 

silver nanoparticles [365]. The antimicrobial activity of the nanoparticle was studied against 

Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus showed 90- 92 %, 97% 

and 97% inhibitory activity against respective bacteria.  

Antimicrobial peptides (AMPs) are well-known components of the innate immune 

system and also produced by many microbes to eliminate other microbial community present in 

the niche. These AMPS can be applied to overcome biofilm-associated infections. Their 

relevance has been increasing as a practical alternative to conventional antibiotics, which are 

declining in effectiveness. The recent interest focused on these peptides can be explained by a 

group of special features, including a wide spectrum of activity, high efficacy at very low 

concentrations, target specificity, anti-endotoxin activity, synergistic action with classical 
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antibiotics, and low propensity for developing resistance. Therefore, the development of an 

antimicrobial coating with such properties would be worthwhile. The immobilization of AMPs 

onto a biomaterial surface has further advantages as it also helps to circumvent AMPs potential 

limitations, such as short half life and cytotoxicity associated with higher concentrations of 

soluble peptides.  

A novel bio-conjugate of silver nanoparticle with antimicrobial peptide G-Bac3.4 

exhibited antimicrobial activity against P. aeruginosa resistant to traditional antibiotics and the 

strain  S. aureus  (MRSA ATCC 33591) resistant to methicillin [364]. The developed method 

showed increased antibacterial activity even in presence of low concentration of antimicrobial 

peptide concentration.  

Another promising approach of conjugating two different antimicrobial peptides onto the 

silver nanoparticle was reported by Mei et al. [363]. The surface immobilized bacitracin and 

polymyxin-E conjugate showed antibacterial activity against E. coli and S. aureus. 
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                CHAPTER 3 

 MATERIALS AND METHODS 

 

3.1. MATERIALS 

3.1.1. Media 

3.1.1.1. Luria Bertani (LB) Broth 

25g of LB-broth powder (Merck, India) was dissolved in 100 ml of distilled water. Finally the 

volume was made up to 1000 m. with distilled water and was autoclaved for 15 min at 121 °C 

(15 lb/in
2
).  

3.1.1.2. LB Agar 

25 g of LB-broth powder (Merck, India) and 2g of bacteriological grade agar (Merck, India) 

were dissolved in 100 ml of distilled water. Finally the volume was made up to 1000 ml with 

distilled water and   was autoclaved for min at 121 °C (15 lb/in
2
).  

3.1.1.3. M63 minimal media 

3.1.1.3.1. Composition of for 5X stock media 

(NH4)2 SO4    1 g 

KH2PO4    6.8 g 

FeSO4    0.25 mg 

The pH was adjusted to 7 with KOH and the volume was made up to 100 ml. 

It was autoclaved at 121 °C for 15 min (15 Ib/in
2
). 

3.1.1.3.2. 1X minimal medium 

5X M 63 media   20 ml 

1M MgSO4.7H2O 
a
   100 ul 

20 % Glucose 
b
   2 ml 

0.5% thiamine 
b
 (vitamin B1) 1 ml 

20% casamino acid 
b
  1 ml  

All the above components were transferred aseptically into an autoclaved flask and the volume 

of the media was made up to 100 ml with autoclaved distilled water. 

a
 
- filter sterilized and stored at 4 °C. 

b- autoclaved and to be stored at room temperature 
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3.1.1.4. Muller Hinton Broth (MH broth) 

Beef extract     2.0 g 

Casein digest     17.5 g 

Starch      1.5 g 

All the above components were dissolved in 1000 ml of distilled water and autoclaved for 15 

min at 121 °C (15 lb/in
2
). 

3.1.2. Reagents and buffers 

3.1.2.1. Generation of urea specific DNA aptamer and development of an aptasensor for 

“urea” detection 

3.1.2.1.1. Bio-Mag®Plus Carboxyl Protein Coupling Kit 

a) 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is a carboxyl activating agent 

supplied in powdered form and used as per manufacturer’s instruction for coupling molecules 

through amide bond. 

b) BioMagPlus Carboxyl magnetic beads 

3.1.2.1.2. 1M NaCl 

5.85 g of sodium chloride (Merck, India) salt was dissolved in 50 ml of distilled water and final 

volume was made up to 1000 ml. It was autoclaved for 15 min at 121 °C (15 lb/in2) and stored 

at RT 

3.1.2.1.3. 1M Tris-HCl (pH 7.5) 

12.114 g of Tris base (Merck, India) was dissolved in 50 ml of distilled water and its pH was 

adjusted to 7.5 by adding conc. HCl. After pH adjustment, the volume was made up to 100 ml 

with distilled water. It was autoclaved for 15 min at 121 °C (15 lb/in
2
) and stored at RT. 

3.1.2.1.4. 1M MgCl2 

9.5211 g of magnesium chloride salt (Merck, India) was dissolved in 50 ml of distilled water 

and finally the volume was made up to 100 ml. It was autoclaved for 15 min at 121 °C (15 

lb/in
2
) and stored at RT 

3.1.2.1.5. 1M KCl 

7.455 g of potassium chloride salt (Merck, India) was dissolved in 50 ml distilled water and 

finally the volume was made up to 100 ml. It was autoclaved for 15 min at 121 °C (15 lb/in
2
) 

and stored at RT. 

3.1.2.1.6. Yeast t-RNA (20mg/ ml) 

20 mg of the yeast t-RNA (Sigma Aldrich, USA) lyophilized powder (Sigma Aldrich, USA) 

was dissolved in 1 ml of DNase and RNase free molecular grade water (HiMedia, India). 

Aliquots of 1 mg/ml were prepared from the stock and kept in deep freezer until use.  
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3.1.2.1.7. BSA (2mg/ml) 

2 mg of Bovine Serum Fraction V (Sigma Aldrich, USA) was dissolved in 1 ml of DNase and 

RNase free water and stored at – 20 °C until use. 

3.1.2.1.8. 1M Urea  

6.006 g of urea (Himedia, India) was dissolved in 50 ml of autoclaved distilled water; finally 

the volume was made up to 100 ml. It was prepared freshly prior to use. 

3.1.2.1.9. 3M Sodium acetate (pH 5.2) 

40.81 g of sodium acetate (Merck, India) was dissolved in 80 ml of distilled water. The pH was 

adjusted to 5.2 with glacial acetic acid. Final volume was adjusted to 100ml and sterilized by 

autoclaving and stored at RT. 

3.1.2.1.10. 0.5M EDTA 

18.61 g of Disodium Ethylene Diamino Tetra Acetate.2H2O (Merck, India) was dissolved in 

80 ml of double distilled water and the pH was raised to 8 using sodium hydroxide pellets. The 

volume was adjusted to 100 ml with double distilled water, sterilized by autoclaving and stored 

at RT. 

3.1.2.1.11. 10% (w/v)Ammonium per sulphate (APS) 

10 mg of APS (Merck, India) was dissolved in 1 ml of distilled water. It was stored at 4°C. 

3.1.2.1.12. 50X TAE Buffer 

Tris-base      242 g 

Glacial acetic acid     57.1 ml  

EDTA (0.5M, pH8.0)    20 ml 

The volume was made up to 1000ml with milliQ water, autoclaved for 15 min at 121 °C (15 

lb/in
2
) and stored at RT. 

3.1.2.1.13. 6X Gel loading Buffer 

Bromophenol blue (w/v)    0.25%                 

Glycerol       30.0% 

Xylene cyanol FF (w/v)     0.25% 

Autoclaved water was used for preparation and stored at 4°C. 

3.1.2.1.14. 10X TBE buffer 

Tris base      54 g 

Boric acid      27.5 g 

EDTA (0.5M, pH8)    20 ml 

The volume was made up to 500ml with milliQ water, autoclaved for 15 min at 121 °C (15 

lb/in
2
) and stored at RT.  
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3.1.2.1.15. 40% acrylamide mix (29:1) 

47.5 gm of acrylamide (Himedia, India) and 2.5 gm of bisacryl amide (Himedia, India) were 

dissolved in 125 ml of DEPC treated water in an amber color bottle. 

3.1.2.1.16. 10% Urea denaturing PAGE 

Urea (Himedia, India)      210 gm 

10X TBE          50 ml 

40% Acryl amide/Bis acrylamide (29:1)    125 ml 

The volume was made to 500 ml with autoclaved distilled water. 

3.1.2.1.17. 2X Urea gel loading buffer  

Sucrose (USB, Molecular biology grade)    8g 

Bromophenol blue (Himedia, Molecular biology grade)  10 mg  

Xylene cyanol FF (Himedia, Molecular biology grade)  10 mg  

10% Sodium dodecyl sulfate (USB, electrophoresis grade)  400µl  

10X TBE        4ml  

3.1.2.1.18. Selection buffer pH 7.5 

NaCl        250 mM 

Tris–HCl (pH 7.5)       100 mM 

MgCl2        25 mM 

KCl        5 mM 

Tween 20        0.02% 

All of the above reagents at respective concentration were used and transferred aseptically to an 

autoclaved reagent bottle. Volume makeup was done with autoclaved milliQ water. Aliquots 

were made in 1.5 ml micro-centrifuge tubes and stored at 4 °C until use. 

3.1.2.1.19. Binding buffer pH 7.5 

NaCl        250 mM 

Tris–HCl (pH 7.5)       100 mM 

MgCl2        25 mM 

KCl        5 mM 

Tween 20        0.02% 

Yeast t-RNA                       0.1 µg/ml 

BSA                   20 µg/ml 

All of the above reagents at respective concentration were used and transferred aseptically to an 

autoclaved reagent bottle. Volume makeup was done with autoclaved milliQ water. Aliquots 

were made in 1.5 ml micro-centrifuge tubes and stored at 4 °C until use. 
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3.1.2.1.20. Elution buffer pH 7.5   

NaCl    250 mM 

Tris–HCl (pH 7.5)   100 mM 

MgCl2    25 mM 

KCl    5 mM 

Tween 20    0.02% 

Urea    6 mM 

All of the above reagents at respective concentrations were used and transferred aseptically to 

an autoclaved reagent bottle. Volume makeup was done with autoclaved milliQ water. Aliquots 

were made in 1.5 ml micro-centrifuge tubes and stored at 4 °C until use. 

3.1.2.1.21. X-Gal (5-bromo-4-chloro-3indolyl-β-D-galactopyranoside) 

20 mg of X-Gal (Merck, India) was dissolved in 1ml of dimethyl form amide and stored in a 

glass tube wrapped in aluminium foil and kept at 4°C. 

3.1.2.1.22. IPTG (Isopropyl-thio-β-D-galactoside) (100 mM) 

238 mg of IPTG (Merck, India) was dissolved in 8 ml of double distilled water. Final volume 

was adjusted to 10 ml with distilled water and sterilized by filtration through a 0.22 µm 

millipore filter. The solution was stored at -20 °C. 

3.1.2.1.23. Gold chloride (HAuCl4.X H2O) solution (50mM)
#
 

1.6 g of hydrated HAuCl4 salt (Sigma Aldrich, USA) was dissolved in 100 ml of milliQ water. 

The solution was filtered through 0.2 micron PVDF membrane syringe filter and stored at 4 °C 

until use. 

# 
The solution was prepared in aqua-regia treated, hot air oven dried glassware. 

3.1.2.1.24. L-glycine (1M) 

750 mg (Merck, India) of L-glycine was dissolved in 10 ml of milliQ water. It was prepared 

freshly prior to its use. 

3.1.2.1.25. L-tyrosine (1M)  

1.811 g (Merck, India) of L-tyrosine was dissolved in 10 ml of milliQ water. It was prepared 

freshly prior to its use. 

3.1.2.1.26. L- phenyl alanine (1M) 

2.156 g (Merck, India) of L-tyrosine was dissolved in 10 ml of milliQ water. It was prepared 

freshly prior to its use. 

3.1.2.1.27. L-Glutamate (100 mM) 

1.471 g (Merck, India) of L-glutamate was dissolved in 10 ml of milliQ water. It was prepared 

freshly prior to its use. 
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3.1.2.1.28. Sodium chloride (1M) 

5.8 g (Merck, India) of Sodium chloride was dissolved in 10 ml of milliQ water. It was 

prepared freshly prior to its use. 

3.1.2.1.29. Glucose (1M) 

1.8 g of glucose (Merck, India) was dissolved in 10 ml of milliQ water. It was prepared freshly 

prior to its use. 

3.1.2.1.30. Sodium bicarbonate (1M) 

800 mg of sodium bicarbonate (Merck, India) was dissolved in 10 ml of milliQ water. It was 

prepared freshly prior to its use.  

3.1.2.2. Development of DNA aptamer for Hemorrhagic Coli Pilin (HcpA) of Escherichia 

coli O157:H7 

3.1.2.2.1. 10mM ATP 

100 mM stock solution of ATP (Fermentas, USA) provided by fermentas was diluted 10 times 

with nuclease free water. 

3.1.2.2.2. 0.5M EDTA 

As mentioned in section 3.1.2.1.10. 

3.1.2.2.3. Ethidium bromide (10 mg/ml) 

10 mg of ethidium bromide (Merck, India) was dissolved in 1 ml of distilled water. The 

solution was stored in a dark bottle at room temperature. 

3.1.2.2.4. 15% SDS PAGE composition 

Resolving Gel (pH 8.8, 10 ml) 

30% Acrylammide mix (29:1; Acrylamide:Bisacrylamide) 5 ml 

1.5 M Tris-Cl (Himedia, India; pH 8.8)     2.5 ml 

10% (w/v) SDS (Himedia, India)     100 µl 

10% (w/v) APS (Himedia, India)     100 µl 

TEMED (Himedia, India)      5 µl 

Autoclaved water       2.3 ml  

Stacking Gel (pH 6.8, 5ml)  

30% Acrylamide mix (29:1; Acrylamide: Bisacrylamide)  830 µl 

1 M Tris-Cl (Himedia, India; pH 6.8)    630 µl 

10% (w/v) SDS (Himedia, India)     50 µl 

10% (w/v) APS (Himedia, India)     50 µl 

TEMED (Himedia, India)      5 µl 
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Autoclaved water        3.4 ml 

3.1.2.2.5. 10X SDS buffer 

Tris base         30.0 g 

Glycine         144.0 g 

SDS         10.0 g 

These components were dissolved in 1000 ml of distilled water. Stock solution was stored at 

room temperature and diluted to 1X with distilled water before use.  

3.1.2.2.6. IPTG (Isopropyl-thio-β-D-galactoside) (100 mM)  

As mentioned in section 3.2.1.23 

3.1.2.2.7. X-Gal(5-bromo-4-chloro-3indolyl-β-D-galactopyranoside)  

As mentioned in section 3.2.1.24 

3.1.2.2.8. 3M Sodium acetate (pH 5.2)  

As mentioned in section 3.1.2.1.19 

3.1.2.2.9. 1M  Tris (pH 7.5)  

121.1 g of tris base (Merck, India) was dissolved in 80 ml of distilled water, pH was adjusted to 

7.5 by adding concentrated HCl. Final volume was made upto 1 liter using distilled water and 

sterilized by autoclaving. 

3.1.2.2.10. 10% Glycerol  

50 ml of glycerol was mixed with 450 ml of water and sterilized by autoclaving 

3.1.2.2.11. TE (pH-8) 

10mM Tris .Cl (pH-8) 

1mM EDTA (pH-8) 

The volume was adjusted with distilled water to pH 8 and sterilized by autoclaving and stored 

at 4 ° C. 

3.1.2.2.12. 50X TAE BUFFER  

As mentioned in section 3.1.2.1.13.  

3.1.2.2.13. 10X TBE BUFFER  

As mentioned in section 3.1.2.1.14.  

3.1.2.2.14. 6X Gel loading Buffers 

As mentioned in section 3.1.2.1.14 

3.1.2.2.15. 1 M Dibasic sodium phosphate anhydrous 

14.19 g of Disodium phosphate salt (Merck, India) was dissolved in 90 ml of water and the 

final volume was made up to 100 ml with water.  
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3.1.2.2.16. 1 M Monobasic sodium phosphate  

15.6 g of monobasic sodium phosphate salt (Merck, India) was dissolved in 90 ml of water and 

the final volume was made upto 100 ml with water 

3.1.2.2.17. 1 M Sodium phosphate Buffer (pH-7.4) 

50 ml of 1M Dibasic sodium phosphate solution was added in a beaker and slowly 1M 

monobasic sodium phosphate solution was added with constant stirring until the pH of the 

solution reaches 7.4 

3.1.2.2.18. 50% glycerol  

50 ml of glycerol (Merck, India) was added in a 100 ml measuring cylinder and the final 

volume was made up to 100 ml with milliQ water. 

3.1.2.2.19. 3M NaCl  

8.76 g of NaCl (Merck, India) was dissolved in 40 ml milliQ water and the final volume was 

made up to 50 ml with milliQ water. 

3.1.2.2.20. 3M Imidazole  

6.08 g imidazole (Merck, India) was dissolved in 20 ml milliQ water and the pH of solution 

was adjusted to 7.4 and the solution was made up to 30ml with milliQ water. 

3.1.2.2.21. Lysis buffer 

Sodium Phosphate buffer (pH 7.4)   20 mM 

Glycerol       10% 

NaCl       500 mM 

Imidazole       5 mM 

Lysozyme       200 µg/ml 

RNase       5 µg/ml 

DNase       10 µg/ml 

3.1.2.2.22. Equilibration buffer (pH 7.4) 

Sodium Phosphate buffer (pH 7.4)   20 mM 

Glycerol       10% 

NaCl       500 mM 

Imidazole       10 mM 

3.1.2.2.23. Wash Buffer 1 (pH 7.4)  

Sodium Phosphate buffer (pH 7.4)  20 mM 

Glycerol      10% 

NaCl      500 mM 

Imidazole      20 mM 
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3.1.2.2.24. Wash Buffer 2 (pH 7.4)  

Sodium Phosphate buffer (pH 7.4)  20 mM 

Glycerol      10% 

NaCl      500 mM 

Imidazole      50 mM 

3.1.2.2.25. Elution Buffer (pH 7.4) 

Sodium Phosphate buffer (pH 7.4)  20 mM 

Glycerol      10% 

NaCl      500 mM 

Imidazole      50 mM 

3.1.2.2.26. 30% Acrylamide mix (29:1; Acrylamide: Bisacrylamide) – Himedia  

3.1.2.2.27. 1.5 M Tris-Cl (pH 8.8) 

12.114 g of Tris base (Merck, India) was dissolved in 50 ml of distilled water and its pH was 

adjusted to 8.8 by adding conc. HCl. After pH adjustment, the volume was made up to 100 ml 

with distilled water. 

3.1.2.2.28. 1 M Tris-Cl (pH 6.8) 

12.114 g of Tris base (Merck, India) was dissolved in 50 ml of distilled water and its pH was 

adjusted to 6.8 by adding conc. HCl. After pH adjustment, the volume was made up to 100 ml 

with distilled water      

3.1.2.2.29. 10% (w/v) SDS  

1 g of SDS (Merck, India) was dissolved in 10 ml of distilled water. 

3.1.2.2.30. 10% (w/v) APS  

10 mg of APS (Merck, India) was dissolved in 1 ml of distilled water. 

3.1.2.2.31. Selection buffer pH 7.5  

NaCl     250 mM 

Tris–HCl (pH 7.5)    100 mM 

MgCl2     25 mM 

KCl     5 mM 

Tween 20     0.02% 

All of the above reagents at respective concentration were used and transferred aseptically to an 

autoclaved reagent bottle. Volume makeup was done with autoclaved milliQ water. Aliquots 

were made in 1.5 ml micro-centrifuge tubes and stored at 4 °C until use. 
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3.1.2.2.32. Binding buffer pH 7.5  

NaCl     250 mM 

Tris–HCl     100 mM 

MgCl2     25 mM 

KCl     5 mM 

Tween 20     0.02% 

Yeast t-RNA    0.1 µg/ml 

BSA     20 µg/ml 

All of the above reagents at respective concentration were used and transferred aseptically to an 

autoclaved reagent bottle. Volume makeup was done with autoclaved milliQ water. Aliquots 

were made in 1.5 ml micro-centrifuge tubes and stored at 4 °C until use. 

3.1.2.2.33. 30% Acrylamide mix (19:1; Acrylamide:bisacrylamide) – Himedia, India  

3.1.2.2.34. 8% Native PAGE Mix 

25 ml of 1X TBE (diluted from 10 TBE stock), 2.5 ml of 1M MgCl2,7.5 ml of 100% glycerol 

was added to 10 ml of 40% Acrylamide/bis-acrylamide (19:1) Himedia, India; and the total 

volume was made up to 50 ml with Milli-Q water. It was stored in an amber-coloured bottle.  

3.1.2.2.35. 4X Gel-shift Buffer 

2 mg of yeast tRNA and 3mg of BSA were dissolved in 4X selection buffer supplemented with 

10% glycerol in total volume of 10 ml. Aliquots of the buffer were made in 1.5 ml micro-

centrifuge tubes and stored at -20° C.  

3.1.2.2.36. Native gel running buffer for EMSA 

TBE      0.5X 

MgCl2      5mM 

Glycerol      1.5% 

3.1.2.3. Nanobased strategies for pathogen control 

3.1.2.3.1. Polymyxin B sulphate (1 mg/ml) 

10 mg of polymyxin B sulphate salt (Sigma Aldrich, USA) was dissolved in 100% methanol 

(Merck, India). 

3.1.2.3.2. Sodium borohydrate (100 mM) 

37.8 mg of sodium borohydrate salt (Merck, India) was dissolved in 10 ml of milliQ water. 

This solution was prepared freshly. 
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3.1.2.3.3. Proteinase K storage buffer  

Glycerol      50 ml 

1M Tris-HCl pH 7.5    1 ml  

CaCl2      0.29 g 

Make up the volume to 100 ml with autoclaved distilled water. 

3.1.2.3.4. Proteinase K (10 mg/ml) 

100 mg of proteinase K powder (Sigma Aldrich, USA) was dissolved it in 10 ml of proteinase 

K storage buffer. Aliquots were made into 1.5 ml of microcentrifuge tubes and stored at -20 °C 

3.1.2.3.5. Live/Dead BacLight Bacterial staining kit (Invitrogen, USA) 

Prepare 1:1 mixture of solution A and solution B in milliQ water. 

 

Table 3.1 Bacterial strain used in this study 

Serial No. Name of strain Antibiotic resistance 

1 Escherichia coli 

O157:H7 

NE 

2 Pseudomonas 

aeruginosa PAO1 

gentamycin, ciprofloxacin, tobramycin, 

oflaxacin, nalidixic acid, kanamycin, 

tetracycline,  novobiocin and 

vancomycin 

3 Vibrio fluvialis L-

15318 

ampicillin, kanamycin, rifampicin, 

norfloxacin, cephalothin, oxacillin and 

vancomycin 

          NE- not evaluated 
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Table 3.1 Oigonucleotides used in this study 

  

 

 

 

Name of oligo’s Sequence 5’-3’ 

Random DNA 

library GTCTTGACTAGTTACGCC-N40-TCATTCAGTTGGCGCCTC 

FITC labeled  

Forward Primer 

(DrF) for SELEX 

FITC- GTCTTGACTAGTTACGCC 

Reverse Primer 

(DrRA) for SELEX 
GAGGCGCCAACTGAATGrA 

U38/FL38 

GTC TTG ACT AGT TAC GCC CAA CAC AAG GCA CAG 

ATA GCA GCC TGT TAC CAT CAT CCC CTC CTC ATT 

CAG TTG GCG CCT C 

U2 

GTC TTG ACT AGT TAC GCC CAA ACC ACG GAG TAG 

AAT CGT TAT CAT GCA TAT TGG CCC CCT CCT CAT 

TCA GTT GGC GCC TC 

U7 

GTC TTG ACT AGT TAC GCC CAA AGA CCA CAC GAC 

ACA AAG TAT GTA ATT AAT GTC CGA ATG CCT CAT 

TCA GTT GGC GCC TC 

U10 

GTC TTG ACT AGT TAC GCC CAC ATT AGG TTG GAT 

AGG TTG GTA TGT GTA TGC GTT GT GTC CTC ATT CAG 

TTG GCG CCT C 

U13 

GTC TTG ACT AGT TAC GCC CAA GGA GGA AGG GAT 

AAG ACG TGG AGT GTA GTA GCT ACC GGT CCT CAT 

TCA GTT GGC GCC TC 

U17 

TTG ACT AGT TAC GCC CAC CAA CCC AGT GCA CAA 

ACC CAA GTA TTC TCT CGT CGC CGT CCT CAT TCA 

GTT GGC GCC TC 

U34 GTC TTG ACT AGT TAC GCC GAC CGG GAG GGA  

FTU38 
CAA CAC AAG GCA CAG ATA GCA GCC TGT TAC CAT 

CAT CCC CTC CTC ATT CAG TTG GCG CCT C 

RTU38 
GTC TTG ACT AGT TAC GCC CAA CAC AAG GCA CAG 

ATA GCA GCC TGT TAC CAT CAT CCC CTC C 

FRTU38 
CAA CAC AAG GCA CAG ATA GCA GCC TGT TAC CAT 

CAT CCC CTC C 

Forward primer for 

HcpA (hcpA-F) 
ATCCGGGATCCTTTACACTTATCGAACTGAT 

Reverse primer for 

HcpA (hcpA-R) 
ATGCCAAGCTTTTAGTTGGCGTCATCAAA 

Random DNA 

sequence  

CTC CGC GGT TGA CTT ACT CCG GGT GGG TGG TGG 

TGG GCA CTT CCG GGT GGG TTA GGG AGG CCG CAT 

TGA TCA GTT CTA 
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3.2. METHODS 

3.2.1. Immobilization of urea on carboxyl magnetic beads 

BioMag®Plus carboxyl beads were used as immobilization supports and used according 

to manufacturer’s instructions. Aliquots of 20 mg/ml carboxyl magnetic beads were taken in 15 

ml conical centrifuge tubes and washed twice with 5 ml of 2(N-Morpholino) ethanesulfonic 

acid (MES) buffer (pH 5.2). After subsequent washing steps, the supernatant was discarded 

after magnetically separating out the beads. Finally, the beads were resupended in 5 ml of MES 

buffer and were activated using 1.6 mg of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

(EDC) per mg of BioMag®Plus carboxyl beads. The mixture of beads and EDC were 

incubated for 1 h with gentle shaking at RT and washed twice with 5 ml of MES buffer. Finally 

the carboxyl activated beads were mixed with 1 ml of 100 mg/ml of urea prepared in MES 

buffer (pH-5.2) and incubated overnight at RT with gentle mixing. After incubation, the 

reaction tube was placed in a magnetic stand for 5 min to separate the urea bound beads from 

the unbound urea present in the supernatant. The concentration of unbound urea in supernatant 

was estimated using diacetyl-monoxime standard curve plot for urea (50-3000 μg/ml). 

After immobilization, urea coupled magnetic beads (urea-CMB) were resuspended and stored 

in selection buffer; SB (section 3.1.2.1.18). EDC activated magnetic beads without urea (naked 

CMB) was used for negative selection. 

3.2.2. Systematic evolution of ligands by exponential enrichment (SELEX) for urea 

selection 

Urea aptamers were selected from a random pool of ssDNA (N44) molecules using the 

principle of Flu-Mag SELEX [367]. For the first round, 2 nmoles (10
15 

ssDNA) oligos were 

heated in 650 µl of selection buffer (section 3.1.2.1.18) at 92 °C for 10 min. The denatured 

oligos were then allowed to cool down at RT for 15 min. The annealed ssDNA molecules were 

mixed with 100 µl of urea-CMB (20 mg/ml) resuspended in binding buffer (Section 3.1.2.1.19) 

and incubated for 45 min at RT with gentle mixing by placing it on Labnet gyromini 

nutamixer. After incubation, the beads were separated from the unbound ssDNA molecules 

with the help of a magnetic stand. The urea-CMB were then washed twice 500 μl of selection 

buffer to remove off the loosely bound ssDNA molecules. Elution of the bound ssDNA 

molecules was performed by incubating the beads with 100 μl of elution buffer containing free 

urea (selection buffer with 6mM urea, pH 7.5). After elution, PCR was performed using 

specific sets of primer (FITC labeled forward and ribolinked reverse primers) as mentioned in 

table 3.2 to enrich the population of the selected molecules. 
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PCR mixture: 

Reagents 
Volume 

(μl) 
10X reaction buffer 10 μl 

2mM dNTPs 10 μl 

10 μM DrF 3 μl 

10 μM DrRA 3 μl 
Biotool Taq-DNA polymerase 

(1 U/ μl) 1 μl 

Nuclease free water 10 μl 

Template 1picomole 

Total 100 μl 
PCR program: 

Steps Temperature ( °C) Time (min) 

1 95 5 

2 95 1 

3 55 0.30 

4 72 0.30 

Repeat step 2-4 for 30 times 

6 72 10 

7 4 Hold 

 

The double stranded PCR product was rendered single stranded by performing 10% urea-

denaturing polyacrylamide gel electrophoresis (PAGE) [36]. The PCR product was precipitated 

using 2.5 volumes of chilled ethanol (Merck, molecular grade, India) and kept at -20 °C for 2 h. 

After incubation, the samples were centrifuged at 13000 rpm for 30 min at 4 °C. Ethanol was 

gently removed with a pipette without touching the pellet, and the pellet was gently washed 

twice with 70% ethanol by inverting the tube 3-4 times. The samples were centrifuged at 13000 

rpm for 30 min at 4 °C, subsequently ethanol was drained and the pellet was air dried. For 

every 100 μl of PCR product, the dried pellet was resuspended in 250 μl of 0.25 N NaOH and 

samples were placed in heating block maintained at 92 °C for 10 min. After heating the 

samples were snap chilled on ice for 5 min, followed by addition of 25 μl of 3M sodium acetate 

pH 5.2 and precipitated with 2.5 volume of absolute ethanol by placing the samples at -20 °C 

for 2 h. DNA was recovered by centrifugation at 13000 rpm for 30 min at 4 °C, followed by 

two 70% washes as mentioned earlier. The pellet was dried and resuspended in 20 μl of 

nuclease free water. The samples were loaded in already casted and pre-run 10% urea 
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denaturing PAGE. The gel was run at 300-400 V till the tracking dye (bromohenol blue) has 

migrated ¾
th 

of the gel length. The power supply was turned off and the gel was carefully 

wrapped in cling film. The gel was visualized under UV in gel doc (BioRad, USA) and the 

fluorescent band of DNA visible at xylene cyanol tracking dye (migrates at 55 nucleotide in 

10% denaturing PAGE) was excised. 

The excised gel was collected in 1.5 ml of micro-centrifuge tube and finely minced with 

1 ml autoclaved tip. 700 μl of elution buffer (section 3.1.2.1.20) was added and the tube was 

placed at 40 °C incubator with overnight shaking at 250 rpm. The samples were centrifuged at 

13000 rpm to spin down the debris of the gel, and remove the supernatant gently with a pipette 

into a new micro-centrifuge tube while taking care not to carry any gel pieces. The 

precipitation step was done as mentioned earlier with sodium acetate and absolute ethanol. The 

DNA pellet was resuspended in 50 μl of nuclease free water. These selected ssDNAs were 

further used as the starting material for next round of selection. First four rounds of SELEX 

were performed against urea-CMB and a step of counter selection using EDC activated 

carboxyl magnetic beads was introduced to eliminate the ssDNA molecules binding 

nonspecifically to the beads. These iterative selection steps were carried out for 10 rounds. 

 

 

Figure 3.1 Schematic representation of Flu-Mag SELEX for urea 
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Table 3.3 Design for Flu-Mag selection strategy for urea 

Round 

Volume of 

beads for 

negative 

selection 

Volume of 

beads for  

selection 

Amount 

of t-RNA  

Amount 

of BSA  

Time of 

incubation 

with 

conjugated 

beads 

No. of 

washes 

given 

1 - 250 μl 2  μg 120  μg 45 min 1 

2 - 250 μl 4 μg 140  μg 45 min 2 

3 - 200 μl 5  μg 140  μg 30 min 2 

4 - 200 μl 5  μg 140  μg 20 min 3 

5 300 μl 200 μl 10 μg 140  μg 20 min 4 

6 300 μl 200 μl 10 μg 140  μg 20 min 6 

7 350 μl 100 μl 10 μg 140  μg 15 min 6 

8 350 μl 100 μl 10  μg 140  μg 15 min 8 

9 400 μl 100 μl 30  μg 140  μg 10 min 10 

10 400 μl 100 μl 30 μg 140  μg 10 min 10 

3.2.3. Enrichment of selected population from alternate round of selection, for 

preliminary binding studies using fluorescence spectrophotometer 

After 10 rounds of selection, populations of selected rounds (4, 7, 8, 10) along with the 

RDL (random DNA library) were enriched by using PCR. The dsDNA was rendered single 

stranded using 8M urea denaturing PAGE. The FITC labeled population of different rounds 

was appraised for their binding affinity towards urea by measuring the fluorescence intensity as 

compared to the naïve RDL. The fluorescence based assay was performed by incubating 125 

nM of annealed FITC labeled population of different rounds with 100 µl of urea-CMB (20 

mg/ml) and incubating it for 45 min at RT on Labnet gyromini nutamixer with constant 

shaking. After incubation, the beads were magnetically separated and unbound ssDNA 

molecules were removed by two washing steps. The bound FITC labeled ssDNA molecules 

were eluted using 750 μl of elution buffer supplemented by 6 mM urea. The amount of eluted 

ssDNA molecules were determined by measuring the fluorescence intensity at 525 nm with an 

excitation of 490 nm.  
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3.2.4. Cloning, sequencing and sequence alingment of selected aptamer pools 

Based on the preliminary fluorescence binding study, the population displaying best 

binding was PCR amplified and cloned in pTZ57R vector (InsT/A Cloning kit; Fermentas, 

USA) as per manufacturer’s instruction. The clones thus obtained were picked randomly based 

on the blue white screening [368] and sequenced (Eurofins, USA). The sequences obtained 

were aligned based on sequence homology using Bio Edit software and divided into categories. 

3.2.5. Screenig of best urea binding aptamer by fluorescence based assay 

Different representative sequences from each category were chossen as potential 

aptamer candidates for urea as target molecule. By performimg fluoresccence based assay as 

mentioned in 3.2.3 section the binding ability of aptamer canditates were determined as 

compared to RDL 

3.2.6. Determination of dissociation constant (Kd) of urea aptamer  

In order to determine the binding affinity of the selected aptamer (U38), varying 

concentration of aptamer (0-350 nM) annealed in 250 μl selection buffer was incubated with 

fixed concentration of urea-CMB (2 mg) in 750 μl of binding buffer. After 45 min of 

incubation at RT under mild shaking condition, two gentle washes with 750 μl of binding 

buffer were given prior to elution of bound aptamer with 1000 μl of elution buffer. The 

concentration of the eluted aptamer was estimated by measuring the fluorescence intensity, 

saturation curve was plotted and the Kd value was calculated by employing the non-linear 

regression analysis using GraphPad Prism software (version 6.0, San Diego, CA, USA). 

3.2.7. Circular dichroism measurement (CD) 

The CD spectra of  free U38 aptamer, U38 aptamer with 100 mM urea and U38 

aptamer with non-target molecule (100 mM glycine  as a control) at a final concentration of  5 

µM in a selection buffer were recorded on Applied Photophysics spectropolarimeter interfaced 

with a computer and equipped with a Peltier temperature device. The spectra were recorded in 

wavelength range of 200–320 nm; the data gathered were the average of three scans. The scan 

of the selection buffer alone recorded at room temperature was subtracted from the spectra of 

above test samples. Melting curve from 20 to 100 C was monitored by CD signals at 276 nm 

for U38 aptamer alone and in presence of urea and glycine separately and the graph was plotted 

for changes in ellipticity versus temperature.  

3.2.8. Preparation and characterization of gold nanoparticles (AuNPs)  

Gold nanoparticles (AuNPs) were prepared by citrate reduction method as previously 

described in literature [369]. Before starting with the preparation of gold nanoparticles, the 

glass material required (two neck round bottom flask, magnetic pellet, measuring cyclinder and 
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spatula) for preparations were treated with freshly prepared aqua regia (3HCl:1HNO3) for 1 h. 

After aqua regia treatment, the glassware’s were thoroughly rinsed with  milliQ water and then 

oven dried for 2-3 h to remove any traces of acids that can interfere with the preparation of 

AuNPs. For preparation of AuNPs, 50 ml of 1 mM HAuCl4.H2O was heated in a two neck flask 

under constant stirring condition till condensation appeared on the neck of the flask. To the 

boiling solution of gold salt, 5 ml of 38.8 mM of sodium tri-citrate was added drop wise. A 

gradual color change from yellow-colorless-purple-wine red was seen in 5 min which indicated 

the formation of AuNPs After attaining wine red color the flask was removed from the hot 

plate and kept on to other magnetic stirrer maintained at RT and stirred continuously in order to 

bring down the temperature of the solution to RT. The AuNPs thus prepared were characterized 

by UV-visible spectroscopy, dynamic light scattering (DLS) and Transmission electron 

microscopy (TEM). 

3.2.9. Preparation of milk samples for urea testing 

Milk samples (200 μl) were spiked with different concentrations of urea (20-250 mM) 

and precipitated using 4 volume of chilled methanol for 5 min to eliminate the interfering 

proteins. Subsequently, these samples were centrifuged at 12000 rpm for 15 min at 4 °C. The 

supernatants of respective samples were collected in fresh tubes, labeled as processed milk 

samples and further used for urea detection. A control sample of milk without urea was 

prepared as mentioned above. All the samples were freshly prepared prior to its use. 

 

 

Fig 3.2 Preparation of milk sample for urea detection by aptamer-AuNPs assay: (A) Control and (B) Test 

sample with varying concentration of urea  
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3.2.10. Visual detection assay for urea based on aptamer-AuNPs aptasensor 

For developing an aptamer-AuNPs based aptasensor, three different aptamer candidates 

(U7, U34 and U38) were selected along with a random sequence acting as a control for further 

experiments. HPLC purified candidate sequences and a random sequence as control was 

purchased from Eurofins, USA. Aptamer candidates and a random sequence at 250 nM 

concentration were incubated with AuNPs (2.75 nM) for 2 min at RT. Subsequently, 50 μl of 

processed milk samples spiked with 100 mM urea was added to each test samples and further 

incubated for 2 min at RT. After incubation, 1.5 μl of 5 M NaCl (250 mM) was added to each 

sample and absorbance spectra of samples were measured by scanning from 350 nm to 750 nm 

3.2.11. Truncation study of U38 aptamer and secondary structural analysis by Mfold 

software 

Urea specific full length U38 (U38) aptamer (80bp) was shortened by truncating either 

forward (FT-U38) or reverse (RT-U38) or both the primer (FRT-U38) domains of the aptamer 

sequence. The truncated sequences were commercially synthesized with HPLC purification and 

assessed for their performance to detect 100 mM urea in milk sample using same principle as 

mentioned for full length U38 (U38) of aptamer-AuNPs aptasensor in section 3.2.10, with 

appropriate control for each oligo. Secondary structural analysis of all oligos (U38, FTU38, 

RTU38 and FRTU38) was performed using Mfold software [370] with default settings and 

predefined salt conditions used in selection (section 3.2.2)  

3.2.12. Specificty and interference test of the assay 

In order to evaluate the specificity of the U38 aptamer towards urea, different 

structurally related small molecules such as glycine, alanine, serine and tyrosine were 

individually examined for its ability to bind the aptamer. Milk samples spiked with 100 mM of 

each of the above small molecule were processed as aforementioned. From each sample 50 μl 

volume was added to already adsorbed U-38 aptamer (250 nM)-AuNPs (2.75 nM) with 

subsequent addition of salt and observed for color change as mentioned earlier.  

Similarly interfering components of synthetic milk such as sodium chloride (500 μM); 

glucose (600 μM); Sodium bicarbonate (20 mM) and Tween-20 (1%; v/v) were spiked in milk 

along with 100 mM urea and tested for interference for the developed assay. Normal milk 

sample and urea (100 mM) spiked milk samples were considered as negative and positive 

controls respectively. 

3.2.13. Fluorescence recovery assay 

The FITC labeled U38 aptamer at 250 nM concentration was mixed with 300 μl AuNPs 

(2.75 nM) and incubated for 2 min. Later, 50 μl of the processed spiked milk sample with urea 
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(100 mM) was added to the above solution. A recovered fluorescence reading was measured at 

0 and 10 min time intervals, with excitation at 490 nm and emission collected at 525 nm. The 

fluorescence intensity of the FITC aptamer alone and FITC aptamer with AuNPs without any 

addition of processed milk sample were used as the standard for maximum and minimum 

fluorescence value, respectively. Milk samples spiked with 100 mM glycine instead of urea 

was used as control.  In another set of control experiment, 100 mM urea-spiked milk sample 

was treated with 100 unit of Jack bean urease (Sigma Aldrich, USA) and its effect on 

fluorescence recovery was studied. 

3.2.14. Limit of detection for the aptamer-AuNPs based aptasensor 

To evaluate the detection limit of aptamer-AuNPs based sensor, U38 urea specific 

aptamer (250 nM) was incubated with AuNPs (2.75 nM) for 2 min at RT. Subsequently, 50 μl 

of processed milk samples spiked with different concentration of urea (0-200 mM) were added 

separately and further incubated for 3 min at RT. After incubation, addition of 250 mM NaCl 

was followed by visual observation, UV-visible (400-750 nm) and fluorescence emission 

spectra of AuNPs were recorded immediately at λexi=350 nm and scanned up to 700 nm. 

3.2.15. PCR amplification and cloning of hcpA locus from E. coli O157:H7  

The genetic locus encoding for HcpA pilin was amplified from the genomic DNA of 

Escherichia coli O157:H7, using specific primer for the gene by polymerase chain reaction 

(PCR) using PCR program as mentioned below. 

PCR mixture: 

Reagents 
Volume 

(μl) 

10X reaction buffer 10 μl 

2 mM dNTPs 10 μl 

10 μM hcpA-R 3 μl 

10 μM hcpA-F 3 μl 

Pfu DNA polymerase (10 U/ μl) 0.5 μl 

Nuclease free water 73 μl 

E. coli O157:H7 genomic DNA 0.5 μl 

Total 100 μl 
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PCR program: 

Steps Temperature ( °C) Time (min) 

1 95 5 

2 95 1 

3 52 0.30 

4 72 0.45 

Repeat step 2-4 for 5 times 

6 95 1 

7 55 0.30 

8 72 0.45 

Repeat steps 6-8 for 25 times 

9 72 10 

10 4 HOLD 

The PCR product was checked for the desired amplification by performing gel 

electrophoresis in 1% agarose gel using standard DNA marker as the reference. The PCR 

product along with pET28(a) (Novagen) were digested with restriction enzyme BamHI and 

HindIII (Fermentas, USA) by incubating at 37 °C for 2-3 h. Digestion reaction was stopped by 

heat inactivating the enzyme at 70 °C for 10 min. Dephosporylation of vector was performed 

by adding FastAP (Fast Alkaline phosphatase; Fermenats; USA) according to manufacturer’s 

instructions. Reaction was stopped by heat inactivating at 70 °C for 10 min. Restriction 

digested PCR product and pET28 (a) vector were gel purified using Qiagen gel extraction kit as 

per manufacturer’s instructions. Ligation reaction was setup as mentioned in the following 

table. 

Reagents Final Conc. (In 10µl) Volume ( In 10 µl) 

10X T4 ligase buffer(Fermentas, 

USA) 

1X 1 µl 

T4 DNA ligase (10 U/µl) 5 U 0.5 µl 

ATP (10mM) 0.5 mM 0.5 µl 

pET28a 100 ng 2 µl 

Amplified hcpA gene 300 ng 6 µl 

Ligation reaction was carried out by incubating the reaction mixture at 16 °C overnight. 

Further the reaction mixture was heat inactivated at 70 °C for 10 min and stored at -20 °C until 

use. The ligated vector thus prepared was transformed by electroporation into E. coli DH5α 
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electrocompetent cells and plated on LB-Kan plates (LB agar plates supplemented by 50 μg/ml 

of kanamycin). The plasmids from the transformants were confirmed for insert (hcpA) by 

performing double digestion using BamHI and HindIII restriction enzyme.  

Reagents Final Conc. (In 20 µl) Amount (In 20 µl) 

10X R buffer* 1X 2 µl 

BamHI (10 U µl
-1

) 10 U 1 µl 

HindIII (10 U µl
-1

) 5 U 0.5 µl 

Recombinant plasmid 500 ng 10 µl 

Nuclease free water  6.5 µl 

Once the hcpA gene was confirmed, the vector was transformed into E. coli BL21 

(DE3) strain for HcpA expression. The E. coli BL21 (DE3) transformed with hcpA-pET28(a) 

recombinant vector for overexpression of HcpA pilin subunit. 

3.2.16. Overexpression study of recombinant-HcpA 

With an aim to check the HcpA expression, a pilot scale experiment for HcpA production 

was performed using IPTG inducible T7 promoter of pET28a expression vector and E. coli 

BL21 (DE3) cells as host. For induction, E. coli BL21 (DE3) cells harbouring hcpA-pET28(a) 

recombinant vector were grown to ~0.8 O.D600 and induced with 0.7 mM IPTG (Himedia, 

India). Further, cells were incubated at 250 rpm shaking condition for 6 h at 20°C (Kuhner 

incubator). In order to confirm the expression of HcpA, 1 ml cell culture was withdrawn from 

the induced and uniduced samples (without IPTG induction) in 1.5 ml micro-centrifuge tubes 

(Tarson, India) and centrifuged at 12,000 rpm for 10 min to pellet down the cells. In order to 

check the expression, samples were prepared by boil-prep method, wherein respective cell 

pellets were resuspended in 1 X SDS gel loading buffer and heated at 92°C for 5 min (Dry 

bath; GeneI, Bangalore). The expression of recombinant Histidine tagged HcpA (His-HcpA) 

was analyzed on 15% SDS-PAGE (Bio-RAD mini gel assembly). 

3.2.17. Purification and quantification of overexpressed  protein 

E. coli BL21 (DE3) cells harboring recombinant plasmid hcpA-pET28(a) was induced 

under optimized conditions for large scale purification of His-HcpA. Further, the induced 

culture was centrifuged at 10000 rpm at 4 °C to pellet down the cells. The cells were 

resuspended in 10 ml of lysis buffer (section 3.1.2.2.21) and lysed using French press at 20000 

psi. The cellular debris was settled down by centrifugation at 20000 rpm for 20 min at 4 °C. 

Carefully the supernatant (crude extract) was transferred in an autoclaved 15 ml centrifuge 
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tube. Briefly, Ni-NTA column was prepared by loading 4 ml of Ni-NTA resin (Qiagen, USA) 

on to a bed of glass wool in 10 ml of syringe column. The column was equilibrated with 40 ml 

(10 bead volume of Ni-NTA beads) of equilibration buffer (section 3.1.2.2.22) prior to loading 

the supernatant. The protein lysate was loaded to the equilibrated Ni-NTA column and 

incubated for 30 min at 4 °C. After incubation, the flow through was collected and the column 

was washed with 40 ml of wash buffer 1 (section 3.1.2.2.23) and subsequently with 40 ml of 

wash buffer 2 (section 3.1.2.2.24). Elution of protein was done with 15 ml of elution buffer in 

aliquots of 1.5 ml (section 3.1.2.2.25). Eluted fractions were analyzed on 15% SDS-PAGE to 

check the purity of protein. After analysis the eluted fractions containing the HCP protein were 

pooled and imidazole was removed by passing it through the 3 kDa centrifugal devices 

according to the manufactures protocol. Buffer exchange was performed twice with 50 ml of 

20 mM sodium phosphate buffer and the protein sample was concentrated to 1 ml. The 

concentration of the dialyzed protein samples were estimated using Micro BCA™ Protein 

Assay Kit (Thermo Scientific, Pierce, USA ), as per manufacturers instruction.  

3.2.18. SELEX for HcpA using Ni-NTA bound His-HcpA 

The purified, concentrated and dialyzed His-HcpA (30 mg/ml) was incubated with 1ml of 

Ni-NTA beads at 4 °C for 60 min. HcpA immobilized Ni-NTA beads were packed in 1 ml 

sintered column (BioRad) and equilibrated as described in section 3.2.16 with binding buffer. 

For the first round of selection, 10
15

 molecules of annealed ssDNA oligos  were resuspended in 

250 μl of selection buffer was added to HcpA immobilized Ni-NTA beads and incubated for 60 

min with gentle intermittent mixing. The column was then washed twice with 1 ml of selection 

buffer and ssDNA molecules were eluted with elution buffer. The course of selection is 

described in the table 3.4, with the introduction of counter selection with naked Ni-NTA beads 

after 3 rd round of SELEX. 
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Table: 3.4 SELEX strategies for selection of aptamer for HcpA pilin 

Rounds Volume of 

Ni-NTA 

beads with 

bound 

HcpA 

taken for 

selection 

Volume 

of Ni-

NTA 

beads 

taken 

for 

counter 

selection 

Amount 

of  

t-RNA 

(μg) 

Amount 

of  

BSA 

(μg) 

Time of 

incubation 

for 

selection 

(min) 

Time of 

incubation 

for counter 

selection 

Number 

of 

washes 

1 100 μl + 
650 μl SB 

- 2 125 60 - 2 

2 100 μl + 
650 μl SB 

- 2 125 60 - 2 

3 50 μl + 700 
μl SB 

- 5 140 30 - 3 

4 50 μl + 700 
μl SB 

50 5 140 30 30 3 

5 50 μl + 700 
μl SB 

50 10 150 20 30 4 

6 20 μl + 730 
μl SB 

50 10 150 20 30 4 

7 20 μl + 730 
μl SB 

50 20 160 20 30 6 

8 20 μl + 730 
μl SB 

50 20 160 15 40 6 

9 10 μl + 740 
μl SB 

50 20 160 15 40 8 

10 10 μl + 740 
μl SB 

50 20 160 15 40 8 

 

 

Fig. 3.3 Schematic representation of SELEX process for HCP specific aptamer generation 
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3.2.19. Enrichment of selected population from alternate round of selection, for  

preliminary binding studies by Electrophoretic Mobility Shift Assay (EMSA) 

After 10 rounds of selection, populations of selected rounds (8 and 10) along with the 

RDL (random DNA library) were enriched by using PCR. The dsDNA were rendered single 

stranded using 10% urea denaturing PAGE (section 3.2.2). The FITC labeled population of 

different rounds were appraised for their binding affinity towards HcpA by performing EMSA. 

For EMSA, gel was casted by cleaning the plates of mini PAGE apparatus (BioRad, USA), and 

pouring 10 ml of 8% native PAGE mix supplemented with 100 μl of 10% APS and 10 μl of 

TEMED (Himedia, India). The gel was given a pre-run at 100V in a 4 °C chamber using 0.5 X 

TBE as the running buffer till an effective current in gel drops to 10 (it takes generally an 

hour). Meanwhile, the binding reaction was set with fixed concentration of HcpA (0.01 μM) 

and 100 nM annealed FITC labeled DNA (round 8, 10 and RDL), 1X concentration of 4X gel 

shift buffer and finally making the volume to 20  μl by adding selection buffer. The reaction 

mixture was incubated at RT for 30 min with intermittent gentle tapping after every 5 min. 

After incubation, the samples were loaded in the gel with proper control of only DNA and RDL 

for each round. The unused well of the gel were loaded with 1X gel loading dye, to track down 

the migration of the samples and  were allowed to migrate till 3/4
th

 of the length of the gel. 

Carefully remove the gel plate and scan the gel by exciting the FITC labeled DNA with blue 

laser (490 nm) using Typhoon scanner (Typhoon FLA 9500, GE healthcare, USA). 

3.2.20. Facile synthesis and characterization of polymyxin B capped silver nanoparticles 

Synthesis of polymyxin B capped silver nanoparticles (PBSNPs) was based on a 

method described earlier with some modifications [371].  Briefly, silver nanoparticles were 

prepared by addition of freshly prepared silver nitrate (2 mM) and NaBH4 (0.6 mM) to a 

polymyxin B solution in methanol. The resultant mixture was incubated for different time 

periods at 30 °C under illumination at 40W yellow light (141.3 lux). The optimum polymyxin 

B concentration for this reaction was determined by a set of batch experiments where the 

concentration of the peptide was varied between 0-100 µg/ml. The prepared PBSNPs were 

dialyzed against miliQ water for 12 h using a 10 kDa cut-off membrane to remove unbound 

polymyxin B and free silver ions. Citrate capped silver nanoparticles (CSNPs) were 

synthesized using previously published method and were used as control in the experiments 

[372].  PBSNPs and CSNPs were characterized by using UV-visible spectroscopy, 

transmission electron microscopy (TEM), zeta potential, dynamic light scattering (DLS), 

Fourier transform infrared (FTIR), and circular dichroism (CD) spectroscopy. Surface Plasmon 

resonance (SPR) spectra of PBSNPs and CSNPs were recorded using the UV-visible 
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absorbance spectrometer (SpectraMax Plus spectrophotometer, Molecular Devices LLC, USA). 

The stability of nanoparticles was determined by measuring zeta potential using a Zetasizer 

(Malvern, UK). The morphology and size of nanoparticles were observed using TEM (JEOL 

JEM-2100F, JEOL, Japan). For TEM analysis, samples were prepared on carbon coated copper 

grids and examined with an accelerating voltage of 200 keV. Concentration of silver ions (Ag
+
) 

in CSNPs and PBSNPs were determined by Atomic Absorption Spectrophotometer (AAS, 

GBC Avanta, USA) using silver nitrate (AgNO3) standards. Presence of polymyxin B on the 

surface of silver nanoparticles and the effect of attachment on the secondary structure of 

peptide were measured with FTIR (Thermo Nicolet Nexus 670, USA) and CD spectroscopy 

(Applied Photophysics Chirascan
TM

 CD-spectrometer, Surrey, UK), respectively. CD 

measurements were carried out at 25 °C using a cylindrical fused quartz cell of 0.2 mm path 

length. Free polymyxin B and citrate capped nanoparticles were used as control. 

3.2.21. Determination of minimum inhibitory concentration (MIC) and  characterization 

of bacterial morphology by scanning electron microscopy (SEM) 

The susceptibility of the microbial cells to CSNPs and PBSNPs were determined by 

microbroth dilution assays of clinical and laboratory standards institute (CLSI) in MH broth for 

both Gram-negative bacterial strains [373, 374].The cellular growth was observed at O.D600 

after 10 h. Growth above 10% of the O.D at 600 nm (O.D600) of the positive control (lacking 

any antimicrobial agent) was considered as uninhibited growth. MIC is the lowest 

concentration of PBSNPs that inhibited the visible growth of microorganisms. CSNPs with 

same concentration were taken as a control. The assays were repeated three times with two 

replicates in each plate. 

For SEM analysis, bacterial cells treated with MIC concentration of CSNPs and 

PBSNPs were collected by centrifugation at 10000 rpm for 10 min. The cells were primarily 

fixed with 2% gutaraldehyde followed by gradual dehydration with ethanol gradient (25, 50, 

70, 80, 90 and 100%). The prepared samples were coated with a layer of gold and observed 

under SEM (Ultra Plus Field Emission, Carl Zeiss, Germany) 

3.2.22. Biofilm inhibition assay  

P. aeruginosa PAO1 biofilm formation was achieved by modifying the previously 

described assays [375, 376]. Briefly, P. aeruginosa PAO1 was grown overnight in LB medium 

at 37 °C with shaking at 250 rpm. Fresh LB medium was seeded with 1% of overnight culture 

and incubated at 37°C till an O.D600 of 1.0 was attained. To investigate the bactericidal effect 

of CSNPs and PBSNPs on planktonic cells of P. aeruginosa PAO1, different concentrations of 

CSNPs (2.4- 25000 Ag
0
 ng/ml) and PBSNPs (4.3 - 4500 Ag

0 
ng/ml) were suspended in M63 
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minimal medium in a 96 well plate. The above culture was diluted 1: 100 in M63 minimal 

medium and added to varying concentrations of CSNPs and PBSNPs to reach a concentration 

of 10
8
 CFU/ml.  Media subcultured with diluted cells without SNPs was taken as positive 

control and the plate was incubated at 37 °C for 6, 12 and 24 h under static condition. M63 

minimal medium alone was used as the negative control. After incubation, the planktonic cells 

were removed and the wells were gently washed 3 times with 300 µl of sterile 0.9% saline. The 

biofilm was stained with 300 µl of 0.1% aqueous CV solution for 15 min at RT. The stained 

film was washed thrice with 0.9% saline, air dried and solubilized with 300 µl of 30% acetic 

acid. The solubilized CV from each well was transferred to a new 96 well plate and the 

inhibition of biofilm was quantified by measuring the O.D550 [377]. The above experiments 

were conducted in triplicates and the results were represented using two-way ANOVA statistics 

of GraphPad Prism for variation in independent experiments. 

3.2.23. Live/Dead staining of the bacteria in the biofilm 

To study the effect of PBSNPs on biofilm formation, P. aeruginosa PAO1 was grown 

to an O.D600 of 1.0 and diluted 1:100 in M63 minimal medium. Aliquots of 1 ml (10
8
 CFU/ml) 

of diluted culture were transferred to a 6 well plate with a sterile 13 mm coverslip along with 

MIC and sub-MIC of PBSNPs in a final volume of 2 ml. Control samples were prepared on a 

sterile glass coverslip with P. aeruginosa PAO1 cells (positive) and M63 minimal media 

(negative) without any SNPs [378, 379]. The wells were washed twice with 3 ml of sterile 

0.9% saline. The coverslips were stained with 1.5 ml mixture of 0.8 μM SYTO9 green 

fluorescent dye and 10 μM propidium iodide (PI) red fluorescent dye of  Live/Dead staining kit 

(LIVE/DEAD
® 

BacLight™ Bacterial Viability Kit, Invitrogen Molecular Probes, USA) and 

observed under fluorescence microscope (Carl Zeiss, Axio Scope A1, Germany) at 1000X 

magnification. 

3.2.24. Viability analysis of PBSNPs treated P. aeruginosa PAO1 

To examine the bactericidal effect of PBSNPs on planktonic cells, P. aeruginosa 

PAO1was subcultured in fresh LB broth and incubated at 37 °C. After an O.D600 of 0.4 was 

attained, 2 ml of culture was centrifuged at 6000 rpm for 5 min. The cells were washed twice 

with sterile 0.9% saline and finally resuspended in 2 ml of sterile 0.9% saline. To carry out the 

Live/Dead staining of strain PAO1, 100 μl (108
 CFU/ml) of resuspended cells were treated with 

MIC (4.5 Ag
0
 μg/ml) of sonicated PBSNPs, whereas untreated cells were taken as control. 

Three different samples, untreated (stained and unstained) and MIC treated (stained) PAO1 

cells were prepared. After incubation of 2 h, samples were centrifuged at 10000 rpm for 10 min 

at 4 °C, supernatant was discarded and the cell pellet was resupended in 100 μl of 0.9% saline. 
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Untreated and MIC treated samples were stained with 1 μl of 1:1 mixture of solution A and B 

of LIVE/Dead staining kit. Untreated-unstained sample was used as the control. The samples 

were analyzed on flow cytometer (BD FACS Verse™ BD Biosciences, USA) to discriminate 

between live and dead cells [380, 381]. All the data obtained were plotted on  log scale for PI-

PE A representing the red fluorescence against the syto-FITC A .The above stained samples 

were also visualized using fluorescent microscopy at 1000X magnification. 

3.2.25. Electrophoretic deposition of polymyxin B and citrate capped silver nanoparticles 

Electrophoretic deposition of PBSNPs and CSNPs was performed on stainless steel 

surgical blades (No.15 Glassvan, India) using procedure described earlier [360]. To observe the 

PBSNP coating on surgical blades, atomic force microscopy (NTEGRA, NT-MDT, Russia) 

was performed. Antibacterial activity of PBSNPs, CSNPs and uncoated surgical blades 

(negative control) were tested on MH agar plate spread with 100 µl of 0.2 O.D600 P. aeruginosa 

PAO1 cells and incubated overnight at 37 °C. To ascertain the contribution of polymyxin B 

towards antibacterial activity, PBSNPs coated surgical blade was treated with proteinase K (5 

mg/ml) for 1 h at 37 °C followed by incubation with P. aeruginosa cells on agar assay as 

mentioned above 

3.2.26. Removal of Endotoxin by PBSNPs 

Endotoxin removal efficiency of PBSNPs was assessed using endpoint endotoxin assay 

kit (ToxinSensor™ Chromogenic Limulus Amebocyte Lysate Endotoxin Assay Kit, GenScript, 

USA).  The lysate (0.05 EU/ml) was incubated with 100 µl of PBSNPs and CSNPs separately 

for 30 min at 37 °C followed by centrifugation at 14000 rpm for 15 min. The presence of 

endotoxin was determined in the supernatant as per manufacturer’s instructions. CSNPs and 

standard endotoxin provided with the kit were taken as controls. Endotoxin removal ability of 

PBSNPs and CSNPs was compared by measuring the absorbance at O.D545. Concentration of 

the remaining endotoxin in the supernatant was estimated from the standard curve. 
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 CHAPTER 4 

GENERATION OF UREA SPECIFIC DNA APTAMER AND 

DEVELOPMENT OF AN APTASENSOR FOR “UREA” DETECTION 

 

4.1. Immobilization of urea on carboxyl magnetic beads 

Urea was immobilized with BioMag®Plus carboxyl beads as described in the section 

3.2.1. The carboxyl terminated beads were activated by EDC to form an intermediate complex 

of acylisourea activated microparticles which further reacts with the free amine group of urea 

to form amide bond. This chemistry thus gives us an opportunity of developing aptamer against 

the immobilized urea. . 

 

Fig 4.1A Urea immobilization: EDC assisted coupling of urea to carboxylic magnetic beads. 

 Coupling efficiency of the EDC chemistry was calculated by determining the   

concentration of immobilized urea on the carboxyl beads. For this, a standard curve for urea 

was plotted by diacetyl-monoxime method (R
2
 value of 0.9981, Fig. 4.1B). The coupling 

efficiency of the EDC chemistry was derived using the formula mentioned below. 

  

Fig 4.1B Standard curve of urea: Coupling efficiency of magnetic beads calculated on the basis of standard 

curve for urea by diacetyl-monoxime method. 
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A – O.D at 535nm of pre-coupling solution, B- O.D at 535nm of post-coupling solution 

From above equation (1) the coupling efficiency was calculated to be 61%. 

4.2. Systematic Evolution of Ligands by EXponential Enrichment (SELEX) for 

generation of urea specific DNA aptamers 

A Flu-Mag based in-vitro selection was performed by using carboxyl magnetic beads as 

immobilization support for urea (Fig. 4.1A). After first round of SELEX, labelling of selected 

DNA population was labelled during PCR (Fig.4.2.1) using 5’ FITC-DrF forward primer for 

ease of visualization of DNA molecules on denaturing PAGE (Fig.4.2.1B) as mentioned in 

section 3.2.2. Initial three rounds of positive selection were carried out by incubating the 

random DNA library (RDL) with urea coupled carboxyl magnetic beads (urea-CMB). A 

negative selection step with unconjugated carboxyl magnetic beads was introduced after third 

round of selection to eliminate the DNA sequences binding non-specifically to the beads. 

Subsequently, DNA sequences bound to the carboxylated magnetic beads were separated from 

the unbound sequences; which were further incubated with urea-CMB for positive selection. 

Selection pressure in terms of decreased time of incubation with urea-CMB, increased time of 

incubation with naked beads, increased concentration of BSA, tRNA (blocking agent) and 

increased number of washing steps were progressively introduced during the entire selection 

process. This eliminates weak and nonspecific binding sequences with subsequent enrichment 

of target specific sequences. 

 

Fig 4.2.1 A) 2.5% agarose gel (lane M-standard 50bp marker, lane 1 and 2-PCR amplified product after initial 

steps of selection, lane 3- negative control), B) 10% urea denaturing PAGE (Lane 1 and 2- 80bp of ssDNA 

product). 

Equation 1 
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Fig 4.2.2. Schematic representation of Flu-Mag SELEX for urea. 

After ten rounds of selection, enriched population of rounds 4, 7, 8 and 10 were 

examined for their binding affinity to urea as compared to the RDL by performing fluorescence 

assay as described in section 3.1.3. Figure 4.2 shows the fluorescence data of rounds 4, 7 and 8 

which indicates that there is a progressive enrichment of pool of DNA sequences specific for 

urea starting from 4
th

  to 8
th

 round of selection. 

 

Fig 4.2.3 Enrichment of urea specific sequences during Flu-Mag SELEX: Evaluation of the affinity for 

enriched DNA pool of different rounds against the RDL for urea-CMB by Flu-Mag selection based fluorescence 

assay  
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However, after eighth round of SELEX, a decline in the fluorescence was observed, 

suggesting that no further enrichment of aptamers occurred [25]. This difference in 

fluorescence intensities indicated that DNA sequences binding specifically to urea have been 

enriched. Based on the above data it was decided to clone 8
th

 round of population. 

4.3. Cloning, sequencing alignment of 8
th

 round of population and folding pattern of 

representative putative aptamers of each category  

The 8
th

 round selected pool of DNA were PCR amplified and cloned into T/A cloning 

vector as mentioned in section 3.1.4. Forty white colonies were picked from the IPTG-XGal 

plates based on blue/white selection screening and sequenced. The sequences thus obtained 

were grouped in 7 different categories based on sequence similarity. There were 9 orphan 

sequences which could not be placed into any group (Fig 4.3.1). 

 

Fig 4.3.1 Sequence alignment by BioEdit software: DNA population of 8th round of urea selection was cloned 

and categorized based on sequence similarities obtained from BioEdit software. 
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Selected aptamers are single stranded DNA species which tend to fold into a three 

dimmensional structure which are characteristic of their sequences. The secondary structure of 

one representative aptamer candidate from each catergory (U2, U10, U13, U17, U34 and U38) 

was analyzed by Mfold software [370] (Fig. 4.3.2). Sequences were analyzed for their possible 

folding using predefined salt conditions as per the selection protocol (section 3.2.2 ), while 

other parameters were set at default.  

U2- GTC TTG ACT AGT TAC GCC CAA ACC ACG GAG TAG AAT CGT TAT CAT GCA 

TAT TGG CCC CCT CCT CAT TCA GTT GGC GCC TC 

 

U7- GTC TTG ACT AGT TAC GCC CAA AGA CCA CAC GAC ACA AAG TAT GTA ATT 

AAT GTC CGA ATG CCT CAT TCA GTT GGC GCC TC 

 

 

 

 

 

 

 

∆G= -2.45 

∆G= -3.83 
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U10- GTC TTG ACT AGT TAC GCC CAC ATT AGG TTG GAT AGG TTG GTA TGT 

GTA TGC GTT GT GTC CTC ATT CAG TTG GCG CCT C 

 

 

U13- GTC TTG ACT AGT TAC GCC CAA GGA GGA AGG GAT AAG ACG TGG AGT 

GTA GTA GCT ACC GGT CCT CAT TCA GTT GGC GCC TC 

 

 

U17- GTC TTG ACT AGT TAC GCC CAC CAA CCC AGT GCA CAA ACC CAA GTA 

TTC TCT CGT CGC CGT CCT CAT TCA GTT GGC GCC TC 

 

∆G= -4.69 

∆G= -4.12 

∆G= -3.63 
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U34- GTC TTG ACT AGT TAC GCC GAC CGG GAG GGA GGG AGG GGA AGG GGG 

AGG ATG TAA GGA TCC TCA TTC AGT TGG CGC CTC 

 

U38- GTC TTG ACT AGT TAC GCC CAA CAC AAG GCA CAG ATA GCA GCC TGT 

TAC CAT CAT CCC CTC CTC ATT CAG TTG GCG CCT C 

 

Fig 4.3.2 Secondary structure folding of putative aptamer candidature sequences (U2, U7, U10, U13, U17, U34 

and U38). Free energy is shown in kcal/mol as ∆G . 

4.4. Screening of aptamers by fluorescence based assay 

In the quest of identifying the sequences with the highest binding affinity for urea, a 

fluorescence based assay was performed with individual putative aptamer sequence of each 

category. As control, FITC labelled RDL (FITC-RDL) was taken. Following binding of FITC-

RDL and FITC labelled representative selected sequences with urea-CMB, the bound DNA 

was eluted using free urea (as in section 3.2.2). Fluorescence signal of the eluted sequences 

were measured and normalized with buffer used for binding study. The normalized 

fluorescence signal thus obtained is in direct correlation to the binding affinity of sequences. 

For example, the sequence with high affinity for urea will bind strongly as compared to the one 

with low or negligible affinity. The result in Fig. 4.4 shows normalized fluorescence signal 

plotted against different candidate sequences for urea coupled to magnetic beads. All of the 

∆G= -6.40 

∆G= -3.29 
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candidate sequences had affinity for urea, but U38 sequence demonstrated a marked difference 

in its binding capability with highest fluorescence value compared to other sequences which 

showed significantly less or negligible fluorescence value. FITC labelled RDL sequences were 

used a control.  

 

Fig 4.4 Binding assay for individual candidate sequences: FITC labelled sequences from each representative 

category (U2, U7, U10, U13, U17, U23, U34 and U38) were assessed for the highest binding affinity towards 

UCB.  Representative sequence U38 of group 8 displayed maximum affinity as compared to the other candidate 

sequences and the FITC-RDL 

4.5. Determination of dissociation constant (Kd) of urea aptamer (U-38) 

Apparent dissociation constant (Kd) was calculated to quantify the binding affinity of 

aptamer to its target. To determine the Kd, fluorescence assay was carried out using the 

SELEX conditions as mentioned earlier by incubating varying concentrations of FITC labelled 

U38 (0-350 nM) against fixed concentration of urea-CMB (2.0 mg).Thereafter, the aptamer-

urea-CMB complex was washed twice and fluorescence of the eluted aptamers was measured 

for each sample. The fluorescence values obtained were fitted in saturation curve using the 

nonlinear regression by GraphPad prism software (version 6.0, San Diego, CA, USA). The 

dissociation constant of U38 aptamer for urea was calculated to be 238nM (Fig 4.5). In 

comparison to the Kd of U38 aptamer the dissociation constant for previously studied aptamers 

against diverse small molecules such as PCB 72 [234], kanamycin [57], PCB 106 [234], 
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Sialyllactose [382], thalidomide [201], ibuprofen [202], PCB 77 [25],dopamine [230] and 

codeine [227] fall in the range of 85.6 nM- 4.9M, suggesting a strong binding to its cognate 

target molecule.  

 

Fig 4.5 Determination of binding affinity, Kd value of the DNA aptamer U38 by fluorescence based assay: 

The apparent dissociation constant (Kd) of an aptamer representing group 8 (clone U38) was determined by 

fluorescence based assay using FITC labelled U38 aptamer. The average mean fluorescence intensity of the eluted 

FITC labelled U 38 aptamer obtained was plotted to determine dissociation constant Kd. The experiment was 

repeated thrice and an error bar represents the standard deviation. 

4.6. Structural Analysis by Circular Dichroism (CD) Spectroscopy 

CD is a biophysical tool which has been used for the study of secondary structure and 

conformational variations adopted by aptamers in presence of target molecules [60, 383, 384]. 

CD study was performed to investigate the structural changes accompanied by the U38 aptamer 

in the presence of urea and glycine when compared to the free U38 aptamer by monitoring the 

changes in CD signal in terms of ellipticity (θ) mdeg. The CD spectrum in Fig. 4.6.1 shows that 

the free U38 aptamer displayed positive maxima peaks at 276 nm probably due to base 

stacking and strong π-π* interaction of bases and a negative minima peak at 248 nm due to 

helicity, which are the characteristic of DNA in B-form [385, 386]. A substantial change in the 

ellipticity (θ) was observed on addition of 100 mM urea to U38 aptamer. An increase in the 

positive peak at 276 nm signifies the strong interaction of urea with U38 aptamer and thereby 

stabilizing the secondary structure. This strong interaction coincides well with the melting 

curve analysis (Fig. 4.6.2), which shows an increase in melting temperature of U38 aptamer in 
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presence of 100 mM urea (57 °C) as compared to U38 aptamer alone (48.5 °C). In presence of 

100 mM glycine Tm was calculated to be 49.7 °C showing no significant change in the CD 

spectrum. These spectral changes indicates that a conformational change in U38 aptamer is 

urea specific 

 

Fig 4.6.1 Circular dichroism spectra: 5µM U38 aptamer in absence ( ), in presence of 100mM urea ( ) and 

in presence of 100mM glycine ( ).  

 

Fig 4.6.2 Melting curve analysis: Melting temperatures of free U38 aptamer (Tm = 48.5°C), U38 aptamer in 

presence of urea (Tm= 57°C) and U38 aptamer in presence of glycine (Tm= 49.7°C). Melting is monitored by Δε 
changes at 276 nm. 
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4.7. Synthesis and characterization of prepared gold nanoparticles (AuNPs) 

Chemical reduction method was used for synthesis of citrate capped gold nanoparticles. 

HAuCl4 was used as the precursor salt and citrate acted both as reducing and capping agent. 

Fig. 4.7 shows characterization of AuNPs by (A) UV-Vis absorbance spectrum, (B) 

Transmission Electron Microscopy, (C) Dynamic Light Scattering (DLS) and (D) Atomic 

Force Microscopy (AFM). UV-Vis scan of AuNPs revealed a characteristic absorbance peak at 

520 nm which reflects surface plasmon resonance absorption band for wine red nanoparticles. 

TEM analysis showed that the AuNPs synthesised were of average size 13 ± 2.5 nm. DLS of 

gold nanoparticles was performed and average zeta potential was determined to be -39.6 ± 

12.3, which reflected on the relative stability of the nanoparticles. AFM of the gold 

nanoparticles demonstrated the average size to be 18.73 nm. All of the above characterization 

techniques reveal that the gold nanoparticles are mono dispersed with high stability.  
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Fig 4.7 Characterization of citrate capped gold nanoparticles: (A) UV-Vis spectrum, (B) Transmission 

Electron Microscope and (C) Dynamic Light Scattering, (D) Atomic force microscopy. 

4.8. Milk sample preparation 

Milk is a complex biological secretion with approximately 10,000 different molecules in 

it. Owing to the heterogeneous nature of milk, various components can interfere with detection 

methods. It becomes necessary to get rid of these interfering species from the milk. To remove 

the interfering species, like protein in the milk sample, different reagents have been used for 

precipitation of milk. Tri-chloro acetic acid (TCA) alone or in combination with chloroform is 

known to be the method of choice for most of the protein precipitation steps used to prepare 

various analytical samples. Milk samples thus prepared by precipitation using TCA were not 

feasible for the aptamer-AuNPs assay, as this method suffers from the drawback of pH 

adjustment prior its use.  To negate this additional step of neutralizing the precipitated sample, 

a simple and rapid method for precipitation was optimized for preparing milk samples. This 

method uses 99% methanol for cold precipitation of proteins. The supernatant of post 

precipitated milk was further used for detection purpose and showed no interference in 

aptamer-AuNPs based assay. The present method of milk sample preparation offers advantages 

of being simple and rapid over other complex and time consuming methods used by Song et 

al., 2012 [387] and Liang et al., 2011 [388] for detecting small molecules by AuNPs based 

optical detection method.  
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4.9.  Detection of urea using aptamer-AuNPs visual based approach 

The combination of gold nanoparticles with DNA offers opportunities to develop new 

biosensors based on optical (colorimetric and fluorescence), electrochemical, surface-enhanced 

Raman scattering (SERS), SPR and mass spectroscopy [41]. Recently optical based 

functionalised AuNPs-aptasensors, specifically colorimetric based sensors have been 

developed for detection of various different analytes [253, 256]. These aptasensors have myriad 

applications in fields ranging from environmental monitoring, bio-medical diagnosis and food 

industries. 

Gold nanoparticles prepared by citrate reduction method showed characteristic chemical 

and physical properties, which were exploited for developing a visual based assay for detection 

of urea. The unmodified AuNPs remain as colloidal suspension due to the electrostatic 

repulsion of capping agent (i: e citrate) and the Van der Waals force of attraction between the 

AuNPs [50, 52, 168, 389], displays high extinction coefficient with characteristic surface 

plasmon resonance absorbance peak based on the distance dependent optical properties. The 

SPR peak of AuNPs is influenced by change in pH or high salt concentration, resulting in 

aggregation of nanoparticles due to the electrostatic screening effect. A red shift in the 

absorption peak (SPR) is observed when the interparticle distances in the aggregates are 

reduced to an average particle size resulting in electric dipole-dipole interaction and plasmon 

coupling of particles [390]. 

Further, it has been documented [391] that ssDNA is sufficiently flexible to form random 

coils exposing the nitrogen atoms of the base to interact strongly with the AuNPs, thereby 

enhancing the stability of the AuNPs against the salt induced aggregation. However, the lack of 

exposed bases in single stranded DNA (forming rigid tertiary structure) and double-stranded 

DNA prevents their adsorption on the AuNPs making them vulnerable to salt induced 

aggregation. Moreover, several studies have been reported on the use of aptamer based 

detection of analytes using unmodified nanoparticles as the signal transducer [51-61, 262, 392-

396]. Inspired by the above observation, an aptamer-AuNPs based optical detection assay was 

developed. Based on the results of fluorescence binding assay (section 4.4), three different 

aptamer candidature sequences (U7, U34, and U38) exhibiting the best binding affinity was 

chosen for the developing an aptamer-AuNPs based optical assay for urea detection.  

In a separate experiment, the aptamer candidates and a control random DNA sequence 

were incubated with AuNPs so as to cover the surface of AuNPs thus preventing them from the 

salt induced aggregation. Subsequently, the addition of processed urea spiked milk sample to 



95 

 

the DNA-AuNPs complex results in binding of the putative aptamer candidates to urea by 

virtue of ligand induced conformational changes. This binding event leaves the AuNPs 

vulnerable to high salt induced aggregation which is observed by a change in color from red to 

purple or blue, as shown in schematic representation of Fig. 4.9.1 whereas the no color change 

is observed in case of controls (milk sample without urea and random DNA sequence). 

Fig.4.9.2 shows the TEM images of corresponding normal AuNPs and salt induced aggregates 

of AuNPs on addition of urea spiked milk sample. 

 

Fig 4.9.1 Schematic representation of Aptamer-AuNPs based visual detection assay for urea 

 

Fig 4.9.2 Color and TEM images of AuNPs (2.7 nM) with U38 aptamer (250 nM) supplemented by NaCl (250 

mM) in (A) absence of urea (red wine color,  no aggregation) and (B) in presence of 100 mM urea (purple color, 

aggregation). 

Fig. 4.9.3A, demonstrates a color change in presence of urea (test) for selected aptamer 

candidates (U38, U34 and U7) with respect to their controls (in absence of urea). Whereas, the 

AuNPs adsorbed with control random sequence exhibited no such conformational changes on 

addition of the processed urea spiked milk sample, thus protecting the AuNPs against salt 

induced aggregation. Absorption spectra of all the samples show a dip in the intensity at 520 

nm and an increase at 620 nm in samples with aptamer candidates, whereas no spectral changes 

with random DNA sequence was observed (Fig. 4.9.3B). The intensity of the color change was 
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measured by calculating the A620/A520 nm absorbance ratio which correlates to the degree of 

AuNPs aggregates formed (Fig 4.9.3 box inset). Furthermore, this result indicates that the U38 

aptamer displayed the maximum binding affinity for urea, which is in agreement with the result 

of fluorescence based binding assay (Fig. 4.4). 

 

Fig 4.9.3 Development of Aptamer-AuNPs based detection assay: Screening of best aptamer candidate (A) 

color images of (1) U38-T, (2) U38-C, (3) U34-T, (4) U34-C, (5) U7-T, (6) U7-C, (7) random sequence-T, (8) 

random sequence-C. (B) UV-visible spectra (350-750 nm) of all the samples tested. (Tabular inset) A620/A520 ratio 

gives a direct correlation of the color changes observed in presence of urea. Test (T) = AuNPs (2.7 nM) + aptamer 

candidate (250 nM) + processed urea spiked milk sample (50 µl) + NaCl (250 mM), control (C) = without urea. 

U38 shows best color and spectral changes. 

4.10. Effect of truncation of U38 on aptamer-AuNPs aptasensor  

In order to identify the functional motifs of the U38 aptamer sequence, truncation study 

was carried out and its effect on the performance of aptasensor was evaluated. The results in 

Fig.4.10.1 shows a red shift for different truncated variants of aptamer U38 in presence of urea. 

In Fig.4.10.2 the normalized absorbance A620/A520 for U38, derived from Fig.4.10.1 is 

comapred with differenent truncated versions; FTU38, RTU38 and FRTU38. The result show 

that RTU38 oligo displayed 93% of color change, whereas the  FRTU38 and FTU38 showed 

77% and 73 % color change as compared to the U38; the full length aptamer. The data shows 

that the reverse primer  truncation of U38 has the least effect on the performance of the 

aptamer-AuNPs biosensor. Whereas, FTU38-AuNPs biosesnor was least responsive in 

detecting urea when compared to the U38 aptamer-AuNPs biosesnor. The Mfold analysis of 

truncated and full length aptamer (Fig. 4.10.3) reveal that the hairpin domain of U38 
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(Fig.4.10.3) extending from 26–43 base (highlighted as yellow; region 1) along with a haipin 

domain extending from 11-23 base (highlighted as pink; region 2) are likely to be the the 

functional domains of the urea speicific aptamer. The deletion of the forward primer domain 

(FTU38 and FRTU38) seems to  be the reason for the reduction in the performance of the 

visual asssay developed for detection of urea. 

 

Fig 4.10.1 UV-Visible absorbance spectra of different truncated variants of U38 aptamer. 

 

Fig 4.10.2 Change in the ratio of A620/A520  a linear corelarion to colour change and the perfomance of the assay 

for truncated aptamer (FTU38, RTU38 and FRTU38) in comaprison to the full length U38 aptamer. 
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Fig 4.10.3 Secondary structure of truncated variants of U38 aptamer using Mfold software. (A) U38, (B) FTU38, 

(C) RTU38 and (D) FRTU38. 

4.11. Specificty and interfernce studies of the urea aptasensor 

Biosensors have been looked upon as the alternative to the conventional analytical 

detection methods as they offer rapid, specific detection of analytes without getting affected by 

the interfering molecules present in the sample matrices. We tested the specificity and the 

robustness of the urea aptasensor against the interfering molecules. The results in Fig.4.11.1, 

demonstrates the specificity of U38 aptamer-AuNPs assay for urea. The urea biosensor was 

tested in presence of structurally similar molecules like glycine (3), alanine (4), serine (5) and 

tyrosine (6) in same concentration and compared to the appropriate controls.  

 

Fig 4.11.1 Specificity of the aptasensor in milk for urea and against structural analogs of urea: Color of 

AuNPs solution with 250 nM U38 aptamer (lane 1- processed normal milk sample, lane 2- processed 100 mM 

urea spiked milk sample, lane 3- processed 100 mM alanine spiked milk samples, lane4- processed 100 mM 

glycine spiked milk sample, lane 5- processed 100 mM serine spike milk sample, and lane 6- processed 100 mM 

tyrosine spiked milk samples) and NaCl (250 mM). 

Additionally the developed method was investigated for other interfering agents present 

in synthetic milk such as sodium chloride (500 μM); glucose (600 μM); sodium bicarbonate 

(20 mM) and Tween-20 (1%; v/v) in the presence of urea were tested for visual color change. 

The result in Fig.4.11.2 show similar color change for sodium chloride (C), glucose (D), 

Sodium bicarbonate (E) and 1% v/v Tween 20 (F) in presence of urea, when compared to the 

100 mM urea (B) positive control and negative control (A) sample.  
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Fig 4.11.2 Colorimetric response of urea aptasensor in presence of different common interfering agents:  

Color of AuNPs solution with 250 nM U38 aptamer (lane 1- processed normal milk sample,  lane 2- processed 

100 mM urea spike milk sample, lane 3- processed 100 mM urea + 500 µM NaCl spiked milk sample, lane 4- 

processed 100 mM urea + 600 µM glucose spiked milk samples, lane5- processed 100 mM urea + 20 mM sodium 

bicarbonate spiked milk sample, lane 6- processed 100 mM urea + 1% Tween 20 spiked milk sample) and NaCl 

(250 mM) 

4.12. Fluorescence recovery assay 

The characteristic of AuNPs to adsorb ssDNA [52, 397] along with its high fluorescence 

quenching efficiency [384, 398-400] has been used to further confirm the specificity of the U38 

aptamer. In this study, the FITC labeled U38 aptamer (FITC-U38) was incubated with the 

AuNPs and processed milk sample spiked with urea (as a test) and glycine (as a control) were 

added separately. After 10 min of incubation, fluorescence reading of each sample was taken 

with an Ex490nm and Em525nm. As shown in the Fig. 4.12 the fluorescence of FITC labeled U38 

is quenched by 47.9 % as compared to FITC labeled aptamer alone. This result corroborates 

with the fact that the adsorbed FITC-U38 aptamer exhibits a Fluorescence Resonance Energy 

Transfer phenomena (FRET) whereby the emitted energy is transferred to AuNPs, thus 

resulting in decreased fluorescence signal. With the additions of the processed urea spiked milk 

samples a recovery of 85.8% of quenched fluorescence was observed (44). This result reveals 

that upon urea binding a conformational change in FITC-U38 aptamer leads to the 

displacement of the aptamer from the AuNPs surface as a consequence the distance between 

the fluorophore and the AuNPs is significantly increased, thereby enhancing the fluorescence 

signal of FITC-U38 aptamer.  

The specificity of the aptamer was tested further by evaluating the fluorescence response 

in presence of structurally similar small molecule, glycine. Fig. 4.12 result shows that the 

fluorescence recovery in presence of glycine was insignificant 15.65% as compared to urea 

(85.8%). To further demonstrate the specificity of the aptamer, the milk sample spiked with 

urea was incubated for 10 min with urease enzyme. Subsequently, urease treated urea spiked 

milk sample was added to FITC-U38-AuNPs complex and the fluorescence reading was 

recorded after 10 min of incubation. The Fig. 4.12 shows a fluorescence recovery of only 

47.1% which shows that the fluorescence signal directly accounts to the amount of urea present 

in the sample after urease treatment. The fluorescence recovery assay along with the U38 
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aptamer-AuNPs visual detection and CD spectra results further proves the property of U38 

aptamers to detect urea specifically. 

 

Fig 4.12 Fluorescence recovery assay based on the fluorescence quenching of FITC-labeled aptamer in vicinity of 

GNPs. Fluorescence emission spectra of FITC-labeled U38 aptamer alone ( ), FITC-labeled U38 aptamer with 

GNPs ( ), FITC-labeled U38 aptamer with GNPs and 100 mM urea ( ), FITC-labeled U38 aptamer with 

GNPs and 100mM glycine as a control ( ) and FITC-labeled U38 aptamer with GNPs and 100mM urea 

incubated with 100 unit of Jack bean urease ( ). 

4.13. Limit of detection by absorbance and fluorescence spectroscopy 

As aforementioned, a highly specific aptamer-AuNPs based method for urea detection 

was developed in this study. To further test the detection limit of this method urea specific 

aptamer (250 nM) was incubated with 2.75 nM AuNPs and subsequently samples of varying 

concentration of urea ranging from 0-250 mM were added to the aptamer-AuNPs complex. 

With the change in the ionic strength of the solution, the aggregation of AuNPs was observed 

which corresponds to the color change accompanied by the change in the absorbance spectra 

and fluorescence spectra of the AuNPs. As shown in the Fig. 4.13.1, 20 mM urea sample was 

unable to induce any visual color change as compared to the control sample without any urea. 

Further, visible color change was observed with the sample containing a range between 50-250 

mM of urea.  
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Fig 4.13.1 Limit of detection of urea on visual basis: Color change (red to violet) observed by naked eye in 

presence of increasing concentration of urea. 

The UV-visible spectra of the samples exhibited significant changes in the absorbance 

values with increasing concentration of urea in the sample. As the concentration of the urea in 

the sample increases, the intensity of peak at 520 nm decreases slightly and a new peak appears 

with an increased intensity. A negligible change in the UV-visible spectrum was seen as the 

urea concentration in the sample reached 250 mM indicating the saturation limit of the method. 

A quantitative detection limit was achieved by establishing the relationship between the 

absorbance ratio A620/A520 and urea concentration. As shown in the inset of Fig. 4.13.2 a linear 

correlation was observed between absorbance ratio A620/A520 and urea concentration ranging 

from 20-150 mM (R
2
 value of 0.995). From these observations, it can be inferred that the lower 

limit of detection for the developed aptamer–AuNPs method is 50 mM.  

 

Fig 4.13.2 Limit of detection by spectral changes in absorbance ratio of A620/A520:  Plot of urea concentration 

versus absorbance ratio (620/520) for quantification of urea in milk. The inset figure shows, a linearly fitted 

absorption spectra of the AuNPs solution containing the U38 aptamer versus the concentration of urea (0-

250mM). 



102 

 

By using similar experimental conditions as above, the effect of increasing urea concentration 

on the intrinsic fluorescence of AuNPs was studied. The emission spectra of the AuNPs were 

recorded in the range 600-780 nm by excitation at 340 nm (Fig. 4.13.3). The fluorescence 

intensity at λmax=700 nm was plotted as a function of urea concentration (20-150 mM) which 

illustrated a linear correlation (with regression value of 0.991).  

 

Fig 4.13.3 Limit of detection by fluorescence measurement: Fluorescence spectra of aptasensor in presence of 

unlabeled U38 aptamer and different concentration of urea (0-250mM).  The inset indicates dose dependent 

changes in fluorescence intensity of the AuNPs solution over different concentration of urea 

4.14. Conclusion 

In this study, a urea specific aptamer was selected using Flu-Mag SELEX. Flu-Mag 

SELEX offers to be an excellent matrix for selection of ssDNA by allowing convenient and 

efficient separation of nonspecific ssDNA molecules. The fluorescence binding assay study 

demonstrated highest binding affinity for U38 aptamer with dissociation constant of 238 nM. 

Interaction study by circular dichroism (CD) clearly showed significant structural changes 

accompanied by U38 in presence of urea as compared to controls (glycine or U38 aptamer 

alone). Also, the interaction study complements with the increase in the melting temperature by 

~9 °C for U38-urea complex. Based on the observation of ligand induced structural changes by 

CD, the U38 aptamer was taken further for the development of an aptamer-AuNPs based visual 

detection assay for urea in milk. A simple, rapid and user friendly method for milk sample 
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preparation by methanol precipitation was standardized. Regions of the aptamer interacting 

with the urea molecule were determined by carrying out the truncation studies, which 

highlighted the role of a hair-pin motif present in the forward primer to be responsible for the 

optimum performance of U38-aptamer-AuNPs colorimetric assay.  

The aptamer-AuNPs biosensor thus developed was specific for urea as compared to other 

structural analogs such as alanine, glycine, serine and tyrosine. Further, the robustness of the 

developed assay for different interfering substance present in synthetic milk was evaluated and 

it was found to be unaffected in presence of salt (500 µM), sodium bicarbonate (20 mM), 

glucose (600 µM) and detergent (1%). A recovery of 85.8 % fluorescence of FAM-labeled U38 

aptamer in presence of urea as compared to the 15.65 % recovery for glycine, further affirmed 

the specificity of the assay. Urease treated milk sample showed a decreased fluorescence 

recovery of 47.1 % suggesting the recovery of fluorescence to be urea dependent. The lower 

detection limit of the assay was established to be 50 mM and the saturation limit was set to be 

200 mM. While the method offers advantages of being rapid, simple and specific for detecting 

high concentration of urea in milk, it can be further improved for increasing the sensitivity 

Since detection of urea is also important in some pathological conditions (diabetes, 

nephritis, renal dysfunctions and urinary tract obstructions), it becomes imperative to think that 

this urea biosensor can also be adapted for pathological samples. Apart from this a third 

generation urea biosensors can be developed, by functionalizing aptamers onto the carbon 

nanotubes for a point of care devices from clinical point of view.   

 
 



104 

 

CHAPTER 5 

DEVELOPMENT OF DNA APTAMER FOR  

HEMORRHAGIC COLI PILIN (HcpA) OF  

Escherichia coli O157:H7 

 

5.1. Bioinformatics analysis of Hemorrhagic Coli Pilus (HCP) of E. coli O157:H7 

The bioinformatics study for HcpA of E. coli O157:H7 (Gene ID: 8214675, Protein 

reference number- YP_003076080.1) was performed with non-redundant protein sequences of 

the rest of bacterial species by protein-Basic Local Alignment Search Tool (pBLAST) of 

National Centre for Biotechnology Information (NCBI). The BLAST results in Fig.5.1.1 show 

the conserved nature of HcpA in the Enterobacteriaceae family. Most of the hit sequences 

belong to the pathogenic strains of the Enterobacteriaceae family, which highlights the 

importance of this pilin protein in pathogenicity. Further, in-vitro data with cell lines has shown 

that the HcpA is expressed only in pathogenic strains as it is the first contact point of the 

pathogen with the host cell receptor [271].  Hemorrhagic coli pilus (HCP) of E. coli O157:H7 

is composed of pilin subunit called HcpA which has been well characterized for its potential 

role in pathogenesis and therefore was chosen as the target for aptamer generation.  

 

Fig 5.1 Bioinformatics analysis of HcpA pilin protein of E. coli O157:H7 using pBLAST. 
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5.2. Amplification and cloning of hcpA locus from E. coli O157:H7 genomic DNA 

The Fig.5.2.1 shows a schematic representation of cloning of hcpA gene in pET28 (a) 

vector. For cloning, the hcpA locus encoding for the HCP protein was amplified using Pfu 

DNA polymerase (Fermentas, USA) from E. coli O157:H7 genomic DNA. The amplified and 

double digested PCR product of hcpA gene was cloned in pET28(a) an expression and cloning 

vector, double digested with similar enzymes as the PCR product. The ligated vector was 

transformed in and E. coli DH5α and the clones thus obtained were screened for the presence 

of hcpA insert. Fig.5.2.2 shows the conformation of the clone with the hcpA insert of 452bp run 

along with 100bp ladder.  

 

Fig 5.2.1 Strategy for cloning hcpA in pET28 (a): Amplification of hcpA from E. coli O157:H7, digestion of 

hcpA PCR product and pET28(a) with BamHI and HindIII restriction enzyme and ligation of both the digested 

products were performed to yield a recombinant hcpA-pET28(a) vector. 
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Fig 5.2.2 1% agarose gel for restriction digestion analysis of hcpA transformants: M- 100bp marker, 1- 

undigested vector of a clone, 2- digested vector with BamHI and HindIII restriction enzyme, with a fragment  of ~ 

452bp of hcpA gene.  

5.3. Expression, purification and quantification of His-HcpA 

The hcpA gene of E. coli O157:H7 encodes for a 19 kDa HcpA pilin monomer protein 

[271]. The cloning strategy adapted in this study was based on the previous report [273], and 

thus the HcpA monomers translated from the hcpA-pET28(a) recombinant vector contains 

additional amino acids including a 6 residues of histidine amino acid at the N-terminal. This 

leads to an increase in the molecular weight to 22kDa of the HcpA monomer [79, 273]. To 

further investigate the expression of His-HcpA, the hcpA-pET28(a) recombinant vector was 

transformed in E. coli BL21 (DE3). The samples for both induced and uninduced cultures were 

prepared by boil prep method as mentioned in the section 3.2.16.  Fig. 5.3.1 represents an 

initial verification of protein expression on 15% SDS-PAGE for the induced and uninduced 

bacterial samples. The lane 2 distinctly shows a band of approximately 22 kDa molecular 

weight compared to the protein standard marker in lane M. The uniduced sample (lane 1) 

shows no band corresponding to the induced lane.  

 

Fig 5.3.1 Overexpression study of His-HcpA in E. coli BL21 (DE3): Lane1-uninduced, Lane2- induced, Lane 

M- protein standard marker. 

His-HcpA 
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After verifying the expression of the His-HcpA protein, two litres of culture of hcpA-

pET28(a) harbouring E. coli BL21 (DE3) was induced under optimum conditions. The induced 

cells were lysed and processed as per the instruction in the section 3.2.17 to release the 

overexpressed protein. Purification of the His-HcpA was carried out by Ni-NTA column under 

optimum conditions of binding, washing and elution steps. After the purification step, different 

aliquots of eluted product (Fig.5.3.2) were analysed for presence of His-HcpA by running 15% 

SDS-PAGE. The eluted fractions of 2-6 were pooled and passed through a 3 kDa cut off filter 

device to remove excess of imidazole and to concentrate the protein. After the buffer exchange, 

the concentrated protein was again passed through a 30 kDa cut off filter to eliminate the high 

molecular weight protein impurities. Fig 5.3.3 demonstrates the purity of the HCP protein 

attained after removal of other protein impurities. 

 

Fig 5.3.2 Ni-NTA purification of His-HcpA: Lane M- standard protein marker, fractions eluted with 250 mM 

imidazole in lane1- 9th , lane3- 7th, lane5- 5th, lane6- 2nd, and lane7- 1st eluted fraction with 150 mM imidazole.  

 

Fig 5.3.3 15% SDS-PAGE of purified 22 kDa His-HcpA (lane 1) alongside a standard protein marker (M). 

22 kDa 

Purified HcpA protein 

HcpA 
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The protein concentration for the purified His-HcpA was determined by using Micro BCA™ 

Protein Assay Kit (Thermo Scientific, Pierce, USA ), as per manufacturers instruction and was 

found to be 30 mg/ml. 

5.4. SELEX process for HcpA aptamer selection and preliminary binding study by 

electrophoretic mobility shift assay (EMSA) 

Selection process starts with binding of ssDNA library to the target, with subsequent 

portioning of the nonspecific DNA sequence and finally eluting the specific DNA and 

performing PCR for enrichment of target specific DNA sequences. Following these principle 

steps which are well illustrated in Fig.5.4.1, an affinity chromatography based selection 

strategy was carried out as presented in the table 3.4. Aptamer selection for HcpA was 

performed using His-HcpA immobilized Ni-NTA beads. For development of HcpA specific 

aptamer in presence of the background of the non-target affinity matrix, a negative selection 

step against the Ni-NTA beads was introduced after initial three rounds of selection. This step 

eliminated the non-specific DNA binding to the Ni-NTA affinity matrix used for protein 

immobilization.  In addition, the stringency of the process was increased with every single 

round of selection by decreasing the target protein concentration for selection, reducing the 

incubation time for binding in the positive selection steps, consequently increasing the binding 

reaction time for the negative selection steps, increase in the washing steps and increase in the 

concentration of the blocking agents (yeast t-RNA and bovine serum albumin).  

After 10
th

 round of selection, binding study for the pool of DNA of selected 8
th

 and 10
th

 

round was carried out by performing EMSA in comparison with RDL as the control pool of 

DNA. The result in Fig.5.4 clearly demonstrates a shift in the mobility of 10
th 

round pool of 

DNA in presence of HcpA (lane 6), suggesting the interaction/binding of DNA with HcpA to 

form DNA-HcpA complex of higher molecular weight thus retarding the mobility of free DNA 

pool (lane 5). Whereas the pool of DNA developed from 8
th

 round of selection (lane 4) and 

from the RDL (lane 2) showed no shift in the mobility of DNA in presence of HcpA from their 

respective control of free DNA (lane 3 and 1). 
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Fig 5.4 Electrophoretic mobility shift assay for HcpA in 8% native PAGE: Lane 1,3,5- only DNA, lane 2,4,6- 

DNA with HcpA, lane 1,2- RDL, lane 3,4- 8th round pool of DNA, lane 5,6-  10th round pool of DNA. 

5.5. Cloning of DNA pool from selected round and alignment of cloned sequences using 

BioEdit software and Mfold derived structure of different putative aptamer 

sequences  

The selected pool of DNA sequences from the 10
th

 round of selection was PCR amplified 

and cloned into T/A cloning vector as mentioned in section 3.2.4. Seventy white colonies were 

picked from the IPTG-XGal plates based on blue white selection screening and were sent for 

sequencing. The sequences thus obtained were categorized in to 14 different categories using 

BioEdit software based on sequence similarity as shown in Fig. 5.5.1  

 



110 

 

 

Fig 5.5.1 Sequence alignment sequences by BioEdit software: Cloned sequences of 10th round of urea selection 

were cloned and categorized based on sequence similarities obtained from BioEdit software. 

Different aptamer candidates from top eight categories were analyzed by Mfold software 

for predicting the secondary structural folding (Fig. 5.5.2). Sequences were allowed to analyze 

for their possible folding using predefined salt conditions used in the selection procedures, 

while other parameters were set at default. 
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HcpA-62 
GTCTTGACTAGTTACGCCCACACACGACCTCCGTAACATGTTCTGCAGTTGCTGCCTGTCCT

CATTCAGTTGGCGCCTC 

 

HcpA-75 

GTCTTGACTAGTTACGCCCAAAGACCACACGATACGCAATACGCGGTTAATGTCCGCCTGC

CTCATTCAGTTGGCGCCTC 

 

HcpA-41 
GTCTTGACTAGTTACGCCCAAGGAGGAAGGGATAAGATGTGGAGTGTAGTAGCCACCGGG

CCTCATTCAGTTGGCGCCTC 

 

∆G= -4.82 

∆G= -6.00 

∆G= -3.91 
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HcpA-64 
GTCTTGACTAGTTACGCCCAACAAGCAAGCGAGCAGTGTGTACGAATGCAGTGTGTCCGTC

CTCATTCAGTTGGCGCCTC 

 

 

HcpA-24 

GTCTTGACTAGTTACGCCCAACCACAAGGCACAGGCAGCAACTTGTTATCATCATCCCCTC
CTCATTCAGTTGGCGCCTC 

 

 

 

 

 

 

 

 

 

 

 

∆G= -3.22 

∆G= -3.82 
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HcpA-33 
GCTTTGGCTAGTTACGCCCACACCACAGGGACACCTGATAAAGCACACCGTATTTTCCCTC

CTCATTCAGTTGGCGCCTC 

 

HcpA-8 
GTCTTGACTAGTTACGCCCACGGATCATTAGCACGTAATGATAGTGTAGTGTCGCCCGTCC

TCATTCAGTTGGCGCCTCA 

 

HcpA-38 
GTCTTGACTAGTTACGCCCACATTAGGTTGGATAGGTTGGTATGTGTATGCGTTCGTGTCCT

CATTCAGTTGGCGCCTC 

 

Fig 5.5.2 Secondary structure folding of aptamer candidature sequences (HcpA-62, 75, 41, 33, 24, 64, 8 and 38) 

along with the respective free energy (∆G) in kcal/mol. 

∆G= -4.13 

∆G= -5.95 

∆G= -2.49 
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5.6. Binding confirmation of putative aptamer with HcpA using electrophoretic mobility 

gel shift assay (EMSA) 

The putative aptamers from each category were synthesized with FITC tag at 5’ end and 

studied for their HcpA binding potential. The result in the Fig 5.6 shows the confirmation of 

binding of putative aptamers HcpA-38, 41, 64 and 75 with HcpA protein target, on 8% native 

PAGE. 

 

Fig 5.6 Binding confirmation of putative aptamers selected for HcpA on 8% native PAGE: Putative aptamers 

with protein (38-P, 41-P, 64-P, 75-P) displays a shift in the mobility as compared to the free ssDNA (38, 41, 64, 

75). 

5.7. Conclusion 

The bioinformatics data suggests that the amino acid sequences of HcpA of E. coli 

O157:H7 is similar to the type IV pili a product of prepilin peptidase-dependent gene, 

possessing similar features with a distinct shorter leader sequence followed by a peptidase 

cleavage site along with invariable glycine residue [401]. The BLAST results also confirm 

conserved nature of HcpA in other bacterial species of Enterobacteriaceae family. Shigella 

flexneri (GenBank accession number-WP000360918.1) showed the maximum identity of 99% 

while, Salmonella enterica (GenBank Aaccession number- WP000414991.1) displayed 88% 

identity. Also type IV pili are present in other bacterial pathogens including PilA   of   

Pseudomonas  aeruginosa  (55%,  GenBank  accession   number  AY113185),   PilA   of   

Moraxella   catarrhalis  (61%,  GenBank  accession number  AY647185),   and   PilE   of   

Neisseria  gonorrhoeae  (62%, GenBank  accession  number AF043652) [271]. Although 

the HcpA like protein are present in the commensal and pathogenic species of E. coli, studies in 

E. coli K12 have shown its inability to assemble the pili on its own [402, 403].  
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A detailed study carried by Ledesma et al., 2007 investigated the potential role of 

purified native HcpA (19 kDa) and recombinant His-HcpA (22 kDa) in modulating the immune 

response through the release of pro-inflammatory molecules by the epithelial cells [79, 271]. 

This study revealed a similar immunomodulatory response for both native HcpA and 

recombinant His-HcpA, suggesting the feasible use of recombinant protein for carrying out 

SELEX. Affinity chromatography based selection was carried out for HcpA aptamer 

development. Screening of populations of different rounds using EMSA evolved better DNA 

sequences with HcpA binding ability in the 10
th

 round of selection as compared to the 8
th

 round 

pool. Selected 10
th

 round of pool of DNA was cloned, sequenced and aligned. Using BioEdit 

software the sequences were categorized on the basis of sequence similarity. Putative aptamers 

from top eight groups exhibiting highest stability in terms of free energy were selected and 

synthesized with a fluorescence tag. Selected putative aptamers were screened for their binding 

confirmation by performing EMSA. The results confirm the binding of putative HcpA-38, 41, 

64 and 75 aptamers with HcpA pilin protein. 

Future experiments need to be carried, to determine binding affinity in terms of 

dissociation constant (Kd) for HcpA pilin protein. Kd can be calculated using either 

fluorescence binding assay, isothermal calorimetry (ITC) or EMSA. Experiments involving 

truncation of primer domains to shorten the aptamer length will enable us to get a smaller 

version of HcpA aptamers for development of nano-aptasesnor. Moreover, HcpA is specifically 

expressed and detected in serum of patients suffering from hemolytic uremic syndrome (HUS), 

and not in normal human serum [271]. Therefore, HcpA could be used as the marker for 

detecting E. coli O157:H7 infection in symptomatic patients. This can be achieved by 

combining aptamer with nanotechnology (based on gold nanoparticles, magnetic nanoparticles 

or single walled carbon nanotubes) for detecting E. coli O157:H7 [307, 319, 404-406]. 

Apart from being the signature protein for E. coli O157: H7, HcpA also plays an 

important role in pathogenesis [79, 273]. It is tempting to test the possible therapeutic role of 

HcpA aptamer for its inhibitory role in preventing the adherence of the E. coli O157H:7 cells in 

augmenting the infection once in contact with the intestinal epithelial cells [407]. 
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CHAPTER 6  

NANO BASED STRATEGIES FOR PATHOGEN CONTROL 

 

Increasing incidences of nosocomial infections due to multiple drug resistant (MDR) 

pathogens have become a serious concern. To tackle such infections there is a need for 

discovering a new antibacterial chemical matter. However, dearth of new antibiotics for 

treating such antibiotic resistant bacteria has led researchers to think of exploiting antimicrobial 

metals in innovative ways for combating such infections. In the present part silver 

nanoparticles capped with an antibacterial peptide polymyxin B were synthesized using a facile 

method. The capping of the nanoparticles was characterized using biochemical and biophysical 

methods. The enhancement in antibacterial potency of coated silver nanoparticle and endotoxin 

removal capabilities from solution were assessed. Finally the ability of polymyxin B 

functionalized silver nanoparticles was shown to inhibit biofilm formation of Pseudomonas 

aeruginosa. 

6.1. Characterization of bio-functionalized nanoparticles and evaluation of the 

antibacterial activity 

A batch of experiments with varying concentrations of polymyxin B (0-100 µg/ml) and 

times (0-60 min) was carried out to determine the optimum concentration and incubation time 

for the synthesis of polymyxin B capped silver nanoparticles (PBSNPs). The solution of 

polymyxin B and silver nitrate turned yellow in 30 min. Fig 6.1.1 shows a schematic 

representation of PBSNPs synthesis. The PBSNPs thus formed were dialyzed against water and 

sonicated using water bath sonicator prior to further characterization studies. 

 

Fig 6.1.1Schematic representation of synthesis of the polymyxin capped silver nanoparticles (PBSNPs). 
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The results in Fig. 6.1.2 show the UV visible absorbance spectra of the PBSNPs formed 

after 30 min with varying concentration of polymyxin B (0- 100 μg/ml).The absorbance spectra 

of the nanoparticles synthesized using 60 µg/ml showed a characteristic SPR peak of silver 

nanoparticles at 414 nm which reveals that the majority of the nanoparticles to be in nano range 

[408]. TEM analysis revealed that the PBSNPs were mono dispersed and spherical in shape 

with a mean diameter of 10±5 nm (Fig. 6.1.3). However, an increase in nanoparticle size 

(~71.5±0.5 nm) with polymyxin capping as estimated by DLS was observed which is likely 

due to bimolecular layering on the nanoparticles (Fig. 6.1.4). These results are in agreement 

with the findings that the hydrodynamic size of the nano-bioconjugates (through DLS) is often 

more than that was observed under TEM [409].  

 

Figure 6.1.2 UV–visible absorbance spectra of polymyxin B capped silver nanoparticles prepared using 

varying concentration of polymyxin B. 
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Fig 6.1.3 TEM images of PBSNPs at different scales: (A) 100 nm (B) 50 nm and (C) 20 nm revealing the size of 

PBSNPs to be 15±5 nm. 

 

 

Fig 6.1.4 Dynamic Light Scattering: Size distribution analysis by DLS demonstrated the size of PBSNPs to be 

~71.5±0.5 nm. 

The zeta potential of PBSNPs and CSNPs was recorded to be 12.8+5.34 mV and -25.2 

+7.15mV respectively, indicating the stability of prepared nanoparticles (Fig. 6.1.5) 
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Fig 6.1.5 Zeta potential measurement of PBSNPs and citrate capped silver nanoparticles (CSNPs):  Zeta 

potential distribution of (A) PBSNPs and (B) CSNPs was measured to be 12.8+5.34 mV and -25.2 +7.15 mV 

respectively. 

To determine the fate of polymyxin B used as the capping agent in the synthesis of 

biofunctionalized nanoparticles, FTIR analysis was performed. The FTIR data in Fig. 6.1.6 

reveals that the spectrum of PBSNPs was similar to the spectrum of free polymyxin B. FTIR 

analysis provides evidence about any change in the secondary or tertiary structure of protein 

that alters the hydrogen bonding between the CO and NH groups in the peptide backbone, 

resulting in alterations of the primary, secondary or tertiary amine bands between 1200 and 

1700/cm [410]. No such significant shifts were observed in this IR region of PBSNPs and free 

polymyxin B, as typical amide group peak was observed at 1635.85/cm in both the cases, 

indicating no major alterations occurred, in the functional groups of polymyxin B after capping 

on SNPs [411]. 

 

Fig 6.1.6 FTIR spectra for (a) pure polymyxin B (b) PBSNPs. 
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Further to confirm that polymyxin B preserved its secondary structure on the surface of 

biofunctionlized silver nanoparticles, CD spectra for free polymyxin B and PBSNPs were 

recorded. A negative peak typical of helix structures was observed at 200 nm (peptide π-π* 

transition) in the spectra of both the free polymyxin B in water and polymyxin B capped 

nanoparticles (Fig. 6.1.7) [412]. No such peaks were observed in case of CSNPs, which were 

used as control. 

 

Fig 6.1.7 Circular dichroism spectra for polymyxin, PBSNPs and CSNPs.  

It has been shown earlier that combined antibacterial action of silver nanoparticles and 

polymyxin B exerts synergistic effect on bacterial pathogens [413]. A simple method to 

immobilize polymyxin B on silver nanoparticles will be helpful to use these bio-functionalized 

nanoparticles as coatings for medical devices. Several studies have reported the conjugation of 

biomolecules via simple adsorption, covalent attachment, or electrostatic binding on the surface 

of nanoparticles for developing antibacterial surfaces [92, 360]. Recently, Soohyang et al. [414] 

reported antibacterial property of polymyxin B which was electrostatically conjugated to gold 

nanoparticles in a complex two step process. In the present study, the conditions optimized for 

capping silver nanoparticles with polymyxin B are facile thus leading to a stable and 

biologically relevant interaction of polymyxin B with nanoparticles. 

Owing to the presence of an extra outer membrane which prevents antibiotics to cross the 

double layer, Gram-negative pathogens are known to be resistant to a variety of antibiotics. To 

overcome the aforementioned problem, Gram-negative antibacterial drugs are being discovered 

which may be effective even without crossing the inner layer [415]. Dearth of new antibiotics 
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and development of antibiotic resistance has led researchers to explore antimicrobial metals 

such as silver in innovative ways. The bio-functionalized SNPs used in this study clearly 

showed a decrease in MIC (4.5 μg/ml) as compared to CSNPs (12.5 μg/ml) for their 

antibacterial activity against both antibiotic resistant Gram negative bacteria. Bar graph in Fig. 

6.1.8 demonstrates the anti bacterial activity of PBSNPs to be ~3 fold higher than CSNPs. 

 

 

Fig 6.1.8 Minimum inhibitory concentration of PBSNPs and CSNPs: Against Vibrio fluvialis L15318 and 

Pseudomonas aeruginosa PAO1. 

Further, the morphological effect of MIC of CSNPs and PBSNPs on both the cells was 

studied using SEM. The results in Fig.5.1.9 demonstrates an extensive damage to the cell 

membrane in presence of PBSNPs (c and f) as compared to CSNPs (b and e) and untreated 

cells (a and d). 
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Fig 6.1.9 Scanning Electron Micrograph: Panels (a) and (d) shows control cells (without SNPs). Panels (b) and 

(e) shows CSNPs treated cells. Panels (c) and (f) PBSNPs treated cells. (a-c) Vibrio fluvialis L-15318 and (d-f) 

Pseudomonas aeruginosa PAO1. 

Silver has been adored and appreciated for ages for its antibacterial activity has been 

appreciated, yet the exact mode of action of silver is an enigma to this world. While significant 

research has concluded that silver nanoparticles offer better antibacterial activity as they allow 

more effective contact with bacteria due to their large surface area property. The possible ways 

silver nanoparticles exert their antimicrobial activity after interacting with bacterial cells is by 

(a) release of silver ions and generation of reactive oxygen species (ROS); (b) interaction with 

membrane protein and disrupting its function; (c) disturbing the cell membrane permeability by 

accumulation; (d) entering into the cells, releasing the silver ions and generating ROS thus 

causing DNA damage [355, 356]. Fig. 6.1.10 shows a pictorial representation of the possible 

mode of action of PBSNPs.  
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Fig 6.1.10 Different mode of action of PBSNPs: An attribute to its antibacterial activity against the bacterial cell. 

The plausible explanation for the extensive damage caused by PBSNPs is that they get 

attached to bacterial surface making small and transient holes which disturb the functions of the 

bacterial membrane. Subsequently, disruption of bacterial membrane leads to the leakage of the 

cytoplasm resulting in wilting of the cells. These results indicate that the enhanced antibacterial 

activity of PBSNPs was due to the presence of a large number of polymyxin B molecules on 

the surface of SNPs. The interaction of these conjugates provided ample opportunity for both 

agents to act on the bacteria simultaneously, thus enhancing its inhibitory effect [413, 416]. 

SEM images of PBSNPs, CSNPs and untreated cells at different magnification for Vibrio 

fluvialis (Fig 6.1.11, 6.1.12 and 6.1.13) and Pseudomonas aeruginosa PAO1 (Fig 6.1.14, 6.1.15 

and 6.1.16) are shown below 

 

 

 

 

 



124 

 

 

 

Fig 6.1.11 Scanning Electron Micrograph: PBSNPs treated Vibrio fluvialis L-15318 at different magnification 

(A) 20,000 X and (B) 50,000 X 

 

Fig 6.1.12 Scanning Electron Micrograph: CSNPs treated Vibrio fluvialis L-15318 at different magnification 

(A) 5000 X, (B) 20,000 X and (C) 50000 X. 
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Fig 6.1.13 Scanning Electron Micrograph: Untreated Vibrio fluvialis L-15318 at different magnification (A) 

5000 X, (B) 10,000 X and (C) 50000 X. 

 

Fig 6.1.14 Scanning Electron Micrograph: PBSNPs treated Pseudomonas aeruginosa PAO1 at different 

magnification (A) 5,000 X (B) 10,000 X and (C) 50,000 X. 



126 

 

 

 

Fig 6.1.15 Scanning Electron Micrograph: CSNPs treated Pseudomonas aeruginosa PAO1 at different 

magnification (A) 5,000 X (B) 10,000 X and (C) 50,000 X. 

 

Fig 6.1.16 Scanning Electron Micrograph: Untreated Pseudomonas aeruginosa PAO1at different 

magnifications (A) 5,000 X (B) 10,000 X and (C) 50,000 X. 
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6.2. Effect of bio-functionalized nanoparticles on biofilm formation 

Adhesion of planktonic cells on the surface of biomedical implants and devices is the 

primary and important step for initiation of biofilm formation [417, 418]. P. aeruginosa have 

been found associated with biofilms in hospital settings and other environment [419-421]. The 

activity of PBSNPs against P. aeruginosa prompted us to test the ability of these functionalized 

nanoparticles for their antibiofilm activity against P. aeruginosa. Fig. 6.2 shows that upon 

exposure of PAO1 cells to MIC of PBSNPs (4.5 μg Ag0
/ml, Fig. 3 A) and CSNPs (12.5 

μgAg0
/ml, Fig. 3 B), a complete inhibition of bacterial growth (O.D600) occurred, with no 

biofilm formation (O.D550) after 6 h of incubation, as compared to the control. The above 

results reveal that PBSNPs display ~3 fold higher antibiofilm activity as compared to CSNPs, 

suggesting a paramount role being played by the capping agent; polymyxin B. Concurrent 

inhibition of planktonic cell growth and biofilm formation with increasing concentration of 

PBSNPs suggests that this formulation is refractory to the establishment of bacterial biofilm 

likely due to inhibition of planktonic cells.   

F

ig 6.2 Inhibition of biofilm formation:  (A) Cells treated with PBSNPs; (B) cells treated with CSNPs. The line 

graph indicate the biofilm biomass at 550nm (O.D550) and the bar graph represents the bacterial growth at 600 nm 

(O.D600). 

6.3. Live/Dead staining of bacteria in biofilm  

To ascertain the antibiofilm activity of PBSNPs, P. aeruginosa PAO1 biofilm was 

assayed on the glass coverslip with MIC (4.5 μg Ag0
/ml) and sub-MIC concentration (2.25 μg 

Ag
0
/ml) of PBSNPs under stationary conditions for 6 h. Viability of  attached cells on the 

coverslip was evaluated by a mixture of  SYTO9 (stains the total nucleic acid content of  the 

cells; thus staining dead as well as live cells) and  PI dye (unable to penetrate the intact 

cytoplasmic membrane of healthy cells; thus  staining only the dead cells)  [380, 422]. 
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Although cells were able to adhere to the coverslip in MIC (4.5 μg Ag0
/ml) and sub-MIC (2.25 

μg Ag0
/ml) treatments, yet the relative cell density was reduced as compared to the untreated 

cells thus demonstrating the inhibitory effect of PBSNPs. Fig 6.3 (A) shows the effect of MIC 

treated cells which resulted in death of most of the bacterial cells.  The ratio of (i) live to (ii) 

dead cells was significantly higher in case of sub-MIC treated cells (B) as compared to the 

untreated cells (C) where the confluent layer of live cells on coverslip were stained green. The 

inhibitory effect of silver nanoparticle treatment on planktonic cells of P. aeruginosa PAO1 

was also observed in a recent study [381]. The killing efficiency of PBSNPs in our study was 

found to be 2.5 times more effective than the reported values [381]. This highlights the 

importance of bio-functionalization of nanomaterials at surfaces for controlling infections. 

 

Fig 6.3 Live/Dead staining of biofilm on glass coverslips: (A) PBSNPs MIC treated cells, (B) PBSNPs sub-MIC 

treated cells and (C) untreated cells. (i) represents green cells as live and (ii) red cells as dead 
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6.4. Viability analysis of PBSNPs treated P. aeruginosa PAO1 using Flow cytometer  

Viability analysis by standard plate assay may give a false impression on bactericidal 

nature of an antibacterial agent by reducing the cultivability of cells, while they remain 

dormant and recover later after a certain period of time. [423]. Further, to confirm the killing 

efficacy of PBSNPs against PAO1 planktonic cells, MIC treated cells were stained with 

Live/Dead stains and analyzed by flow cytometery, providing us a realtime assessment on 

bacterial viability [380, 381]. Fig. 6.4 shows the flow cytometry analysis of untreated unstained 

cells (A), untreated stained cells (B) and stained PBSNPs cells at MIC (C) as test sample.  

Based on the staining pattern the cells were divided in quadrants highlighting their viability 

status. In Fig. 6.4 A, 97.72% of untreated cells were gated in LL region of the scatter plot 

signifying the unstained nature of cells. Untreated stained cells (Fig. 6.4 B) showed an increase 

in green fluorescence signal representing 87.72% cells in UL quadrant as live. Whereas, 

97.34% of PBSNPs treated cells at MIC levels displayed a clear shift in both green and red 

fluorescence signal and were observed in UR quadrant as dead cells take up both the stains 

(Fig. 6.4 C), thus indicating the killing efficiency of PBSNPs towards PAO1 cells.. The flow 

cytometry data is in agreement with the fluorescence microscopy for both untreated (Fig. 6.4 

D) and treated (Fig. 6.4 E) stained cells. Overall, the data in this study strongly supports the 

bactericidal potency/nature of PBSNPs which can be exploited for other medical purpose. 
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Fig 6.4 Live/Dead staining of planktonic P aeruginosa PAO1 cells by flow cytometer and fluorescence 

microscopy: Flow cytometer scatter plot for (A) untreated unstained cells, (B) untreated SYTO9/PI stained and 

(C) PBSNPs MIC treated cells stained with SYTO/PI stains is represented .Different quadrants such as, lower left 

(LL) represents the unstained cells, upper left (UL) region represents live cells and dead cells are seen in upper 

right (UR) region. Fluorescence microscopy of (D) untreated stained cells and (E) PBSNPs MIC treated stained 

cells is represented, where  (i) represents live cells stained as green, (ii) dead cells stained as red. 

6.5. Antibacterial potency of PBSNPs coating 

Antibacterial surfaces of materials used for medical devices can complement the fight 

against the pathogens which propagate in sessile stage. Since PBSNPs inhibited one of the 

biofilm associated pathogen P. aeruginosa PAO1 effectively, we tested if the functionalized 

nanoparticles could be adapted for coating on the surgical devices and if they could retain their 

inhibitory property following the composite coating. For this, PBSNPs were electroplated on 

stainless steel surgical blades to scrutinize their antibacterial potency. A uniform coating of 

PBSNPs onto the surgical blade was observed by AFM study (Fig. 6.5 A). The antibacterial 
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activity assayed by agar-diffusion test (Fig. 6.5 B) revealed that (a) PBSNP coated blades 

showed enhanced antibacterial activity as compared to blades coated with (b) CSNPs alone 

(smaller inhibition zone), (d) PBSNPs coated blade when treated with proteinase K (as broad 

spectrum serine-protease) exhibited significantly reduced antimicrobial activity and (c) 

uncoated blades (no inhibition zone). These results confirmed that the enhancement in 

antibacterial activity of PBSNPs coated surgical blades was due to polymyxin B. 

 

Fig 6.5 (A) AFM image of PBSNPs coated on surgical blade; (B) Antimicrobial assay measuring the antimicrobial 

activity of coated blade against P. aeruginosa PAO1. (a) Blade coated with PBSNPs. (b) Blade coated with 

CSNPs. (c) Blade coated with PBSNPs followed by proteinase K treatment. (d) Uncoated blade. Zone of 

inhibition are observed surrounding the blade (broken red circles). 

6.6. Removal of endotoxin by PBSNPs 

We expanded the utility of such bio-functionalized SNPs further in medical applications. 

Polymyxin B is known to interact with LPS part of lipid A of Gram-negative bacterial cell 

walls. LPS is also known as endotoxin which is shed by Gram-negative bacteria and is 

notorious in causing sepsis and septic shock [424]. Preservation of biological activity of the 

polymyxin B upon capping on SNPs prompted us to investigate the ability of such bio-

functionalized nanoparticles to remove endotoxin from solutions which was tested using a 
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conventional chromogenic Limulus Amebocyte Lysate endotoxin assay (Fig. 6.6). The 

PBSNPs efficiently removed endotoxin from the test samples (~97%) as compared to control 

(~16%). The efficient removal of endotoxin could be attributed to the large number of 

polymyxin molecules present on SNPs due to their enhanced surface to volume ratio as 

compared to conventional column matrix. Herein, we have exploited PBSNPs as an efficient 

agent for endotoxin removal and could be developed further for removal of endotoxin from 

other biological fluids while keeping the infections under control. 

 

Fig 6.6 Endotoxin removal capability of PBSNPs:  (A) Control endotoxin (no agent added); Removal by (B) 

PBSNPs; (C) CSNPs. Original picture of the wells (top inset) along with graphical representation (bottom). 

Percentage on X- axis represents the residual endotoxin after the treatment. 

6.7. Conclusion 

Due to multiple modes of action against bacterial pathogens, inability of the bacteria to 

develop resistance against silver is well established. In the present investigation, we have 

increased the potency of silver by synthesizing bio-functionalized silver nanoparticles 

(PBSNPs) using a facile method and have characterized them using various biophysical and 

analytical techniques. Due to a simple and straightforward method of synthesis, on decoration, 
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the antimicrobial peptide was found to retain its antibacterial property which was a problem as 

reported in a recent study [425].  The capping of polymyxin B on the silver nanoparticles 

enhanced the antimicrobial effectiveness of the nanoparticles. We have also explored various 

medically relevant applications of these bio-functionalized silver nanoparticles. The composite 

antimicrobial coating of PBSNPs on surgical blades via electrophoretic deposition proved 

effective in inhibiting the biofilm forming multiple antibiotic resistant bacterial strains. Biofilm 

formation on solid surfaces is a survival strategy of bacterial populations. These biofilms have 

been found to be associated with recalcitrant bacterial infections in medical devices and 

patients with compromised immune system [44]. Development of efficient antibacterial coating 

has been recognized as a major challenge to mitigate biofilm formation and controlling the 

infectious agents in the hospital settings. Polymyxin B capped nanoparticles reported in this 

study offer an opportunity to develop effective strategy to fight infectious agents in general and 

hospital acquired infections in specific. The usefulness of PBSNPs has also been extended to 

endotoxin removal from solutions, which widens the applications of these surface modified 

nanoparticles. Future challenges to this approach will be to study the stability and physical 

layering of the antimicrobial peptide coating on medical devices. Also, the performance of the 

antimicrobial coating under different pathological conditions including ability to resist biofilm 

formation needs detailed investigations before this approach can be tested at clinical stage. 
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