Development of Nanomaterials Based Biosensors for Breast Cancer Detection

Thesis submitted 
to 
DELHI TECHNOLOGICAL UNIVERSITY 
for the award of the degree of 
DOCTOR OF PHILOSOPHY
in
BIOTECHNOLOGY
[image: F:\delhi-technological-university.jpg]







Submitted by 
Shine Augustine
Department of Biotechnology
DELHI TECHNOLOGICAL UNIVERSITY
DELHI - 110042, INDIA
AUGUST 2020











©DELHI TECHNOLOGICAL UNIVERSITY-2020
ALL RIGHTS RESERVED











“If I have seen any further, it is by standing on the shoulder of Giants”
-Sir Isaac Newton



DECLARATION

I, Shine Augustine, certify that the work embodied in this Ph.D. thesis is my own bonafide work carried out by me under the supervision of Prof. Pragati Kumar (Department of Electrical Engineering, Delhi Technological University, Delhi) and Prof. Bansi D. Malhotra (Department of Biotechnology, Delhi Technological University, Delhi) for a period of July 2014 to July 2020 at Department of Biotechnology, Delhi Technological University, Delhi-42. The matter embodied in this Ph.D. thesis has not been submitted for the award of any other degree/diploma.
I declare that I have devotedly acknowledged, given credit and refered to the research workers wherever their works have been cited in the text and the body of thesis. I further certify that I have not wilfully lifted up some other’s work, para, text, data, results etc. reported in the journals, books, reports, dissertations, thesis etc., or available at websites and included them in Ph.D. thesis and cited as my own work.

Date:  26.08.2020
Place:  Delhi
[image: C:\Users\Sheeba\Downloads\WhatsApp Image 2020-05-07 at 18.22.45.jpeg]
Shine Augustine
 (Reg. No.: 2K14/Ph.D./BT/05)



[image: F:\delhi-technological-university.jpg]DELHI TECHNOLOGICAL UNIVERSITY


CERTIFICATE
This is to certify that the Ph.D. thesis entitled "Development of Nanomaterials Based Biosensors for Breast Cancer Detection" submitted by Ms. Shine Augustine (Registration No.: 2K14/Ph.D./BT/05) to the Delhi Technological University, Delhi-42, for the award of Doctor of Philosophy is based on the original research work carried out under our supervision. It is further certified that the work embodied in this thesis has neither partially nor fully submitted to any other university or institution for the award of any degree or diploma.


 (
Dr. Bansi D. Malhotra
(
Co-
Supervisor)
Professor
Department of Biotechnology
Delhi Technological University
Delhi-42 (India)
) (
Dr. Pragati Kumar 
(Supervisor)
P
rofessor 
Department of Electrical Engineering
Delhi Technological University
Delhi-42 (India)
)










 (
Prof. Jai Gopal Sharma
Head,
Department of Biotechnology
Delhi Technological University
Delhi-42 (India)
)

xv

Acknowledgements

The journey of this research has been a long story of numerous challenges, hurdles and victories that has finally led to the final stage for a cherished and a lifelong academic dream.
There are no proper words to convey my deep gratitude and respect for my thesis and research supervisors Prof Pragati Kumar, Department of Electrical Engineering and Professor Bansi Dhar Malhotra, Department of Biotechnology, Delhi Technological University, Delhi-42. Words are not enough to express my sincere gratitude and respect that I feel for Prof. Bansi Malhotra for his scientific vision, enthusiasm, integral view on research and aspiration to achieve perfection that inspired me constantly to perform quality work.  This journey would not have been possible without Prof. Pragati Kumar, for showing unbiased, steady and kind support during the struggling hours of my Ph.D. days and making me tougher, when situations seemed to be tough. They have mentored me in different ways and were always fervent in lending support.
I want to take this opportunity and thank Prof. Yogesh Singh, Vice chancellor, Delhi Technological University, Delhi for providing me with the necessary research facilities, timely address to the difficult situations and also valuing the efforts of university researcher through the new Research Award Scheme.  I am also thankful to Prof. Jai Gopal Sharma (Current HOD), Prof. R.C Sharma and Prof. D Kumar (Former HODs) for providing support with the research facilities without which the research work would not have been completed. I am also highly grateful to Prof. Suresh Sharma (current Dean-PG) and Prof. Vishal Verma (former Dean-PG), Prof. Pravir Kumar (DRC chairman, Department of Biotechnology) for their timely responses and encouraging support during this journey. I am thankful to the DRC members (Prof. K. K Agarwal, University School of Biotechnology, GGSIP University and Prof. Tapan K Chaudhuri, Kusum School of Biological Sciences, IIT Delhi) and SRC members (Prof. Subash Chand and Prof. Virendra S. Bisaria, Biochemical Engineering and Biotechnology, Indian Institute of Technology, Delhi, Prof. Niitn K Puri, Department of Applied Physics, and Prof. Navneeta Bhardwaj, Department of Biotechnology, Delhi Technological University. Delhi for their suggestions and valuable comments during the various stages of this Ph.D. journey.   I also thank all the faculty member of the Department of Biotechnology (Dr.  Yasha Hasija, Dr. Asmita Das, Dr. Nirala Ramchiary, Dr. Smita Rastogi, Dr. Saurabh Saxena, Dr. Prakash Chandra and Dr Kirti Bhandari) for their guidance and useful support during my study period. I am also thankful to the senior technical staff of the Department of Biotechnology specially Mr. Chhail Bihari, Mr. Jitender Singh and Ms. Saumya Maurice, and all the other staff for their help in the processing of documents and being there whenever required.  I express my gratitude to Dr. B. K. Yadav, Dr Anurag Mehta, and Dr. D.C Doval, Rajiv Gandhi Cancer Institute and Research Centre, Delhi, for providing me the clinical samples. I also wish to convey my sincere thanks to Prof. Rajinder K Gupta, Department of Applied Chemistry, Delhi Technological University for his active support and guidance during the difficult days of this journey.
I will always cherish the experience of working with Prof. John HT Luong, (Department of Chemistry, University College Cork, Ireland) during his visit to DTU. His scientific advice, knowledge, insightful discussions and suggestions helped me to learn more about science and life. Further, I am also thankful to my former research mentor Prof. Manimegalai (Karunya University, Coimbatore) for providing sincere advices and being a role model as a teacher. 
I sincerely acknowledge the University Grant Commission (MANF) for Junior Research Fellowship and Council of Scientific and Industrial Research (CSIR), Govt. of India, New Delhi, Senior Research Fellowship, which supported me to perform my work comfortably. I would also extend my gratitude to the Department of Science and Technology (DST, Govt. of India) for the award of International Travel Grant for attending the XIV International Conference on Nanostructured Materials -NANO 2018” in Hong Kong.
A good support system is important for surviving and staying sane in the Ph.D. Journey. I was lucky to be a part of NanoBioelectronics Lab, and I also thank the current and the former members for making the environment live and fun filled with loads of scientific engagements. I may not mention all but I feel that, there are many people who have contributed one way or other for the formation of this thesis and thus deserves a spot.
 I would like to thank Dr. Suveen Kumar and Dr. Saurabh Kumar for always being there and assuring me with their kind, sincere advices and opinions on professional and personal fronts and I am sure it would continue further. I would like to thank Dr. Saurabh Srivastava, Dr. Chandra Mouli Pandey, Dr. Sharda Nara and Dr. Shipra Solanki for their constant suggestions and moral support during this journey. I would also like to acknowledge the M.Tech. Trainees-Sacchidanand, Ashish, Anas, Rahul, Ratan and Akanksha for being a part of this journey and helping me whenever and wherever possible.  I would like to thank the previous undergrad final year trainees (Samar, Saumya, Govind, Kapil and Hira) and the current final year trainees (Udiptya and Keshav) for carefully listening and improving the atmosphere of the lab with their curious questions and at times insightful responses. I would extend my heartfelt thanks to Niharika (also my joyful and rocking flatmate) and Tarun (Cheerful and curious one), you both shared my disappointments when experiments failed, rejoiced every piece of insight, advised when needed and listened to me as an audience. I still get a laugh when I reminisce about the time we spent on our little trips and the fun we shared. I would also thank my other colleagues who were not the part of NBL group but helped me out including Raghav, Shehnavaz, lakhan and Kamal. 
I cannot forget my friends Pranjal, Divya, Manish, Ann, Tritty, Vijini, Rasha, Manoranjitham and Eldin who went through hard times together, cheered me on, and celebrated each accomplishment. 
I would like to acknowledge Lokender Yadav, a true visionary and a remarkable person who introduced me to the power of ideas. It is impossible not to feel an urge to change the world after listening to him even for a moment. Thank you for guiding me throughout the years. 
Beyond all, my vocabulary fails in expressing my true gratitude to my parents and family for their unconditional and infinite love, support, patience and sacrifice. The love, support and care they have shown towards me through the years have made me reach to this stage. I would like to acknowledge my mother (Mrs. Alice Augustin) for teaching me to stay calm and composed even in the most difficult situations of life. My sisters (Mrs. Sussi Joseph and Mrs. Simmi Stephen) who have been my backbone, strength and my roof since my kindergarten years and I know they would remain so. I cannot forget the efforts from my brothers–in-law (Mr.Rajeev Joseph and Mr. Vishal Stephen) for their unfailing care, active support, cooperation and love. I should not forget the contributions and encouragement by Ms. Sheeba Williams and Mr. Sanjay Pal for being there with my family and me during the most difficult times. They appreciated my efforts and always provided cheerful encouragement and support during the period of thesis writing.
Lastly, this endeavour would not been materialised without the blessings of the Almighty to whom I am always indebted for everything.



Shine Augustine 


ABSTRACT

Nanomaterials can be defined as the materials whose dimensions fall in the range of 1-100 nm, exhibiting peculiar chemical, physical and molecular properties compared to the bulk counterpart.  They have proven to be of significant interest in the field of physical, chemical and biological systems. Among the different nanomaterials, transition metal oxides (TMOs) have emerged as a new class of material towards the advancement of technology in different domains. TMOs are composed of oxygen atoms bound to the transition metals leading to different physiochemical characteristics and polymorphism. With respect to their bulk counterpart, the nanostructured transition metal oxides (nTMOs) have attracted enormous interest due to their high surface activity, better catalytic efficiency, remarkable electrochemical properties, and variable oxidation states. Among the various nTMOs, molybdenum trioxide (MoO3) has gained immense attraction in the field of material science. The nanostructured MoO3 possess outstanding physical, chemical and electronic properties such as good electrical conductivity, tuneable band gap, optical and high catalytic activity etc.  Owing to these unique characteristics, MoO3 has found many applications including electrochromic systems, energy storage units, superconductors, thermal materials, antibacterial, gas and biomedical sensors. Moreover the different oxidation states of MoO3 ranging from +2 to +6 aids in the formation of different conducting oxide states that facilitate free movement of electrons and depending on the application, they can be functionalised using stable chemical linkers (such as APTES,MPTES and Serine etc.)
Cancer is currently a serious concern and is a medical threat to the contemporary world. In 2018, around 8.1 million cases and 9.6 million cancer deaths were reported (GLOBOCAN) aggravating the need for its early diagnosis. As reported by the International Agency for Research on Cancer (IARC), the trend is likely to increase due to the limited availability of diagnostic equipment.  Among the major cancer, types (Prostate, Breast, Leukaemia, Colon, Lung, Liver etc.) breast cancer (BC) is the most frequent in women worldwide and may be curable in ~70–80% of patients in early-stages of the disease. It presently accounts for about 11.6 % of all the female cancers and 22.9% of invasive cancers in women. Several conventional techniques such as biopsy, immunohistopathology, Fluorescence in situ hybridization (FISH), Enzyme linked immunosorbent assay (ELISA) and mammography are currently utilised for breast cancer detection. These techniques are quite complex and also necessitate collection of a tissue sample by an experienced surgeon, analysis by physician and pathologist, requires at least 8-10 days for the analysis. Additionally, they are expensive and may yield false-negative result rates with a limited potential for early diagnosis of the disease.
For the last two decades, simple and fast analytical techniques based on electrochemical sensors have been found to have considerable potential due to their high sensitivity, selectivity, lower detection limits, multi target analyses, reduced costs of testing, low power consumption, simple instrumentation and point-of-care testing. Moreover, the detection of clinical biomarkers plays a crucial role in the detection of breast cancer, design of individual therapies, and to identify underlying processes involved in the disease. Among the various known biomarkers for breast cancer,  Estrogen receptor (ER), Progesterone receptor (PR) and Human epidermal growth factor receptor 2 (HER-2) are some of the relevant biomarkers for the diagnosis and routine monitoring of breast cancer. An individual who is prone to breast cancer undergoes this triple marker test. Moreover, it may be helpful in deciding the treatment strategies (Endocrine or Trastuzumab therapy) for the breast cancer patient.
[bookmark: _Hlk26275127]HER-2 is a transmembrane protein comprising of tyrosine kinase receptor of 185 kDa that is responsible for the growth and differentiation of the breast cells. The extracellular domain of HER-2 is cleaved into serum, leading to the fluctuation in its concentration indicating the presence of the disease. The higher levels of HER-2 are associated with overexpression of HER-2 (20-30%), increased tumour burden resulting in the emergence of breast cancer. The average level of HER-2 in serum is determined to be around ~ 15 ng mL-1 and it rises to ~75 ng mL-1 in the advanced stage. Thus, monitoring of HER-2 levels in serum can be utilised for the timely diagnosis and prognosis of this disease.
[bookmark: _Hlk26275582]In the present thesis, attempts have been made to fabricate label-free, simple, biocompatible biosensing platforms based on nTMOs (nMoO3) and its hybrid (MoO3@RGO and MoO3@NH2-MWCNTs) for the detection of breast cancer serum biomarker (HER-2). In this context, efforts have been made to synthesize nMoO3 via one-pot hydrothermal method and subsequently functionalise with APTES linker molecules for covalent attachment of HER-2 biomolecules. Further, to improve the conductivity and electroactive surface area, these nMoO3 was  incorporated into a 2D carbon substrates (reduced graphene oxide, RGO) resulting in better charge transfer ability, increased mechanical stability, and efficient heterogeneous electron activity with the improved surface area. Likewise, to further enrich the biosensing parameters such as better sensitivity, detection limit and with reduced steps of fucntionalisation, amine functionalised multi-walled carbon nanotubes (-NH2-MWCNTs) was introduced along with the MoO3. The aminated MWCNT  aided in simpler fabrication strategy by reducing the requirement of linker needed for bioconjugation. This nanocomposite exhibited excellent electrochemical conductivity with enhanced heterogeneous electron activity towards HER-2 detection. The results obtained using the fabricated biosensors in the clinical samples (serum) are in good agreement with the ELISA results. 

The thesis is divided into six Chapters as described below:
Chapter 1 on “Introduction and Literature Review” highlights the importance of transitional metal oxides, their characteristic properties and application with emphasis on its utility as biosensors. Besides this, attempts have been made to give a detailed literature review on the different aspects of transitional metal oxides (nTMOs) and hybrids with carbonaceous materials (RGO, MWCNTs) and their functionalization with linker molecules. Efforts have been made to highlight the importance of breast cancer diagnosis along with the existing gaps in the current detection systems. Further, the salient features of antibodies used for fabrication of electrochemical immunosensor for the detection of breast cancer biomarker have also been discussed.
Chapter 2 based on “Materials and Experimental Techniques” gives details of the various experimental techniques such as Fourier transform infra red (FTIR) spectroscopy, Raman spectroscopy, X-ray Diffraction (XRD), Brunauer-Emmett-Teller (BET), Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Atomic force microscopy (AFM) that have been used to characterize the nanostructured molybdenum trioxide (nMoO3) and its hybrids with RGO and NH2-MWCNTs based electrodes and immunoelectrode. Electrochemical techniques such as cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) have been utilized to characterize these nTMOs based electrodes and immunoelectrode. Electrochemical studies of the fabricated immunoelectrode as a function of HER-2 concentration have been conducted using DPV technique. Attempts have been made to describe the different procedures and protocols used to estimate the figure of merit of nTMOs based immunosensor for breast cancer biomarker (HER-2) detection.
Chapter III unravels the results of the studies relating to the fabrication of emerging nanostructured molybdenum trioxide (nMoO3) based immunosensor. The synthesis of nMoO3 using one pot hydrothermal method followed by its functionalization using APTES linker. The electrophoretically fabricated APTES/nMoO3/ITO electrode was covalently immobilized with anti-HER-2 using EDC-NHS linker chemistry. The results of SEM and TEM studies have revealed the one-dimensional (nanorods) morphology of the as-synthesised nanomaterial. The biocompatible behaviour was investigated using human HEK 293T cell lines. The results of electrochemical studies of the proposed immunosensor revealed high sensitivity (0.904 μA mL ng-1 cm-2), wide linear detection range (2.5-110 ng mL-1) and a lower detection limit of 2.47 ng mL-1 with a shelf life of 30 days. The response of immunosensor was validated using serum samples of breast cancer patient and were found to be in acceptable limit. This is the first report on the biosensing application of the synthesised nMoO3 that exhibited a simple, label free and biocompatible biosensor. In order to further, improve the sensitivity and linear range of the fabricated immunosensor nMoO3 was incorporated onto the 2D electroactive reduced graphene oxide (RGO) sheet to form a nanohybrid resulting in enhanced electrochemical properties.
Chapter IV describes results of the studies relating to the in situ preparation of the MoO3 prepared onto the reduced graphene oxide (RGO) via one-pot low-temperature hydrothermal synthesis and further functionalized via APTES.  RGO is an electroactive material containing various active sites wherein the nucleation of MoO3 starts and results in the growth of nanorods under hydrothermal conditions. The MoO3 prevents restacking of the RGO sheets, providing room for enhanced electron mobility by shuttling mechanism. The surface area of this hybrid (258 m2 g−1) was found to be 14 times greater than that of pristine nMoO3 (17.19 m2 g−1) and the pore size was enhanced by four times. Thin films of this nanohybrid (APTES/nMoO3@RGO) was deposited onto ITO coated glass substrate using electrophoretic deposition (40 V for 2 min) technique. Subsequently, the monoclonal antibodies (anti-HER-2) were immobilised via EDC-NHS covalent chemistry onto the APTES/MoO3@RGO/ITO electrode. The APTES/MoO3@RGO/ITO electrode has shown improved heterogeneous electron transfer (>1.5 times) with respect to that of the APTES/ nMoO3/ITO electrode indicating faster electron transfer kinetics. This nanohybrid based immunosensor sensor BSA/anti-HER-2/APTES/MoO3@RGO/ITO has shown improved parameters i.e. higher diffusion coefficient; enhanced heterogeneous electron transfer and improved biomolecular loading resulting in broader linear detection range (0.001-500 ng mL−1), better sensitivity (13 µA mL ng−1 cm−2) and high selectivity. Moreover, the remarkable lower limit of detection 0.001 ng mL−1 revealed that this sensor could be used to detect even minute concentration of HER-2 biomolecules in the physiological range. Further efforts have been made to fabricate a simpler, reliable biosensor with enhanced sensitivity and improved shelf life towards efficient detection of breast cancer biomarker. For this purpose, amine functionalised multi-walled carbon nanotubes (NH2-MWCNT) was introduced along with the MoO3 leading to the nanocomposite formation.
Chapter V demonstrates the results of the studies relating to the fabrication of an electrochemical biosensor based on the as synthesised nanohybrid of MoO3@NH2-MWCNTs via one-pot hydrothermal synthesis. The NH2-MWCNTs is known to possess excellent electrical properties, high aspect ratio, large specific surface area and faster electron transport. Moreover, the incorporation of MoO3 with NH2-MWCNTs results in superior immunosensing platform leading to improved electrochemical performance and better sensitivity towards the detection of HER-2. The SEM studies of the as synthesised nanocomposite reveal the formation of nanorods wrapped with thin fibres of –NH2-MWCNTs forming a dense network. In addition, the -NH2-MWCNTs resulted in enhanced heterogeneous electron transfer (~10 times) compared to pristine MoO3 with an average surface area of 63 m2 g-1. This fabricated immunosensing platform using anti-HER-2 as antibody towards HER-2 detection exhibited remarkable sensitivity of about 26 µA mL ng−1 cm−2  per decade in the dynamic  linear range (10-6–103 ng mL-1) and shelf life of about five weeks when stored  at 4 °C. Thus, the MoO3@NH2-MWCNTs composite have shown excellent electrochemical behaviour (sensitivity and linear range) with respect to APTES/nMoO3 and APTES/MoO3@RGO based electrodes and have potential to be utilised as immunosensing matrix for the detection of other cancer analytes including ovarian, lung etc.
Chapter VI on “Summary and future prospects” highlights the role of nTMOs and its hybrids and their arrangement in the fabrication of efficient biosensors for breast cancer biomarker (HER-2) detection. Further, it also discusses the future prospects pertaining to the commercialization aspects for development of flexible platforms and towards multi analyte detection.
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Chapter 1
Introduction and Literature Review




1. Introduction
1.1. Nanomaterials 
Nanomaterials are defined as the materials whose dimensions fall in the range of 1-100 nm, exhibiting peculiar chemical, physical and molecular properties as compared to the bulk counterparts [Figure 1.1]. They have proven to be of significant interest in the field of physical, chemical and biological systems.[1] The reduction in the size of a material towards the atomic dimension results in the transfer of energy to the quantized levels. As the size starts reducing in the material, the confinement of electronic motion occurs, leading to the change in its physical and chemical properties. The quantum confinement in a nanomaterial brings collective oscillations of electrons in the conduction band exhibiting improved electrical and optical properties.[2]

[image: ]Figure 1.1: Relative scale for nanomaterial dimensions [Adapted from ECA]

In addition to the reduction in size, the surface atoms become more dominant and tend to impart better characteristics. The upper size limit of a nanomaterial or a nanosystem is attained when further increase does not modify the properties of the material (i.e. there is no further transition of quantitative to qualitative changes). In short, the nanomaterials are known to exhibit increased surface-to-volume ratio, enhanced chemical activity and mechanical strength with higher specific heat and electrical resistivity. Nanomaterials are mainly classified as zero (spheres, dots), one (nanorods, nanowires, nanobelts, nanotubes), two (nanosheets, nanoflakes) and three-dimensional (nanocubes, nanocages etc) depending upon the quantum confinement effect. The movement of electrons in zero dimensional is confined in all three directions, in one-dimension, electrons move freely in one direction, in two-dimensions it can move in two directions and in three-dimensions, it can move in all three directions. Moreover, depending upon the nature of the material and its unique properties, nanomaterials can be categorized as inorganic nanomaterials such as metals (e.g. gold, silver etc.)/metal oxides (iron oxide, hafnium oxide etc) and organic nanomaterials like carbon nanomaterials (graphene, carbon nanotubes etc) and polymeric nanomaterials etc. Among the different nanomaterials, transition metal oxides (TMOs) have emerged as a new class of material towards the advancement of technology in different domains[3, 4].
1.2.  Transition metals oxides
The term ‘transition metal’ as per the IUPAC definition is understood to be as the element from group 4 to group 11 having an  atom with a partially filled d sub-shell, or the one having cations with an incomplete d sub-shell including yttrium and scandium from group 3.[5] The transition metal oxides (TMOs) are composed of oxygen atoms bound to the transition metals leading to different physiochemical characteristics and polymorphism.[6] These mainly occur in the form of monoxides, dioxides and trioxides based on the crystal packing. [7] With respect to their bulk counterpart, the nanostructured transition metal oxides (nTMOs) have attracted enormous interest due to their high surface activity, better catalytic efficiency, remarkable electrochemical properties, and variable oxidation states.[7] For nTMO, the particle size influences its characteristics specifically in two ways. One is the change in the lattice parameters, structural symmetry and cells. Secondly the presence of under-coordinated oxygen vacancies in corner or edges produces different electronic states from the bulk[8]. The nTMOs have s-shells of positive metallic ions filled with electrons, whereas the d-shells remain partially filled resulting in good electrical characteristics, semiconducting behaviour and high dielectric constants. Moreover, in energy band, the s-band is pushed up in energy from the anti-bonding orbitals with a few eV above the Fermi energy level[5]. Whereas the 2p band associated with the oxygen ions, arising from the bonding orbitals is filled resulting in a few eV below the energy levels. This causes the d-orbitals to be in the partially filled state.[9] These unique characteristics have paved way to utilize these nTMOs for application in gas sensing, energy storage,[10] optoelectronics, therapeutics, drug delivery and other biomedical areas etc. [11, 12] Furthermore, depending on the application, these nTMOs can be modified by the surface functionalisation using stable chemical linkers.[13] Additionally, much interest has been generated towards the use of these nTMOs for the development of highly conducting and reliable biosensing systems.
1.2.1 Molybdenum trioxide (MoO3)
Among the various nTMOs, molybdenum trioxide (MoO3) has gained immense attraction in the field of material science. The nanostructured MoO3 is known to possess outstanding physical, chemical and electronic including remarkable electrical conductivity, tuneable bandgap, optical and high catalytic activity etc. It is a promising semiconductor material with a versatile stoichiometry[14], variable oxidation states (+2 to +6) [15], good catalytic activity, wide bandgap (>2.7 eV) with a 4d0 electron configuration. In addition, the high dielectric constant of MoO3 aids in the high electron mobility in the electrochemical applications.  Owing to these unique characteristics, MoO3 has found many applications including electrochromic systems[16], energy storage units[17], superconductors, thermal materials, antibacterial [17], gas and biomedical sensors.[14] The crystalline form of MoO3 generally exists in three phases, β- MoO3 (monoclinic structure), α- MoO3 (orthorhombic structure) and h- MoO3 (hexagonal structure)[18]. These phases are formed by the corner sharing oxygen atom in MoO6 octahedron held together by covalent forces giving it a unique layered structure  [Figure 1.2]. The six oxygen atoms surrounding the Mo atom located in the centre result in layers stacked together via van der Waals bonding. Among these, α-MoO3 is considered the most stable phase with high intercalation ability and higher  Mo6+/Mo4+ redox activity.[19]
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Figure 1.2. (a) Crystal structure of orthorhombic MoO3 showing the layered structure along the (010) direction. (b) MoO6 distorted octahedra highlighting the bond ordering.[20]
Moreover, the different oxidation states of MoO3 ranging from +2 to +6 facilitates the formation of different conducting oxide states that facilitate free movement of electrons.[21] In recent years, the application of MoO3 based on different morphologies including nanoparticles, nanoflakes, nanofibers, nanospheres, and nanowires in the biomedical field have gained much attention. Moreover, the use of one-dimensional (1D) MoO3 has gained increased interest  due to their large surface-to-volume ratio [22], structural anisotropy[14], and high electron mobility[23], improved surface scattering of electrons compared to bulk form. Moreover, for biomedical applications the polar nature of MoO3 facilitates better binding and increased charge adhesion leading to the formation of electrical double layer with improved immobilization of desired protein. Notably, the presence of oxygen vacancies helps in further modification with a number of functional groups such as –COOH, -NH2, or –SH. Owing to these unique properties, the electrochemical application of nanostructured MoO3 has attracted significant interest in various fields including energy storage, gas sensors, electrochromic and biosensors. Prakash et.al reported the synthesis of MoO3 nanorods for the application in electrochemical supercapacitors.[24, 25] In another study, Yao et.al demonstrated the sensing of hydrogen gas using -MoO3 and β-MoO3 nanostructures. It was observed that the -MoO3 exhibited better sensing and charge transfer due to its layered analogy.[26]. The catalytic performance of the MoO3 was inestigated by Malkooti et.al.[27] Herein they reported the effect of ring opening oxides and amines using the catalytic effect of MoO3. Recently, Yu et.al explored the potential of MoO3 as high rate electrochemical anodes for dual ion intercalation energy storage devices via the interlayer gap widening mechanism. Interlayer gap widening expands the ionic channel resulting in better and improved electrochemical kinetics.[28] Chen and co-workers investigated via simulation studies the selective sensing mechanism of MoO3 towards various biomolecules.[29] The role of surface defects in the oxide was exploited on interaction with different molecules. The study provides insights towards the use of MoO3 as an ultrasensitive and ultra-selective material in the development of sensing devices. The application of MoO3 in area of biomedical engineering has recently found increased popularity. The use of MoO3 as transducing element in biological applications has immense significance due to the presence of variable oxidation states. The Mo6+ atom surrounded by oxygen vacancies in the lattice tends to reduce to Mo5+ state thereby transferring an electron to the conduction band resulting in enhanced conduction.[24, 25] Balendhran et.al demonstrated MoO3 based electrical sensor using bovine serum albumin (BSA) as the protein of interest. The two-dimensional nanoflakes were used to generate a conduction channel with reduced response time.[23] The innovative application of -MoO3 nanoflakes in the field of bio mimicking has been investigated by Yang et. al. A three terminal synaptic transistor based on the 2D -MoO3 nanoflakes mimicking the neuronal synapse has been demonstrated.[26] A recent study reported the visual quantification of glucose using oxygen deficient -MoO3-x flakes based on the use of glucose oxidase. The surface plasmon resonance properties of the sub stoichiometric were exploited, during the interaction of glucose molecule as the hydrogen peroxide produced fills up the oxygen vacancy leading to the colour change from blue (-MoO3-x) to colour less (MoO3).[30] It may be mentioned that the electrochemical application of MoO3 may be severely affected due to its modest electrochemical kinetics and reduced charge transfer ability.[18] To tackle such challenges, the doping and composting of molybdenum oxides with different organic materials may lead to the enhancement of its material specific properties and broadening of the application towards highly efficient electrochemical systems, biocatalyst and biosensing units.[28, 31] A nanohybrid resulting from the combination of an organic and inorganic nanomaterial tends to overcome the challenges posed by the pristine nanomaterial.[32-34] In the present work the nanohybrids of MoO3 with carbonaceous materials such as MWCNT and RGO have been found to result in improved heterogeneous electron transfer, faster electron kinetics, huge surface area  and enhanced biosensing parameters.[35, 36]
1.2.2 Reduced graphene oxide (RGO)
RGO is the chemically reduced form of graphene oxide (GO), and is the derivative of graphene. GO is an oxidised form of graphite obtained in layered form by exfoliation of graphite oxide.[37] The sheets of graphene oxide consist of numerous oxygenated functional groups on the edges (carboxyl) and basal planes (epoxies and hydroxyl) resulting in the hybrid structure of sp2 and sp3 hybridized carbon atoms. However, GO exhibits insulating properties due to the vastly disrupted sp2 carbon lattice; possess a huge number of functional groups and defects.[38] Thus, reduction of graphene oxide becomes necessary [Figure1.3] in order to improve its conductivity. The different methods to convert GO to RGO include chemical reduction, thermal annealing, or electrochemical reduction process. Reduced graphene oxide (RGO) has emerged as an attractive two dimensional (2D) carbonaceous material because of its large specific surface area, high conductance, high carrier mobility, ultra-stability and ease of functionalization with biomolecules, [39] due to the reduced chemical groups.[40] RGO possess high conductive nature rendered due to the recovered π-conjugated system and high aqueous solubility. Additionally, the RGO has properties such as (i) abundant defects and large number chemical groups leading to functionalisation, (ii) large voltammetric current and lower oxidation potential (iii) high tune ability with improved electrical and electrochemical charge transfer ability making it an ideal candidate towards biomedical applications.[38]
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Figure 1.3:  Graphene Oxide and Reduced Graphene oxide structures[41]
The use of RGO in the formation of nanohybrids leads to enhanced charge transfer, better loading capacity and better biocompatibility.[42] In a nanohybrid, it acts as a host material for entrapment /incorporation of metal oxides. Various groups have reported the use of RGO based composites[43] in numerous fields including imaging, biological sensing[44], antibacterial materials, biocompatible scaffold and drug/gene delivery for cell culture etc. Oh et al. demonstrated the role of Nickle/RGO nanocomposite towards the higher electrochemical performance of the designed electrode. Qi et.al demonstrated the role of iron-RGO nanocomposites synthesised via microwave methods for enhanced cyclic ability of the super- capacitor. The results revealed that the presence of RGO leads to improved cycles up to 140 with a current capacity of 300 mAh g-1.[45] Similar studies on the enhancement of cycling abilities with improved power density, better stability of super capacitor using RGO nanocomposite have been demonstrated [46, 47] Wang et. al investigated the role of gold nanocluster/RGO nanocomposite for application in drug delivery and cancer treatment.[48]. A nanostructured hybrid platform comprising of Mn3O4-RGO was investigated to determine the levels of bisphenol A (BPA), a plasticizer. The synergistic effect of the RGO nanocomposite led to larger surface area and enhanced charge transfer properties resulting in excellent sensing performance and better stability of the biosensing systems.[44] Zhou et al. reported the synthesis of ZnO nanorods with RGO towards the fabrication of glucose biosensor exhibiting wider linear range[49]. In another work, Verma et al. reported the application of Au@RGO matrix towards oral cancer detection using IL-8. [50] Likewise, Kumar et al. reported the ZrO2@RGO based non-invasive immunosensor for oral cancer detection with improved sensitivity and detection limit. [34]. All these reports clearly indicate the role of hybrids with RGO[51] results in enhanced biosensing parameters.
1.2.3 Carbon Nanotubes 
Carbon nanotubes (CNTs), discovered in 1991 by Sumio Ijjima are the one-dimensional form of graphitic carbon. CNTs are made of graphene sheets of hexagonal honeycomb lattice of carbon structure rolled [Figure 1.4] into a nanoscale-tube bound by two pieces of fullerenes at the end. The properties of CNTs are dependent on the direction in which the graphene sheets are rolled and are referred as chirality of CNTs.[52] The chirality is defined by the chiral angle and chiral vector with versions including zig-zag, chiral and arm-chairs imparting different properties e.g. semi conductive, electrically conductive etc.[53]
[image: schematic of how graphene could roll up to form a carbon nanotube]
Figure 1.4: Schematic showing graphene roll up to form a carbon nanotube.[54]

In addition, CNTs exhibit extraordinary electrical properties, remarkable strength and are good thermal conductors. The CNTs are classified depending on the number of walls present, into single-walled nanotubes (SWCNTs), double-walled nanotubes (DWCNTs), and multi-walled nanotubes (MWCNTs).[54] The single-walled carbon nanotube (SWCNT) is a seamless cylinder of high aspect ratio whose diameter is of the order of a nanometer and length may be several hundred micrometres, resulting in a one-dimensional structure called as nanowire. Multi-walled carbon nanotube (MWCNT) comprise of nested, concentric shells of SWCNT with a spacing between individual walls of 3.4 Å which is close to the graphene layers in graphite. MWCNTs can be formed with nanotube from a few layers (i.e 3) to ranging from a maximum of 20 layers with diameters from 2-50 nm.[53] Apparently for broadening the applications and enhancing the dispersibility, these MWCNTs can be modified with numerous functional groups including -OH, COOH and -NH2. In addition, modification with these groups also aids in activating the binding sites for biomolecule attachments. Notably, the nanocomposites of MWCNTs with metals,[55] TMOs [56] and polymers have shown considerable potential towards its application in drug delivery, energy storage, therapeutics, paint additives, electronics and healthcare. According to literature pertaining to the use of MWCNTs in the nanocomposite it has been revealed that the presence of MWCNTs leads to improved attributes such as electrical conductivity, cyclability, storage ability, loading capacity, biocompatibility and durability.[57, 58] For instance, Rahman et.al developed a chloroform sensor based on NiO-MWCNTs nanocomposite exhibiting higher sensitivity, long term stability and enhanced electrochemical performance.[59] In a study Sanchez-Tirado et al. demonstrated the use of MWCNTs based immunosensor for the detecting  transforming growth factor - β1 (TGF-β1).[60]  Likewise, Cheng et al. investigated the electro catalytic effect of gold/MWCNT nanocomposite towards the selective dopamine detection using ascorbic acid and uric acid as interferents. The synergy of the hybrid exhibited superior sensitivity and selectivity with respect to the pristine nanomaterial.[29]  Gui et.al demonstrated the doping effect of TiO2-MWCNTs nanocomposite towards the CO2 photo reduction mechanism to methane. [61] Alternatively, a study on the piezo resistive strain sensing of MWCNTs-PEDOT: PSS as a flexible film. The studies reported, the incorporation of MWCNTs lead to reduced slippage and improved stress transfer among the layers.[62] The prospects of MWCNTs in the energy storage were reported by Ma et.al. [63] The excellent performance of the α-MoO3-MWCNTs nanocomposite exhibited excellent rate capability, high capacity and enhanced electrical conduction. Moreover, the effect of MWCNTs in energy storage has led to increased thermal conductivity resulting in improved loading ability.[64]
1.3 Cancer 
Cancer is currently a serious concern and a life threatening illness leading to the global burden of diseases. In 2018, around 18.1 million new cases [Figure 1.5] and 9.6 million cancer deaths were reported (Globocan) [65] aggravating the need for its early diagnosis.  As reported by the International Agency for Research on Cancer (IARC)[66] the trend is likely to rise due to limited access of timely diagnosis. Cancer is a group of diseases, initiating from any organ and the multiplying un-controllably in an undifferentiated manner. The cancer cells tend to invade the adjoining parts of the organ and later spread throughout the body resulting to metastasis [Figure 1.6]. 
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Figure 1.5: Pie chart representing the number of estimated cancer cases in 2018, WHO report.
The losses of cellular regulation that give rise to the majority of cancer cases are due to genetic damage. Generally, the genes keep a check on the normal growth and reproduction of cells in a controlled way.[67] During cell division, mutation alters or damages the gene, thus affecting its normal regulation. The mutation in cancer cells ends up in modifying the fundamental process such as metabolism, growth, proliferation and death
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Figure 1.6: Schematic representing the growth stages of a cancer cell 
The cancer cells also possess replicative immortality, i.e. they easily multiply many more times as compared to a normal cell without the need of growth factors and do not undergo programmed cell death or relatively reduced apoptosis rate [Figure 1.7].. 

Figure 1.7: Schematic representation of an invasive cancer, shedding of cancerous cells from the tumour into the blood stream[68]

Cancer progression can be majorly be outlined in following five steps 
i. Initiation
ii. Proliferation
iii. Malignant conversion
iv. Progression
v. Metastasis 
For a tumour to have a sustained and continued growth, it requires additional vasculatures.[69] This is achieved by the release of the certain growth stimulating proteins that form new blood vessels in and around the tumour through a phenomena called as angiogenesis. Moreover, depending upon the type of cell and origin, cancer is generally classified into five main types.
i. Carcinomas: Associated with the skin or tissues that line the organs such as breast, liver and skin etc.
ii. Sarcomas: Associated with the connective tissues or supportive tissues such as bone, fat, cartilage, blood vessels.
iii. Leukaemia: Associated with the blood forming tissues.
iv. Lymphoma and Myeloma: Associated with the immune system
v. Brain or spinal cord cancer: Related to the central nervous system 
The cause for cancer occurrence is unknown but certain associated risk factors such as family history, lifestyle factors, exposure to certain viruses and exposure to environmental hazards together results in the initiation of carcinogenesis. Till date, there are more than 100 types of cancers known including breast,[70] liver, stomach, lung and skin cancer.[71] Among these breast cancer is the second most common cancer overall.[72]


1.4 Breast Cancer
Breast cancer (BC) is most frequent in women worldwide and is curable in ~70–80% of patients in early-stages, of the disease. (74) It presently accounts for about 11.6 % of all the female cancers and 22.9% of invasive cancers in women. As reported in 2018, approximately 6,27,000 women died from breast cancer and accounts for almost 15 % of all cancer deaths [Figure 1.8]. 
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Figure 1.8: Estimated age standardized incidence rates globally as reported in 2018.[73]
In the breast cancer, the cells in the breast grow out of control resulting in a lump of mass. Mainly it occurs at the ducts (milk passage lines) or the lobules (milk producing glands) of the breast.[74] Generally, there are two classifications of breast cancer: non-invasive and invasive breast cancer.[71, 75]
i. Non-Invasive breast cancer - The cells that remain at the site of origin (ducts or lobules) and do not invade the surrounding connective tissues. The most common form include ductal carcinoma in situ (DCIS) i.e. almost 90% of the cases with respect to Lobular carcinoma in situ (LCIS).
ii. Invasive breast cancer- The cancer cells migrate to the surrounding connective tissue and the fatty parts of the breast.
1.4.1 Symptoms of breast cancer
The symptoms of breast cancer are initially difficult to identify[76]. However, a few of the early sign and symptoms during its progression are as follows:
i. Redness or the change in the texture of the breast
ii. Discharge from the nipple (red, yellow fluid)
iii. Retraction of nipple (turning inward)
iv. Dimpling or skin irritation 
v. Swelling of a part or a whole breast.
vi. Lump inside the breast, near the nipples on the surface under the arms or near the collarbone.
vii. Severe bone pain
viii. Sudden changes in the shape and size of the breast.
1.4.2 Major Causes and Risk Factors of Breast cancer 
 A number of associated factors increase the risk of breast cancer including hereditary, hormone[71], lifestyle and environmental exposure.[77]
i. Family history and genetic factors: In the breast cancer, the risk of occurrence increases if the women’s mother, sister i.e. first degree or second-degree relative and any other distant family member including male has a history of breast cancer. [78]
ii. Genetic mutations:  The inherited mutation in certain genes including BRCA1 and BRCA2 accounts for 5-10% of this disease occurrence.
iii. Old Age: The incidence rate of breast cancer has been found to be higher in case of older females >55 years of age as per the statistics by the American cancer society, 1 out of every 8 women (<45 years) and two out of every three women (>55 years) suffer from invasive breast cancers.
iv. Radiation therapy: If the person has undergone any type radiation therapy at the age <30-year-old or during the adolescent age when the breast is usually at the growth period.
v. Hormone Replacement therapy: Undergoing hormone therapy including estrogen and progesterone during menopause, intake of certain oral contraceptives has shown significant role in increment of breast cancer.
vi. Alcohol Consumption: Regular intake of alcohol has proven to show enhancement in the risk of breast cancer.
vii. Late Reproduction: Having child late (>30 years) or not at all.
viii. Obesity: Accumulation of more fat in the body than the required tends to increase the risk of breast cancer.
ix. Environmental factors: Poor diet and increased exposure to toxins, pollutants.
1.4.3 Conventional techniques for breast cancer detection 
Breast cancer can be diagnosed via non-invasive and invasive methods. The non- invasive methods include screening, self-examination followed by invasive procedures including biopsy.[79] Following are the brief description on each of the techniques: 
i. Diagnostic mammogram: In this, an X-ray of the breast is acquired on experiencing the presence of hard lumps, nipple discharges, thickening of the breast texture. Numerous images of breast are obtained at different angles to analyse or visualize the presence of tumour for its shape and size.
ii. Ultrasound: Usually performed when any abnormal or suspicious area is detected via self-examination. A scan is performed wherein the ultrasound waves are penetrated through the breast tissues followed by the deflection of waves monitored continuously on a screen. This technique successfully differentiates liquid filled mass from the solid ones.
iii. MRI: Magnetic resonance imaging uses magnetic fields to acquire detailed image of the human breast upon the intake of a contrast dye for a clear picture. This technique is mostly performed after cancer has been diagnosed and the other breast has to be analyse for the presence of tumour. Moreover, it also aids in evaluation of the spread of cancer. 
iv. Biopsy: A technique where the breast tissue or fluid is collected and examined under the microscope to determine the presence of cancerous cells. It is the only technique for a definite diagnosis of breast cancer. It is mainly classified as fine needle aspiration, surgical and core-needle biopsies. A completely painful and invasive procedure.
v. ELISA tests: ELISA stands for enzyme-linked immunosorbent assay, that requires the use of antibody and antigen interaction using some tagged enzyme or groups. This test determines the presence of antibodies against certain cancer markers.
Although the techniques discussed herein are reliable and hence can be used, yet these techniques possess certain limitations and disadvantages such as being labour intensive, highly expensive, highly painful, requires specially trained personnel for sample collection and analysis and need of an expertise for diagnosis. Likewise, the results of some of the techniques are semi- quantitative as they just categorise the patients as positive or negative.  The use of screening techniques in the diagnosis of breast cancer also faces certain limitations such as being highly expensive (MRI). Similarly, the use of X-ray mammography for tumour detection tends to expose the human tissue to the X-rays, which on a longer stretch may prove to be harmful. In some cases, such as in dense breast, it is quite difficult to clearly visualise the presence of tumour resulting in false positives. As reported only 25% of  breast cancer are detected via mammography for the women in age 40-49 years whereas only 10 % in case of women >50 years of age.[66] Likewise in Immunohistochemistry (IHC) the results seldom suffers from pre analytical and post analytical factors, the staining and homogenization of tissues destroys its morphology and end up producing false results. Moreover, the delay in tissue fixation, the considerable inter observer variability in scoring the IHC analysis leads to discrepancies in the final diagnosis. On the other hand, Fluorescence in situ hybridization (FISH).technique is relatively more robust. However, it requires expensive reagents for labelling and sophisticated lab equipment. FISH is known to be nine times more expensive and is highly time consuming i.e. approximately 36h. In addition to these, the requirement of an expert is necessary for proper and valid diagnosis. Thus, there is a need for a better diagnosis that is rapid, reliable and is definitely cost-effective. [80]
1.5 Biomarkers
In medicine, the term biomarker, also referred to as a biological marker, is a quantifiable indicator of a biological state, process or a condition.[81] As defined by National Institute of Health (NIH) a biomarker is “A characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention”.[81] Biomarkers are associated with biological entities such as proteins, cells, small molecules and nucleic acids present in blood, urine, earwax, tear, saliva and sweat. Typically, the levels of such entities are present in normal conditions. However, these levels may fluctuate in the presence of any abnormality resulting in the prognosis of the particular disease. These biomarkers relate to the diseases directly or indirectly depending upon the condition. The implication is that the biomarker can be the cause of the particular disease or it may be the consequence of a disease. For a biomarker to be of clinical relevance, it requires to be valid enough to be quantified at the simplest level with high accuracy, precision and reproducibility.[82] Thus, biomarkers can be utilised for the development of point-of-care tests for any disease with analytical value. Numerous biomarkers have been used in the clinical settings for diagnostics or prognosis of a disease including PSA for prostate cancer detection [83], HCG for pregnancy test [84], and CRP for the inflammatory test, C-TnI for cardiovascular abnormalities and CEA for cancer detection.[85] In case of breast cancer, many biomarkers are associated with the diagnosis and prognosis depending upon the medium of interest as discussed in Table 1.1. These biomarkers are classified based on the stage and over expression of biomolecules. Moreover, the biomolecule-based markers have been shown to be most significant in diagnostics and prognosis. Figure 1.9 summarises the different classification of different biomarkers reported in literature.
[image: ]
Figure 1.9: The classification of breast cancer biomarker[86]
Among the various known biomarkers for breast cancer, human epidermal growth factor receptor -2 (HER-2) is an important biomarker that can be used for the diagnosis and routine monitoring of breast cancer. An individual who is prone to breast cancer undergoes this triple marker test. Beside this, it is also helpful in deciding the treatment strategies (Endocrine or Trastuzumab therapy) for the breast cancer patient.
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Table 1.1: Different breast cancer biomarkers along with the concentration levels
)S.No.
	Biomarker
	Normal Concentration range 
	Biological Fluid
	Reference

	1. 
	PLAC1 ( Placental-specific protein 1)
	24±17 ng mL-1
	Serum
	[87]

	2. 
	Autotaxin antigen
	254.04 ± 21.03  ng mL-1
	Serum
	[88]

	3. 
	Progesterone (PR)
	0.015-0.1  ng mL-1
	Serum
	[89]

	4. 
	Human Epidermal Growth Factor Receptor -2 (HER-2).
	2-15  ng mL-1
	Serum
	[86]

	5. 
	Carcinoembryonic Antigen (CEA)
	22.5  ng mL-1
	Serum
	[86]

	6. 
	Cancer Antigen 15-3 (CA 15-3)
	8-35 UmL-1
	Serum
	[86]

	7. 
	Human Cripto -1
	0.32 ± 0.19  ng mL-1
	Plasma
	[90]

	8. 
	CA 27.29
	38 to 40 U mL-1 
	Serum
	[86]

	9. 
	Mucin 1
	0.7-39.8 kU L-1
	Serum
	[86]

	10. 
	Thioredoxcin 
	27.6-32.6  ng mL-1
	Serum
	[91].

	11. 
	Ki67
	3% of cells
	Tissue
	[92]

	12. 
	uPA  (Urokinase  plasminogen activator)​
	198-511  μ L-1
	Blood 
	[93]

	13. 
	ITIH4 666-687 (interalpha  trypsin inhibitor heavy chain 4)
	0.40-0.50  ng mL-1
	Serum
	[94]

	14. 
	MAM-6 
	3- 5 units mL-1
	Serum
	[95]

	15. 
	Osteopontin
	439 ± 30  ng mL-1
	Serum 
	[96]

	16. 
	E-selectin
	68  ng mL-1
	serum
	[97]

	17. 
	VEGFR1
	41.0±8.7 pgmL-1
	Serum
	[98]

	18. 
	P65 oncofetal protein
	37.4 ± 29.5  ng mL-1
	Serum
	[99]

	19. 
	Riboflavin carrier protein
	0.70 ± 0.19  ng mL-1
	Serum
	[100]

	20. 
	Mammary serum antigen
	< 300 IU
	Serum
	[101]

	21. 
	CTC (Circulating tumor cells)
	cut-off level of ≥5 cells per 7.5 mL
	Blood
	[102].

	22. 
	Sialyl-Lewisx (SLX)
	Cutoff value 38 UmL-1
	Serum
	[97]

	23. 
	Bone sialoprotein
	154 ± 13  ng mL-1
	Serum
	[103]

	24. 
	Interleukin -6 
	10-75  ng mL-1
	Serum
	[104]

	25. 
	Epidermal growth factor receptor (EGFR or HER-3)
	60-2500  ng mL-1
	Serum
	[86]



1.5.1 Human epidermal growth factor receptor -2 (HER-2)
HER-2 is a transmembrane protein comprising of tyrosine kinase receptor and belongs to the epidermal growth factor family that is responsible for the growth and differentiation of the breast cells.[105] HER-2 protein is the only receptor with no known ligand amongst its structurally related EGF family of HER-1, HER-3 and HER-4 [Figure 1.10].  It is composed of three regions:
i. An intracellular domain 
ii. A single α-helix transmembrane domain (TM),
iii. An N-terminal extracellular domain (ECD)
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Figure 1.10: Heterodimer formation of members of the HER family and downstream signalling.[106]
This family of receptors undergoes conformational changes inducing dimerization, to activate the downstream signalling pathways.[106] Typically, HER-2 is activated by either undergoing homo dimerization or hetero dimerization with any of its family member or via proteolytic shedding of ECD into the blood stream. ECD of HER -2 is divided into four sub-domains (I-IV) composing of 630 amino acids, with molecular weight of 105 kDa and is 10 to 100-fold times more oncogenic than the whole protein.[70] Higher levels of HER-2 are associated with over expression of HER-2 cells on the surface tending to (20-30%), increased tumour burden resulting in the emergence of breast cancer [Figure1.11]. HER-2 associated breast cancer is found to be more aggressive with increased chances of recurrence and poor survival rate. Normal average level of HER-2 in serum is determined to be around ~ 15 ng mL-1and it increases to ~75 ng mL-1 in the advanced stage[105]. Thus, monitoring of HER-2 level in serum hold potential and can be  utilised for the timely diagnosis and prognosis of HER-2 positive breast cancer patients
[image: https://www.perjeta.com/content/dam/gene/perjeta/patient/images/desktop/3.0_How_Perjeta_Works_Noncancerous_Cell_PERJETA_PAT_Desktop.png]
Figure 1.11: Schematic representation of an HER-2 receptor in normal and cancerous stage.[107]

The current techniques for HER-2 detection include IHC assay, FISH assays and chromogenic in situ hybridization (CISH) assay. IHC is a technique that selectively determines the HER-2 protein expression in cells of a tissue with antibodies giving a score of 0 to 3+.[80] On the other hand, FISH requires the amplification of genetic material in the breast cancer tissue and locates the amplified copied of HER-2 gene. The CISH technique uses bright field microscopy making it more feasible in diagnostics than the fluorescence based FISH technique. Apart from these, the other diagnostic and screening techniques include mammography, CT and PET scan etc. However, these methods are found to be sensitive enough for the detection of breast cancer biomarker, but they possess certain limitations and challenges.[108] These techniques involve multi-step processing and require expensive equipment.[109] Moreover, the need of experienced personnel for sample collection, handling the sophisticated instruments and interpretation of results makes it quite laborious and time consuming.[110] In addition, these technologies do not meet the criteria of being point- of -care (POC) diagnostics. The impact of POC settings is huge in addressing the challenges posed by the conventional techniques. Biosensors as a POC device offer immense potential and possible solutions to overcome these challenges. The criteria laid by the WHO that a promising  POC device should follow is “ASSURED: Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to end-users”.[80] Some of the characteristics like sensitivity, reliability, user friendly, rapid monitoring efficacy and specificity make a biosensor to completely standout in the ASSURED category offerings solutions towards improved clinical diagnostics.[111] The use of biosensors for the detection of HER-2 has emerged as an attractive and user-friendly approach towards the development of a POC device for breast cancer diagnosis.
1.6 Biosensors
 Biosensor is known to be a powerful analytical device holding potential to specifically determine the analyte of interest. It is envisaged as a device containing a biological material (antibody, enzyme, whole cell, nucleic acid etc.) which specifically interacts with the analyte of interest to produce measurable physical, chemical or electrical responses. With the advancement in technology, the next generation biosensors have emerged as the choice for point- of- care device for disease detection due to their ability of rapid diagnosis, high sensitivity and selectivity, low cost and ease of miniaturization. These devices have been recognised and utilised as tool in field including, medical, environment, food industry, drug delivery and energy storage etc.[112] In a biosensor, the specific interactions occurring between the biorecogniiton element and the analyte results in a physiochemical change which is detected via transducer.[2] The transducer then converts this biochemical signal into a readable electronic signal. The magnitude of the signal generated is directly or inversely proportional to the concentration of the analyte for both quantitative and qualitative measurements. Numerous biosensors based have been reported for the breast cancer detection targeting specific biomarkers at different stage of disease using modified nanomaterials.  The presence of nanomaterial results in quick response due to fast electron transfer kinetics and high electrochemical activity. Quantification of biomarker levels is useful for their correlation with tumour stages. These are also capable of producing semi-quantitative, selectively quantitative or fully automated results.[113] Typically, the architecture of a biosensor includes three major components bio receptor, immobilization matrix, and transducer [Figure 1.12].
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Figure 1.12:  General Schematic of a biosensor with the measurement unit

1.6.1. Bioreceptors 
Bioreceptors are the assemblies of bio molecules that are incorporated in a biosensor to specifically interact with target analytes and produce relevant response. The key consideration for selecting a bioreceptor is its high selectivity. These are generally classified into five categories i.e.: (i) nucleic acids, (ii) antibodies, iii) Cells, (iv) tissues and (v) enzymes. Among these antibodies are the most common bioreceptor that are utilised in biosensing.
 An antibody is a protein produced by the immune system upon invasion by the foreign bodies such as bacteria and viruses.[114] These are termed as immunoglobulins, capable of binding to a part of any foreign object called as antigen.  Antibodies are secreted from the B cells and occur in two physical forms i.e. free from the cell in the blood plasma and other on the membrane of cells that participate in differentiation and proliferation of the same cells. An antibody is a large, Y shaped structure weighing around 150 kDa with domains consisting of two identical heavy chain and two identical light chain linked by disulphide bonds as shown in Figure 1.13. The antibody consists of a constant region and a variable region. The amino acid (variable) sequence present on the tip of the Y molecule is different among various antibodies giving each of them the specificity for antigen binding.  Whereas the lower part of the structure, the constant region exhibits limited change, i.e. it has similar type of amino acid present. [115] Each of the heavy and light chain variable and constant regions are folded into the units called as domains. The light chain comprises of one variable domain (VL) and constant domain (CL) whereas the heavy chain possess one variable domain (VH) and three or four constant domains (CH1, CH2, CH3, CH4). Antibodies are categorised into five different classs as IgM, IgG, IgA, IgD and IgE based on the type of heavy chain constant region.[116] These antibodies differ from each other in terms of biological properties, location and the ability to deal with different antigens.
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Figure 1.13: Structure of Antibody-The four-chain structure of an antibody, or immunoglobulin, molecule. “The basic unit is composed of two identical light (L) chains and two identical heavy (H) chains, held together by disulfide bonds to form a flexible Y shape. Each chain is composed of a variable (V) region and a constant (C) region” [Encyclopædia Britannica,Inc.].[117]

Each antibody has a crystallisable fragment region (Fc) that produces an immune response to a particular antigen binding fragments (Fab) to its class of receptors. An antigen can be a simple molecule (sugar, peptide, hormone or lipid) or a complex biomolecule (protein, carbohydrates, nucleic acids etc.).[118] The complex biomolecules can only stimulate an immunogenic response whereas the simple or the small molecules tend to interact with antibody, but do not stimulate immune responses and are referred as haptens. Only when these haptens, are attached or linked to a larger protein they end up stimulating an antibody response. Additionally, the paratope at the amine terminal end of the antibody interacts with the epitope of the antigen forming Ab-Ag.[115] The Fab is known to possess the -NH3+ as functional group whereas the Fc region bears the –COOH group that helps in antibody immobilization onto the specific surface.[119] During the binding of antibody and antigen several weak forces such as van der Waals force, electrostatic interactions between charge side chains, hydrogen bonding, and hydrophobic interactions, all being non-covalent in nature. The formation of such immunocomplexes makes the Ab-Ag a potential candidate to be used in immunosensor. Moreover, based on the Fab binding sites antibody can be of two types: Monoclonal and polyclonal antibody. A monoclonal antibody is produced from the same clone of plasma B-cells and possesses affinity to bind to the unique epitope of an antigen. However, the polyclonal antibody is produced by the different clones of plasma B cells and binds to different epitopes of the same or different antigen. In addition, the monoclonal antibody is known to exhibit high specificity and less cross-reactive towards other proteins. 
1.6.2. Immobilization matrix 
The role of immobilization matrix is a crucial step in the development of sensitive and highly selective biosensors. This matrix is responsible for stability of immobilized biomolecule, provides high conductivity, better molecule orientation, accessibility and avoids the non- specific binding. An optimised matrix keeps the activity of the biomolecule intact and aids in improved connection with the transducer leading to a better signal response. The common immobilization approaches include, microencapsulation, adsorption, entrapment, covalent bonding, and cross-linking. It must be kept in mind that prior to the immobilization of a bioreceptor the matrix should not self-aggregate or suffer from fouling. Chemical properties of an immobilization matrix decide the selection of immobilization method. In general, a matrix should be prepared from the material that can adapt to different sensing environment such as change in temperature, stability of a biosensor. The availability of surface charge uniform surface structure, porous behaviours and ease of modifying the functionalities have made metal/metal oxide nanoparticles based hybrids suitable matrices towards the fabrication of biosensors. Typically, different chemical modifications using various linkers are involved for perfect immobilization.  In this work, nTMOs and their composites have been utilised as immobilization matrices. Their large surface area, high thermal and mechanical stability, abundant functional groups, biocompatibility and the capability towards the direct electron transfer of proteins make them ideal candidate for the fabrication of a biosensor.[120] These nTMOs were modified using a chemical linker i.e. organosilanes having chemical formula as X-Si (OCH2)m, wherein  the CH2 moieties of the alkyl chain act as spacer of variable length (m = 3 to 17) and X represents the head group functionality [X = -NH2, -OH, -COOH, -CH=CH2, -CN, -Br, -Cl, -SH]. These linkers are introduced onto the matrix for attaching the molecules covalently or non-covalently. The composite of nTMOs with CNTs and RGO tends to exhibit high electrical conductivity, porosity and chemical stability.[37] In addition, the potential benefits of lower overvoltage, higher currents, and superior electron transfer rates make them an ideal candidate for electrochemical biosensing.[121]
1.6.3. Transducers
The transducer is a device that transforms the energy from one form to another form. In a biosensor the transducer converts the biological response obtained from the biochemical interaction to an electrical signal that can be presented in a readable format.[122] Transducers are categorised on the principle of operation and type of signal received including electrochemical, optical, piezoelectric or thermal. Table 1.2   summarises different types of transducers along with the measuring modes involved in the biosensor development.[123]
Table 1.2: Types of transducers used in fabrication of biosensors[124]
	Transducers
	Measuring modes

	1. Electrochemical 
i. Conductometric 
ii. Enzyme electrode
iii. Field effect transistors
iv. Ion selective electrodes
v. Gas sensing electrodes
vi. Impedimetric 
	
Conductance
Amperometric (Currrent)
Potentiometric (Voltage)
Potentioometric (Voltage)
Potentiometric (Voltage)
Impedance 

	2. Piezoelectric crystals, Surface acoustic devices
	Mass change 

	3. Optoelectronic, fibre optics and waveguides devices
	Optical 

	4. Thermistor diodes
	Thermometry/calorimetric(heat)



(a) Electrochemical Biosensors
Among the various transducers, electrochemical (EC) biosensors have attracted much interest due to its ability to be sensitive, high signal-to-noise ratio, robustness, ease of miniaturization and excellent quantification.[125] As per a recent study, the application of EC biosensors covered almost around 45% of the total fabricated biosensors [Figure 1.14 (a)].[112, 126] These biosensors mainly deal with the electronic and the chemistry between the specific electrolyte and the analyte of interest.[126] The interaction is measured upon the application of certain voltage or current to the electrode. The numerous electroanalytical techniques used during this interaction process determine certain important parameters including electron movement, electrolyte- electrode interface mechanism and resistance developed.[127] The electrochemical technique ( potentiostatic methods) requires the use of three-electrode system forming an electrochemical cell.
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Figure 1.14: The bar chart representing the usage fraction of different signal transduction methods on various biosensor platforms, according to Scopus data (since 2017 to August 2019).(b) typical representation of a three-electrode system where working electrode (WE) is Indium tin oxide, reference electrode is (Ag/AgCl) and Counter electrode is a platinum wire.

The cell consists of a counter electrode or an auxiliary electrode that balances the flow of current between the working electrode and the solution. Whereas the reference electrode, maintains the flow of potential of the working electrode making it stable enough to be recorded. In an electrochemical technique the potential (V or E) is applied to the working electrode and the current is obtained through the working electrode. [Figure 1.14 (b)] represents a typical three-electrode system that has been utilised in the current studies. The reaction occurring at the electrode- electrolyte interface is governed by the mass transport that control the rate of reaction and may undergo any one of the phenomena as discussed below. Among these, generally diffusion phenomena contributes maximum to the mass transport across the cell.[128]

i. Diffusion: A process where the charge from the higher concentration region travels to the lower concentration region balancing the gradient at the working electrode and electrolyte in the system.
ii. Migration: the movement of charged particles towards the oppositely charged electrode leading to the creation of electro motive force.
iii. Convection: A process wherein ionic species movement takes place under stirring conditions.
Plethora of studies has been reported on the fabrication of EC immunosensor based on different immobilization matrix having application in clinical diagnostics.[129, 130] Zhou et al. reported the synthesis of ZnO nanorods with RGO towards the fabrication of glucose biosensors resulting in a wider linear range[49].  Kumar et al. demonstrated an  EC biosensor for oral cancer detection using nanostructured zirconia platforms [45]. This biosensor exhibited a linear detection range of 2-16 ng mL-1 with stability of up to 6 weeks. Gu et.al reported an heterogenous sensor using anti-CEA biomolecule immobilized onto Fc-labelled AuNPs on a gold electrode. The LOD of this sensor was found to be 0.01 ng mL-1.[131] Barhoumi and team studied EC sensor based on Chronoamperometery studies for the detection of tumour necrosis factor –α (TNF α). This sensor  reported the detection limit as 0.3 pg mL-1  with a precision of 8%.[132] In an another study, Malhotra et al. reported an ultrasensitive EC immunosensor for interleukin-6 (IL-6) detection using CNTs as an immobilization matrix. The detection limit of 0.5 pg mL-1  with a sensitivity of 19.3 nA mL pg-1 cm-2 in calf serum was determined.[133]. An actylcholinesterase biosensor illustrated by Wang et.al using iron oxide nanoparticles modified screen-printed electrode. The biocompatible iron oxide nanoparticles resulted in the rapid, sensitive biosensor.[134] Wu et al. reported an aptameric sensor using gold nanoparticles loaded onto the reduced graphene oxide platform.[134] An electrochemical sensor using ferrocene as a mediator for early prediction of renal failure was demonstrated by Trindade et.al. This sensor used functionalised graphene as immobilization matrix for observing the surface confined electroactive analytes. [135] Likewise,  Escosura-Muñiz and Merkoçi  reported the use of  CA-15-3 antibody immobilised onto a nano porous membrane of Ag modified gold nanoparticles towards the detection of CA 15-3 biomarker.[136] Swisher et.al investigated the high-level production of cathespin B in the metastatic breast cancer cells that could generate the ferrocene dependant electrochemical signal via cleavage of some tetra peptides. These signals were directly proportional to the number of cells loaded onto the electrode.[63] Recently, efforts have been made to develop nanostructured based biosensing platforms to detect breast cancer using HER-2 biomarker. An labelled EC sandwich immunoassay using antibody-functionalized magnetic beads coupled to screen-printed cells in the concentration range of 0-30 ng mL-1 was reported by Khafaji et. al.[137] In another approach, Ravalli et.al demonstrated a screen printed graphite substrate modified with gold nanostructured for the  HER-2 detection in the range 0-40 μg mL-1.[138] In a study, Marques et al. reported the fabrication of immunoassay for the detection of serum HER-2 level in the range of 15 -100 ng mL-1 with a detection limit of 4.4 ng mL-1 [139]. Similarly, Patris et al. demonstrated a sandwich immunoassay for HER-2 detection with detection  range of 1 and 200 μg mL-1 with the stability of three weeks.[111] Recently, Tabasi et al. reported an aptasensor based on chitosan-RGO matrix for HER-2 detection in dual ranges i.e. 0.5-2 ng mL-1 and 2-75 ng mL-1 having detection limit of 0.21 ng mL-1 [140] These works demonstrated the use of HER-2 as a biomarker for the detection of breast cancer. However, these experiments are complex, requires tagging of the receptor molecules, either suffer from poor linear range, reduced sensitivity and lower detection limits.[141] These studies clearly indicate the gap and huge scope for fabricating an EC immunosensor for breast cancer detection with simple fabrication technique, better sensitivity, and improved LOD.
In the present thesis, attempts have been made to fabricate label-free, simple, biocompatible biosensing platforms based on nTMOs and their nanocomposites for the detection of breast cancer via serum biomarker (HER-2). 
1.7. Objectives of the studies
The research work is aimed at fabricating an ultrasensitive biosensor based on the nanomaterials, which could detect HER-2, a breast cancer biomarker. The research work emphasises the following objectives: 
i. Literature review and identification of the specific biomarkers for breast cancer. 
ii. Synthesis, functionalization and characterization of nanostructured MoO3. 
iii. Deposition of nanostructured MoO3 onto the conducting electrode surface via electrochemical deposition/electrophoretic deposition technique. 
iv. Immobilization of antibody onto the fabricated surface. 
v. Response studies of the fabricated immunoelectrode. 
vi. Real samples analysis of breast cancer patients; Validation with the confirmatory tests and documentation. 
To achieve the above objectives, efforts have been made to synthesize one-dimensional nMoO3 via one-pot hydrothermal method (Chapter III). Subsequently, the nMoO3 is functionalised with APTES linker molecules for covalent attachment of HER-2 biomolecules. Further to improve the conductivity and electroactive surface area, these  nMoO3 were incorporated to two dimensional carbon substrates (reduced graphene oxide, RGO)[1] resulting in efficient heterogeneous electron activity, increased mechanical stability, better charge transfer ability and with improved surface area (Chapter IV). Likewise, to further enrich the biosensing parameters such as better sensitivity, detection limit and enhanced shelf life, amine functionalised multi-walled carbon nanotubes (NH2-MWCNTs) was introduced along with the MoO3. The pre-functionalised MWCNTs aided in simpler fabrication strategy by reducing the requirement of linker needed for bio conjugation. This nanocomposite exhibited excellent electrochemical conductivity with enhanced heterogeneous electron activity towards HER-2 detection (Chapter V). The results obtained using the fabricated biosensors in the clinical samples (serum) are in good agreement with the ELISA results. Chapter VI consists of the summary of the results described in this thesis and the discussion on the future prospects of the present work.
Chapter 1

The next Chapter describes the details of the various experimental techniques used for the fabrication of nanostructured molybdenum trioxide based biosensors for breast cancer detection.





Chapter 2
Materials and Characterization Techniques



2.1 Introduction 
This Chapter deals with the synthesis of nTMOs[142], methods and the techniques that have been used for the characterisation of nTMOs, electrodes and the immunosensing electrodes. Further efforts have been made to discuss the protocols and procedures used to functionalise this nanomaterial, biomolecule immobilization, sample collection and to estimate several parameters associated with the performance of nTMOs based immunoelectrodes. A brief discussion is given about the estimation of biomarker concentration via ELISA technique.
2.2 Chemicals, Reagents and Biomolecule
The following chemicals, reagents and biomolecules were used to conduct experiments. Sodium tetra molybdate dihydrate[143] [(Na2MoO4.2H2O, 99 % pure) (Catalog no: 12214)], 3-aminopropyl triethoxysilane [(APTES, (C9H23NO3Si) (Catalog No. A10668)] were purchased from Alfa-Aesar. Natural graphite flakes ((~ 45μm, >99.99 wt %) (Catalog no: 332461) and 1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride [EDC (C8H17N3) (Catalog No. 03450)] were purchased from Sigma-Aldrich (USA). Sodium monophosphate [(NaH2PO4)(Catalog No. 567549)], sodium diphosphatedihydrate [Na2HPO4·2H2O] (Catalog No.1063420250)], N-hydroxysuccinimide [NHS, (C4H5NO3) (Catalog No. 24510)], sodium chloride [(NaCl) (Catalog No.1024060080)] were procured from Fisher Scientific. Potassium ferricyanide (K3[Fe(CN)6]) (Catalog No. 1049711000) and Potassium ferrocyanide (K4[Fe(CN)6]) (Catalog No. 1049821000) were purchased from Merck Millipore. L-cysteine [(C3H7NO2S) was procured from Himedia. –NH2@MWCNT, [ diameter -10-20 nm and length  10-30 uMCatalog No: 308068566] was purchsed from SRL,  India. All the analytical grade chemicals were  used without any  further purification. Phosphate buffered saline (PBS) solution of pH 7.0 using Na2HPO4·2H2O (0.05 mol L−1) and NaH2PO4 (0.05 mol L−1) was freshly prepared in Milli-Q water (18 MΩ cm-1) and stored at 4 °C  for the experiments. The monoclonal antibodies (anti-HER-2) and antigen (HER-2) were purchased from Biorbyt Ltd, UK and further diluted in PBS (pH 7.0) prior to its use.  ELISA kit (HER-2) was purchased from Promocell GmbH, Germany.
2.3 Synthesis of nanostructured transition metal oxides 
In this thesis, the synthesis of nMoO3, MoO3@RGO and MoO3@NH2-MWCNT were carried via one pot hydrothermal method. Generally, nTMOs can be synthesised through chemical, physical and biological methods, which influence their size, shape and structures. These arrangements of nanomaterial in different forms make them suitable for different applications with new abilities. Among the different synthesis technique, chemical synthesis has been utilised. The chemical synthesis route is a three-step procedure involving (i) nucleation (ii) growth period and (iii) final termination of the reaction. The parameters like temperature, pressure, chemical environment play a vital role during the synthesis. Moreover, the role of chemical as a precursor and preparation of desired solutions are the main constituents of concern. 
2.3.1 Hydrothermal Method
It is the most widely used method[21] for the synthesis of nanoparticles. This method involves high-temperature treatment of precursors with water, and the synthesis is carried out in a pressurized chamber known as an autoclave. Its temperature can be raised above the boiling point of water. The main advantage of using hydrothermal is that it is elementary, scalable and is a readily controlled method as it allows tight control of the particle size, its morphology and surface chemistry of the particle by regulating its solution composition and other parameters such as temperature, pH, etc[144]. The particular advantages of using this method over the other are:
i. It allows control of particle shape, chemical composition, stoichiometry by the use of adequate precursors[144].
ii. It is ideal for metastable structure synthesis
iii. The synthesized nanomaterial does not require milling and at times do not require the use of calcinations.
This thesis explores the potential benefits of using the hydrothermal method in the synthesis of nanomaterial at ~170-180 °C and the application for HER-2 biomarker detection. Further, the bioconjugation of a protein biomolecule (anti-HER-2) to the nanocomposite using a linker molecule is performed to facilitate the fabrication of efficient biosensing platforms. The silane coupling agent such as (3-aminopropyl) triethoxysilane (APTES) possesses inorganic and an organic end that aids in the modification of the matrix. The 3-aminopropyl group at one end terminating in a primary amine and silane reactive hydrolysable group on another end that is attached to the matrix surface makes APTES a potential linker agent.  Thus, we have used APTES as a chemical linker for the modification of the synthesized nanomaterials. The synthesis route followed for nMoO3 and its composites in this thesis is as discussed below for hafnium oxide. [145]
2.3.2 Synthesis of nanostructured transitional metal oxide via hydrothermal method 
The synthesis of nTMOs (e.g. hafnia nanoparticles) was carried out using low temperature hydrothermal process. For this, solution A and B were prepared in 70 mL of DI water. Herein, solution A consisted of hafnium (IV) dichloride oxide octahydrate (0.04 M) and solution B comprised of sodium hydroxide ( 0.08 M). Simultaneously another Soultion C consisiting of CTAB (0.01 M) was prepared in 10 mL DI water. Solution C was gradually added to the solution A dropwise under constant stirring (250 rpm) for straight 2h at 25 ˚C. 
Subsequently, solution B was added to this solution under stirring and kept for next 2h. The final solution was transferred to a Teflon container and was autoclaved at 170 ˚C for 17 h.. Finally on completion of the reaction the obtained product was washed with DI water till the pH reached to a neutral state and further dried at 60 ℃ over night The product thus obtained after drying was kept in a tight container for further use.[145, 146]
2.4 Characterization Techniques
A number of characterization techniques were used at each step of preparation of nTMOs and their nanocomposites based electrodes/immunoelectrodes. The structural and morphological studies of synthesized nanomaterial were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM), atomic force microscopy (AFM), X-Ray photoelectron spectroscopy (XPS) and Brauneur–Emmet-Teller (BET) Technique. The electrochemical techniques such as, electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to characterise the electrodes and immunoelectrodes.
2.4.1. X–ray Diffraction (XRD) technique
The X-ray powder diffraction is used to investigate the chemical composition and phase identification of crystalline samples in a non-destructive manner[147]. This method is used to describe the crystallographic form, crystalline size (grain size) and polycrystalline nature of the powder solid samples. The XRD patterns are recorded on an X-ray diffractometer, where the peak widening data is obtained from the average at the five strongest diffraction peaks. The pattern is obtained when the X-rays fall on the crystalline sample, resulting in a constructive interference and a diffracted ray, which follows Bragg’s law as, stated in the Eq. 2.1.
                                                     n                                                       Eq 2.1
where λ is the wavelength of electromagnetic radiation, θ is the diffraction angle and d is the lattice spacing in a crystalline sample. The diffracted X-rays are collected at the detector over the entire 2 range. Typically, an XRD data is represented between the distributed intensity and the angle 2 as expressed in the Figure 2.1.The sample under study can be a thin layer either of crystal or in powder form[148]. The different parameters that can be interpreted from the XRD data include peak position and FWHM.
[image: ]
Figure 2.1: The diffraction peak and the data that can be extracted[149]


In this work, we performed XRD studies for the nMoO3, MoO3@RGO and MoO3@NH2-MWCNTs nanomaterial. The XRD patterns were recorded on Bruker D-8 Advance, [Figure2.2 (a)] with Cu Kα radiation 1.54 Å, voltage 40 kV and the current of X-ray tube as 40 mA, respectively. The scanning was performed with a step size of scan rate of 0.2 degree/sec (˚/s). The XRD conducted for the HfO2[150] sample as shown in Figure 2.2 (b) exhibits the standard peaks as reported in the literature. The XRD studies of nMoO3, MoO3@RGO and MoO3@NH2-MWCNT have been discussed in detail in Chapter III, IV and V.
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Figure  2.2: (a) XRD Bruker model , D-8 advance and (b) XRD pattern of hafnium oxide exhibiting peaks at the corresponding planes i.e. (011), (1–11), (111),(020), (201), (−202), (022), (310) and (−222) indicating single monoclinic phase (JCPDS 34-0104).[145]

Precautions:
i.  The film should be considerably thick to prevent contact with the substrates.
ii. Adequate sample quantities should be available to perform the XRD powder so that the perfect diffraction is achieved.
2.4.2 Scanning Electron Microscopy
SEM is an analytical technique to understand the surface morphology and topology of the material of interest and and offers better resolution than optical microscope. The core components of a typical SEM instrument [Figure 2.3 (a)], consisting of a monochromatic electron emitter (lanthanum hexaboride or tungsten) with energy of 20-30 keV. The condenser lens focusses these electron beams of spot size ~ 1 to 5 nm.[149]. It uses a high energy electron beam directed to produce a spectrum of signals on a solid sample surface with high resolution[151]. The accelerated electrons hit the surface of the sample, are deflected, reflected and back scattered which are collected by the detector for forming a two-dimensional image. 
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Figure 2.3:(a) Schematic diagram of the principle components of the SEM microscope.[149] (b) SEM-HITACHI 3700 N model and (c) SEM image of Copper oxide (CuO) showing flower shaped nanoparticle.

The secondary electrons produced during this interaction aids in the morphological and topological analysis of sample and are projected as an image at the cathode ray tube (CRT)[149]. In the present work, the SEM studies were carried using (SEM, Hitachi SN-3700 model, [Figure 2.3 (b)]. The SEM studies of the synthesised nTMOs, their nanocomposites and the fabricated electrodes were conducted and are discussed in detail in Chapter III, IV and V. Figure 2.3 (c) depicts the SEM image of copper oxide nanomaterial exhibiting flower shape morphology.



Precautions:

i. For better resolution, the sample should be sputtered with the thin layer (a few Å) of gold.
ii. The sample should be vacuum dried to obtain better morphological analysis.
iii. The sample size should be ~0.5 cm X 0.5 cm.
2.4.3. Transmission Electron Microscopy 
The Transmission Electron Microscope (TEM) uses energized electrons to give crystallographic, compositional and morphological data of desired materials. The high-voltage monoenergetic electron beam is transmitted through the sample in vacuum conditions. The transmitted electrons are magnified by a series of electromagnetic lens, focussed onto an imaging device and projected on to the fluorescent screen resulting in a high-resolution image. This high-resolution image assists in determining the lattice fringe along with the crystalline phase. Figure 2.4 (a) shows the internal core components of a TEM instrument. TEM samples are prepared by dispersing the powder sample in ethanol and casting a drop onto a carbon coated copper grid. In this thesis, the studies were carried out using JEOL JEM- 2100F-TEM [138] system at an accelerating voltage of 200 KeV. The TEM image of RGO was obtained and is shown in Figure 2.4 (c). The results of the TEM studies are discussed in detail in Chapter III, IV.
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Figure 2.4:(a) Schematic of core components of TEM instrument[149] (b) TEM JEOL2100-F Instrument (c) TEM image of RGO exhibiting the nanosheet like structure.

Precautions:
i. The sample should be dispersed uniformly and dried before the imaging.
ii. Solvent should be chosen wisely, so that it does not aggregate the nanomaterial.
iii.  TEM sample in the area of interest must be ~ 1000 Å or less thick.
2.4.4. Atomic Force Microscopy 
AFM is an advanced microscopy that measures, images, analyses a material at nanoscale, and provides the three-dimensional image of the sample. It also helps in evaluating the surface roughness of the material. AFM scans the sample surface with the sharp tip (cantilever probe), which deflects when the sample is in close proximity [Figure 2.5 (a)]. This deflection is measured using a laser spot that is reflected from the cantilever into the array of the photodiodes. The different modes of imaging in AFM are (i) contact or static mode (ii) tapping mode and (ii) non-contact mode. In the contact mode the surface is brought in contact with tip in a way that it scans through the valleys and crest of the sample surface. The signals are measured either from the cantilever deflection or from the feedback signal. On the other hand, the tapping mode, the AFM tip is mounted by a small piezoelectric crystal that creates resonance leading to the up and down oscillation of signal.
[image: C:\Users\Rajeev\Desktop\afm.tif]Figure 2.5: (a) Schematic representing the AFM principle[152] (b) AFM instrument Bruker Bioscope catalyst AFM (c) AFM image of Au nanoparticles deposited onto an ITO substrate. 

In the non-contact mode the tip is not in contact with the sample surface instead, it oscillates at a resonant frequency  leading to the generation of the signal. AFM studies of the fabricated electrode were carried out using Bruker Bio Scope Catalyst [Figure 2.5(b)] and are discussed in Chapter III. Figure 2.5 (c) depicts the AFM image of the Au nanoparticles deposited on the electrode. 
Precautions:
i. To avoid the false signal from contamination the samples are well cleaned and dried before taking the image.
ii. For the biological samples, make sure to the samples are thin and dried.
iii. The surface should be as smooth as possible.
2.4.5. Raman Spectroscopy 
 Raman Spectroscopy is a chemical analysis technique that analyses the structural fingerprint of the material. Based upon the interaction of monochromatic laser source with the chemical bonds within a material resulting in the elastic, inelastic and vibrational modes[153].  When the strong laser beam of a particular frequency passes through a transparent substance, it produces radiations. The radiation that is  scattered at right angles is called as Rayleigh scattering  whereas the  low frequencies  scattering is termed as Stokes lines and the ones scattered at the  high frequency are anti-stoke lines [Figure 2.6 (a)] with respect to the incident beam[153]. This whole phenomenon is called as Raman Effect. The Raman spectra consist of number of peaks with varied intensity, generated due to the change in wavelength position upon the laser interaction. Generally, these Raman shifts fall within the frequency range of 100-3000 cm-1 and are likely to be the absorption bands of the irradiated material. The Raman spectra [Figure 2.6 (b)] obtained for nMoO3 is recorded using the instrument Enspectr R532 Raman Analyser and the peaks are in accordance with the literature.
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Figure 2.6: (a) Raman scattering showing Stokes and anti-stokes,(b) Raman spectra of synthesized nMoO3 nanoparticle.
Precautions
i. While setting up the instrument continuous watching of the beam should be avoided.
ii. The laser spot size should be wisely chosen in order to avoid the destruction of the sample.
2.4.6 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR is a powerful tool to investigate the availability of functional group in the sample using infrared radiation[154]. This spectroscopy method depicts the fact that molecules have distinct frequencies of vibration corresponding to diminished energy level. In the infrared region of the spectrum, it includes the adsorption of electromagnetic radiation, which brings the alteration in the vibration energy levels of the molecules. These vibrating frequencies are identified by the atomic masses of the atoms, formation of the energy density of the molecules and by the included resonating coupling. Therefore, the resonant frequency can be associated with some particular type of bond. The presence of a specific functional group in an organic material can be determined because each functional group has different vibration energies and the IR spectra can be identified as their fingerprints. As each property exhibits a unique combination of atoms and IRs that monitor the resonant frequency between the bonds of the material atoms, an IR spectrum is observed. A schematic representation of a single beam FTIR is shown in Figure 2.7. An IR radiation transmits into the interferometer (Michelson) via IR source in the far-region (200 to 10 cm-1), mid-region (4000 to 200 cm-1) or near region (12800 to 4000 cm-1) when it separates the beam into a fixed or mobile mirror through beam splitter[155]. When the IR radiation strikes the mirror and reaches the IR transducer through the sample compartment resulting in a Fourier interferrogram as an output signal.
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“Figure 2.7: Schematic of optical layout of Michelson Interferometer”.

The IR radiation is transmitted or reflected when it travels to the beam-splitter. The half of the radiation beam strikes the fixed or mobile mirror and is reflected back to the beam splitter where the interaction of beam takes place. Mobile mirror motion causes the rays to change when they reach the detector and forms constructive or destructive interference. The difference in the length of the two-way mirror is called backscattering or retardation. The molecules in which the resonance or rotation occur causes an exact change in the dipole moment and are IR active. The vibrational frequencies relates to the specific functional groups of certain chemical environment revealing the presence of bonds present in the sample of interest. The vibration's frequency is given by Eq. 2.2
Eq 2.2
where, k = force constant and µ = reduced mass.
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Figure 2.8: (a) FT-IR spectrophotometer Perkin Elmer Spectrum BX-100 (b) FT-IR Spectra of bare ITO electrode.  


In the current studies, FT-IR spectroscopy of the required samples (Chapter III-V) was performed using a Perkin Elmer Spectrum BX-100 spectrophotometer in the range 500-4000 cm-1. Each sample was recorded over 60 scans with a resolution of 4 cm-1 and a gap time of 1 cm-1 in the triplet set. The efficiency of the IR spectrophotometer was evaluated by recording the spectra of the reference material where zero-line spectra confirm the optimal performance of the spectrophotometers. Figure 2.8 (a and b) depicts the FTIR instruments and the spectra of the ITO electrode obtained in the range of 550 -4000 cm-1, respectively.
Precautions:
i. Powder and KBr sample must be crushed to reduce the particle size to less than 5 mm.
ii. Pellet or film should not be too thick or dark to restrict light from passing through it.
iii. The sample spectrum should be taken after recording the new background.

2.4.7 Contact Angle (CA) Measurements
To study the wettability, surface energy, and adhesion properties CA measurement has been utilized for low surface energy materials[156]. Contact angle (CA) is the angle where a solid surface interfaces with a liquid/vapour phase. It depends upon surface roughness, surface condition and surface material. The interaction between three phases of thermodynamic equilibrium is liquid phase (L), solid-phase (S), and gaseous phase (G) (that can be a combination of fixed air and vapour fluid equilibrium set) [Figure 2.9 (b)]. The CA is measured via the morphology of the liquid droplet resting on a solid surface. A tangent is drawn touching the bottom of the droplet as the base forming an angle termed as contact angle. The CA measurement was performed via sessile drop method to investigate the hydrophobicity and hydrophilicity of the sample as well as the immobilized biomolecule. This method estimates the wetting ability of the sample in a localised region by measuring the angle change between the baseline and the tangent drawn from the drop.  The CA value provides an indication of the hydrophilic (<90 °) or hydrophobic (90°-150 °) behaviour of the film. The hydrophilic surface exhibits good surface wetting, however, for the high hydrophobic materials the wetting of the surface is poor. The CA measurement were performed using Data Physics OCA15EC instrument. Figure 2.9 (c) represents the CA obtained for the ITO electrode indicating its hydrophilic nature. The results of the CA measurements is discussed in detail in Chapter III. 
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Figure 2.9: Optical image of CA meter Data Physics OCA15EC, (b) CA surface thermodynamic at the solid liquid interface(c) CA image of an ITO electrode indicating the hydrophilic nature of surface.
Precautions:
i. The measurement should be carried only when the drop stabilizes.
ii. The instrument should be kept in vibration free and humid free chamber for accurate results.
iii. The needle tip must be cleaned before and after the sample filling to avoid any air bubbles and contaminants.
2.4.8 Brunauer–Emmett–Teller (BET) technique
The BET is a technique for the measurement of specific surface area, pore size and pore volume of a solid or porous material through physical adsorption of gases. The specific surface area (m2/g) is the total surface area of the material containing all the small pores. Generally, the sample is kept at cryogenic conditions for proper adsorption of gases[157]. The main principle is based on the multi-layer adsorption of non-reactive gases such as nitrogen, argon, carbon dioxide etc. [Figure 2.10 (b)]. The volume of the particular gas is measured at its boiling point i.e. ~ -190 °C and when this gas condenses, it settles down at the surface of the material resulting in a monolayer. These adsorbed gases, follows the Langmuir isotherm type II (microporous) and type IV (mesoporous) with a pore diameter ranging between 2 nm and 50 nm. The surface area is calculated from the following Eq. 2.3:
                                S total = nmNs/V                                                    Eq 2.3
Where N is Avogadro’s number, V the molar volume of the adsorbate gas, and s is the adsorption cross section of the adsorbing species. 
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Figure 2.10: (a) BET–Quant chrome instrument, (b) schematic representation of adsorption of gases onto the solid surface (c) BET studies of the as synthesised nMoO3 with specific surface area 17.19 m2g-1.

The pore size classifies the materials into three categories.
i. Pore Size >50 nm, the material is macroporous.
ii. Pore Size between 2 nm and 50 nm, material is called mesoporous.
iii. Pore Size < 2 nm, the material is called micropores.
Figure 2.10 (c, inset) shows the BET analysis of nMoO3 nanomaterial. The pore size distribution curve indicates that the nMoO3 is dominated by mesoporous with a minor fraction of microporous structure. In this thesis, BET has been conducted using the model Quantachrome Instruments, USA [Figure 2.10 (a)] and discussed in details in Chapter III, IV and V.
Precautions:
i. Proper cooling ~77 K should be performed prior to insertion of the sample.
ii. Use of safety goggles, heat resistant gloves and mask is necessary while taking the measurement.
iii. The gassing and degassing of the gas in use should be performed with great care.

2.4.9 X-Ray Photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a quantitative surface sensitive technique that measures the chemical and elemental composition, electronic state, binding energy, and empirical formula of any material[154]. XPS is based on the principle of photoelectric effect, where the X-ray of certain amount of energy are bombarded on the sample, to eject a photoelectron from the atom. The energy of this photoelectron is the characteristic tribute of the element and is measured by electron energy analyser.  In the spectrum for the sample under study reveals the presence of peaks at particular energies, indicates the presence of a specific elements. The binding energy of each electron can be determined using the Eq. 2.4..
                          Ebinding = Ephoton – (Ekinetic + ϕ)                                                           Eq. 2.4
[image: I:\chapter 2\XPS.tif]where ϕ is the work function depending on both the material and spectrophotometer. Moreover, the intensities of this peak are related with the concentration of the particular element. The surface penetration of X-Rays is typically around depth of less than 5 nm. X-ray Photoemission Spectroscopy (XPS) experiments were carried out using Omicron Multi-probe® Surface Science System, GmbH [Figure 2.11 (a)] with a dual anode non-monochromatic Mg/Al X-ray source (DAR400), and a hemispherical electron energy analyzer (EA 125). 
Figure 2.11: (a) XPS instrument (b) Survey scan spectrum of APTES/nMoO3/ITO electrode and the anti-HER-2 APTES/nMoO3/ITO electrode exhibiting the elemental presence of Mo 3d, O 1s and N1s[158].
Figure 2.11(b) shows the XPS survey spectra obtained for APTES/nMoO3/ITO electrode and the anti-HER-2/APTES/nMoO3/ITO that is in agreement with reported literature[158]. Chapter III, and IV contains the results of the technique discussed.
2.4.10 Electrochemical Techniques
Electrochemistry is an instrumental tool, which essentially correlates the analyte concentration with the function of charge exchanged through the electrodes. It majorly derives information through measurement of potential, current or charge for quantitative analysis of analyte concentration and its characterization for evaluating its chemical reactivity. The electrochemical studies in the form of CV, DPV and EIS have been used for the evaluation of immunosensor performance using Autolab (EcoChemie,Netherlands-PGSTAT 302 N) Potentiostat/Galvanostat [Figure 2.12], with Ag/AgCl (saturated with KCl, E = +0.197 V) as the WE and Platinum (Pt) as the CE.
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Figure 2.12: An Autolab-PGSTAT 302 N (Eco Chemie, Netherlands) potentiostat/Galvanostat.[159] 
(a) Cyclic Voltammetry (CV) Measurements
Cyclic voltammetry is one of most popular electroanalytical technique, which involves the ramping up of working electrode potential at a specific scan rate and measurement of the resultant current versus the sweep time[160]. The potential sweep is mostly carried out such that the starting potential is same as that of end potential, resulting in its name. The cyclic voltammograms can be used for evaluating reactions having known redox potentials for its participating electroactive species[161]. The resultant current in a CV is measured between the WE and CE throughout the variation of electrochemical potential in a scan. Supporting electrolyte is added in the solution in order to decrease the electrical resistance in a system and facilitate the redox process. Mainly two types of processes occur at the interface of working electrode i.e. 
(i) Faradic 
(ii) Non –faradic process
In a Faradic process, the charge transfer at the electrode-electrolyte interface undergoes oxidation or reduction mechanism i.e. the formation of electrical double layer following faradays law. Whereas a non-faradic process there is no flow of charge at the vicinity of electrode-electrolyte interface, i.e. no reduction or oxidation takes place. In an electrochemical cell, the redox reaction-taking place leads to the mass transport of electrons resulting in current generation. The redox couple monitor the electron movement in a controlled and stable electrochemical system. The electron kinetics involved within the certain potential range between the electrode-electrolyte and the species of interest/analytes is governed by the Nernst Eq. 2.5:
                                                                                  Eq 2.5
where Eo is the standard reduction potential for the redox couple, R is the universal gas constant (8.314 J K–1 mol–1), F is the Faraday constant (96485.38 C mol–1),n is the number of electrons transferred in the reaction, Cr and Co are concentration of the reduced and oxidised forms  and T is the temperature (in Kelvin). In a reversible system, the ratio of the reduced and oxidised species becomes larger and smaller upon the application of negative and positive potential respectively and further could be expressed as the Eq. 2.6
                                                                   Eq 2.6
When the temperatures is 298 K and ln (x) = 2.3 log (x).In this thesis, ferro-ferri cyanide (Fe (CN)63-/4-) is used as a redox mediator for investigating the electrochemical behaviour of the fabricated electrodes. During the forward scan of CV measurements, the Fe (CN) 6-4 oxidises (anodic current) and releases an electron to form Fe (CN) 63- until the saturation or maximum peak is attained. Thereafter the current starts decaying as the reverse scan starts leading to the reduction (cathodic current) of Fe (CN)63- to Fe(CN)64- .Figure 2.13 depicts a CV obtained for an ITO electrode in the presence of redox mediator. The various parameters such as peak current oxidation potential can be interpreted  from this curve.
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Figure 2.13: Cyclic voltammetry of an ITO electrode

The response of the CV curve majorly depicts an ideal and reversible nature of electrode as seen by its “duck shaped” I vs V(applied potential) response[162]. For an ideal and reversible system, the Randles-Sevcik Eq. 2.7 gives the peak current in an electrochemical setup:	
                                                            Eq 2.7
Where Ip is peak current (A), n is electron stoichiometry (eq/mol), A is the electrode area (cm2), D is diffusion coefficient (cm2/s), C is concentration (mol/cm3), and ν is the scan rate (V/s). Finally, the separation between the two peaks of the voltammograms is given by Eq. 2.8:
        Eq. 2.8 
Hence, one can determine the concentration, the diffusion coefficient, and the number of electrons per molecule of analytes oxidized or reduced and/or the redox potential for the analyte, all from a single CV experiment.[163]  The value of Ep can be determined from the average of both anodic ( Epa) and cathodic (Epc) peak potentials. Therefore, a single CV scan is sufficient for evaluating multiple parameters such as defining the nature of electrode (ideal or non-ideal), diffusion coefficient of the system, number of electrons involved in each event of oxidation and reduction, analyte concentration and the redox potential of the analyte. Figure 2.13 shows the CV recorded for ITO electrode using Autolab Potentiostat. The CV studies have been discussed in Chapter III, IV and V.
Precautions:
i. CV studies were  performed in potential window of the working electrode
ii. Always place the working electrode in close vicinity of the reference electrode for error free results.
iii. Always use freshly prepared buffers in milli-Q water for bioelectrode testing.
(b) Differential Pulse Voltammetry Measurements
Differential pulse voltammetry (DPV) is technique developed for electrochemical analysis due to its high sensitivity in quantifying analyte concentration[160].The technique comprises of potential pulses in which potential is ramped after every pulse in a staircase type fashion [Figure 2.14 (a)]. The resulting current in this method is calculated as the difference in the current value shortly before the start and end of a pulse. The difference between the current values at these two points (δi) is plotted against the base potential. The resulting plot of δi versus. V is referred to as a differential pulse voltammograms consisting of a peak. The peak height is directly related to the amount of analyte interacted in the cell system. 
Representation of data in DPV measurements usually involves plotted differential current vs the applied potential, hence the name of this technique [Figure 2.14 (b)]. The resulting current in electrochemical systems primarily consists of a (i) Faradic component caused by electron transfer process and (ii) Non-faradaic counterpart caused due to the double layer capacitance at the electrode-solvent interface due to polarisation. The faradaic current though persists for few seconds the background current because of double layer capacitance usually fades within milliseconds depending on the time constant of the surface capacitance. The effectiveness of the technique for analytical purpose lies in its methodology, that remarkably increase If/Ic ratio by subtraction of the background residual current, increasing its capability to detect current changes against small voltage change.
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Figure 2.14: (a) Staircase ramp with potential pulses. (b) The potential–time function resulting from this superposition and (c) DPV curve of an ITO electrode

Figure 2.14 (b) shows the characteristic bell-shaped voltammograms obtained upon plotting differential current against the applied potential. The single peak current depicts essentially the reduction potential of the analyte. Thus, change on analyte concentration is reflected upon the change in peak height majorly and at times area. It is a potential tool for calculating reduction potential of a sample and can be extended for monitoring change redox potentials in course of a reaction. DPV measurement is the de-convoluted peak response that enhances the quality of the measured signal with less background interference. DPV measurements were performed using PGSTAT 302 N Auto lab Potentiostat (Netherlands) instrument. The DPV curve of ITO electrode exhibits a single peak that is in agreement with literature. The results of DPV studies of the fabricated electrodes have been discussed in Chapter III, IV and V.
Precautions:
i. No reacting species should be present in the electrolyte which might compete
with redox probe for electrons.
ii. The electrolyte should be homogenous and must be kept unstirred while taking
       observations.
(c) Electrochemical Impedance Spectroscopic Measurements
Impedance is defined as the effective resistance of a system. Electrochemical Impedance Spectroscopic (EIS) measurement involves the analysis of the resistance experienced by the ions at an open circuit potential in an electrochemical system. These resistances are largely due to the impedance in charge movement through solution, interfaces and coatings. A typical electrochemical reaction at an electrode is usually represented through the Eq. 2.9
                                                         	                                         Eq. 2.9
Where, O and R represent the oxidized and reduced forms of analyte with n being the number of electrons exchanged. The resulting current in these systems is due to the contribution both the faradaic as well as non-faradaic processes[164]. The Faradaic component is majorly dependent on the number of electrons involved in the transfer process. The interface and solution resistance and polarisation potential Rp is required to overcome this barrier hinder this transfer. However, the value of Rp at standard electrode potential is regarded as Rct. As for non-Faradaic processes, it involves the current due to the background charging due to the formation of double layer capacitance at the electrode-solution interface. Another class of process, which governs the exchange of charge for redox reaction, is mass transfer. It is responsible for the movement of reactants to be reduced at the electrode surface from the bulk solution.. This component of resistance has been defined as Warburg impedance (Zw). As shown in Figure 2.15, the contribution of each process can be correlated to simpler circuit components in the Randle’s Circuit. Figure 2.15, depicts the data interpretation of EIS in a Nyquist plot [Real (Z) vs Im(Z)] shows a shifted semi-circular shaped curve at higher frequency followed by a straight line at 45° at the lower frequencies. The semi-circular portion of the graph represents the impedance due to charge transfer process and depicts the Rct value. The shift of the curve from origin depicts essentially the resistance due to solution (Rs).These can be calculated from the equivalent circuit model as in Eq. for a parallel circuit and follows the Eq. 2.10 and 2.11:
                                                Eq. 2.10                                                                                                                                                         Eq. 2.11
The linear line depicts mainly the diffusion-controlled process and is independent of the reactions on the electrode interface. 
[image: ]
Figure 2.15: A Nyquist plot depicting the kinetic and diffusion processes. [165]

Figure 2.16 shows the EIS curve obtained for a ITO electrode in PBS solution containing 5mM [Fe(CN)6]3–/4–conducted in the frequency range, 100 KHz to 0.01 Hz at a biasing potential of 0.01 V. 
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Figure 2.16: EIS curve of an ITO electrode along with its equivalent circuit.
An equivalent circuit (Randles circuit) can model the electrode-solution interface as shown in Figure 2.16 inset The heterogeneous electron transfer rate constant (Ko) of various modified conducting paper can be evaluated using Eq. 2.12:
                                K0 = RT/n2F2A RctC                                                                        Eq. 2.12
Where R is the gas constant, T is absolute temperature (K), F is the Faraday constant, A is the electrode area (cm2), Rct is the charge transfer resistance obtained from Nyquist plot (EIS), C is the bulk concentration of redox probe (mol/cm3) and n is the number of transferred electron per molecule of the redox probe. EIS studies of the fabricated electrode and immunoelectrode have been discussed in chapter IV and V.

Precautions: 
i. The solution should not be under stirring condition. 
ii. In case, Ag/AgCl is used as a reference electrode, the solution containing the electrolyte must be kept unstirred while taking observations. 
2.4.11 Collection of serum samples of breast cancer patients
The serum samples of breast cancer patients were obtained under the procedure approved by Rajiv Gandhi Cancer Institute and Research Centre (RGCIRC) institutional Review Board (RGCRIC/IRB/12/2016). The written consent from all the patients was taken prior to collection of the serum samples. The blood sample were collected and  processed at RGCRIC, where the sample were centrifuged at 2500 rpm at least 15 minutes  and the  serum was then separately collected and stored at -20 °C till further use.
2.4.12 Enzyme-Linked Immunosorbent Assay

Antigen-antibody interactions are one of the most widely used methods due to its high specificity, thus finding its function in many modern patient diagnostic devices. ELISA is one of the most popular technique capable of both qualitative as well as quantitative detection of antigens (antibodies) from a serum sample using antibodies (antigens) bound to solid supports [Figure 2.17]. Multiple variations in ELISA setups are present although the basic principle is similar. The sandwich version of ELISA involves coating of solid surface using antigen-specific primary antibodies upon which serum sample containing antigen is added. The step is followed by addition of enzyme-conjugated antigen specific secondary antibody and then a chromogenic substrate is added resulting in coloured product.
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Figure 2.17: Variations in ELISA setup. [166]
The test is calibrated using known volumes of antigens (antibodies) and detection of coloured product. The standard curve thus obtained is essentially used for detecting and quantifying the presence of unknown volumes of antigens (antibodies). In this thesis, ELISA technique was used for quantification of HER-2 in serum samples of breast cancer patient using the ELISA plate reader Bio-Rad, Model 680. The double-antibody sandwich ELISA was performed in a precoated HER-2 micro titer wells. After following all the required steps, incubation was accomplished in two hours followed by serial washing and subsequently after, the colorimetric reaction the absorbance was measured by the ELISA plate reader at 450 nm.
2.4.13 Cell Cytotoxicity Studies
Cytotoxicity of nTMOs was evaluated on a Human Embryonic Kidney (HEK ) 293T cell line by methyl thiazol tetrazolium (MTT) colorimetric assay. In this assay MTT was reduced by mitochondrial succinate dehydrogenase in live cells into coloured (dark purple) formazan product. These formazan crystals were further solubilized in a buffer, followed by measuring the intensity spectrophotometrically at 540 nm using an ELISA plate reader. Initially, the cell density of 105 cells/well was maintained in a 96 well plate and at 37 ˚C in a humidified 5% CO2 atmosphere. When the cells attained 70% confluence, APTES/nMoO3 was added to wells in the range, 0-30 µg mL-1. Subsequently the samples were introduced to the cells and were incubated for 48h after which the MTT assay was performed. For MTT assay, 100 μL of MTT (1 mg mL-1) in Dulbecco's Modified Eagle's Medium (DMEM) was added to wells. The formazan crystals so formed were solubilized in DMSO. Spectrophotometrically intensity of the colour was recorded at 540 nm on an ELISA plate reader. To calibrate the spectrophotometer to zero absorbance blank MTT reagent without cells were used and untreated cells with 100% viability was taken as control. All experiments were carried out in triplicate. The viability of cell was calculated by using the following formula as denoted in Eq. 2.13
                Cell Viability (%) = (Abs)treated / (Abs)control x 100                     Eq. 2.13
We used UV-Vis spectroscopy (PerkinElmer-λ950) for the optical density (OD) measurement. The results of MTT assay of synthesized nanomaterial have been discussed in Chapter III.
2.5. Biomolecule Immobilization for Biosensor Fabrication
One of the most crucial components of biosensor design includes immobilization of biomolecule on the transducer surface for its function as receptor. The biomolecular interaction with the analyte is a primary contributor for evaluating biosensor performance. The process requires intricate care while immobilizing on sensor substrate such that the native structural state of biomolecule is conserved for ensuring its natural activity. Stability of biomolecule on the substrate is also important for ensuring prolonged biosensor activity. Several strategies of immobilization have been devised as represented in Figure 2.18.The strategy used for immobilization is primarily dependent on the biomolecule for its stable bonding to electrode such that it is not desorbed to the solvent phase and the active site for analyte binding is conserved. The method used also depends on the orientation of biomolecules as entrapment or physically adsorption may lead to random configurations while covalent bonding maybe relatively ordered.  Numerous immobilization techniques  have developed over the years. Among these, the most common strategies include (i) physical and (ii) covalent techniques. 
i. Physical Immobilization: The proteins can be adsorbed on to the matrix via different intermolecular forces such as formation of ionic bonds, hydrophobic bonds and polar bonds. The interaction is completely dependent on the type of protein and the matrix involved. Although these binding interactions are considered to be weak, but are in significant amount to provide enough binding. The resultant layer formed is generally of heterogeneous nature with randomly oriented biomolecule due to minimized repulsive interactions. The advantage of using this strategy in the biosensors fabrication involves the minimum use of activation steps and also such interactions are highly reversible leading to a better regeneration of the matrix surface.
ii. Covalent Immobilization:  This technique involves the use of different nucleophilic functional group available on the immobilizing matrix for the covalent interactions. The functional groups such as –NH2, –SH, –OH etc., capable of covalent coupling or being activated to interact with the respective groups present in biomolecules. The binding forces between the biomolecule and the matrix are super strong and thus no leakage or removal of biomolecule occurs. In order to immobilize the biomolecule (antibodies) on nTMOs based substrate, zero-crosslinking chemistry has been utilsed. The EDC-NHS chemistry, where EDC (0.4 M, coupling agent) and NHS (0.1 M, activator) is used for the activation of the –COOH group of Fc region of antibodies (anti-HER-2) which binds with the –NH2 group present onto the functionalized nTMOs  resulting in the formation of amide bond (Chapter III,IV and V).
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Figure 2.18: Different biomolecule immobilization strategies [167]
	

2.6 Protocols to estimate various parameters relating to the performance of immunosensor  
A biosensor has certain dynamic attributes that improves the overall performance of the sensor. Especially the analytical performance of the given biosensor is determined through the various analytical figure of merits, which describes its ability to detect the signal precisely and accurately. In general, certain figure of merit that every sensor or biosensor should follow are briefly discussed:
i. Selectivity: the ability of biosensor to accurately detect a specific analyte of interest in a sample consisting of different cross reactants or interfering species. 
ii. Sensitivity: It is defined as the “current response per unit change”. It is the minimum amount of analyte that can be detected in sample. In this work, the sensitivity of each of the desired biosensors was estimated from the slope of the linearity curve.
iii. Linearity or linear range: The dynamic range from lower value to a higher value  in which a biosensor is operational and gives linear response. Mathematically expressed as y=mx + c, where c is the concentration of the analyte, y is the output signal, X is change in concentration and m is the sensitivity of the biosensor.
iv. Limit of detection: The value indicates the lowest detectable amount of analyte within in a certain confidence interval. The general formulae for the LOD calculation is given by the Eq. 2.14
LOD = Kσ/m                                                      Eq. 2.14
 Where with k is the confidence level of parameters (k =3 with a statistical    confidence of 99.6 %), m is slope and σ is standard deviation of the linearity curve.
v. Stability: The degree to which a biosensor is susceptible in the various changing environmental conditions and does not loses the linearity within the working range. 
vi. Reproducibility:  The ability of the biosensor to generate identical responses with minimum deviation after each measurement for a specific analyte.

In addition to these, the performances of each of the fabricated immunosensors (Chapter III, IV and V) was also evaluated using different analytical parameters as discussed below:

i. Surface Coverage calculations 
The surface coverage of both the electrode and immunoelectrode were estimated from the CV plot of I vs V using Brown Anson Model using the Eq. 2.15
                                             Eq 2.15
Where Ip represents the peak current of immunoelectrode, n is the number of electrons (1) transferred,  is the surface concentration of the absorbed electro-active species F is the Faraday constant (96,485 C mol-1), , A is the surface area of the electrode, ν is the scan rate (V/s), R is the gas constant (8.314 J mol-1 K-1) and T is room temperature (25 °C or 298K).

ii. Diffusion Coefficient 

The diffusion coefficient (D) of  the fabricated electrodes was calculated using the peak current for a reversible redox couple, and is given by the Randles-Sevcik Eq. 2.16. The current is directly proportional to concentration and increases with the square root of the scan rate. 
Ip = (2.69 × 105) n3/2 A D1/21/2                                                                 Eq 2.16	
where A is the electrode area (cm2), C is the concentration ( mol cm-3), n is the number of electrons D is the diffusion coefficient (cm2 s-1), and ν is the scan rate (V s-1).


2.7. Conclusions
The experimental techniques discussed in this Chapter have been used for the characterization of nTMOs and its composites for the fabrication of biosensors. XRD, SEM, TEM and BET analysis of the synthesised nTMOs and the fabricated electrodes have been performed to gain insight into the structural, morphological, and stability factors. The fabricated electrodes and immunoelectrode have been characterized using FT-IR spectroscopy, AFM and SEM for spectroscopic and morphological characterization. Electrochemical techniques including CV, DPV and EIS described in this chapter have been utilized to study the electrochemical response characteristics of the fabricated immunosensor. Beside this, protocols described in this chapter have been utilized for the   
used in the collection, processing and storage of serum sample of breast cancer patients and also the calculation of various sensing parameters of nTMOs based biosensor HER-2 estimation.
Chapter 2

The next Chapter deals with the synthesis of the nanostructured TMOs, its use for the fabrication of immunosensor towards the breast cancer biomarker detection.






Chapter 3



Nanostructured Molybdenum Trioxide Based Biocompatible Sensor Platform for Breast Cancer Biomarker Detection
82
3.1 Introduction 
Chapter 3

The application of nanostructured transition metal oxides (nTMOs) towards the development of smart biosensing platform has recently stimulated much interest.[3] The nTMOs are known to have s-shells of positive metallic ions filled with electrons, whereas the d-shells remain partially filled resulting in good electrical characteristics, semiconducting behavior and high dielectric constants. [9] Among the different transition metal oxides, nanostructured molybdenum trioxide (nMoO3) possesses good electrochemical activity, optical transparency, photochemical stability, excellent electrical and surface charge properties.[3] The nMoO3 comprises of a layered structure in a hexagonal lattice held together by Van der Waals forces. Moreover, the polar nature of MoO3 facilitates binding and adhesion of charges by forming electrical double layer resulting in improved immobilization of proteins. [22] Further, it provides an electrical conduction path between proteins and a given electrode resulting in improved sensitivity of biosensing electrodes due to its enhanced electron kinetics.[23] The nMoO3 with different morphologies including nanoparticles, nanofibers, nanoflakes, nanospheres have been found to have many applications including biosensing. Balendhran et.al reported 2D MoO3 based FET biosensor for BSA detection.[168] Shakir et.al fabricated α-MoO3 based enzymatic biosensor for efficient detection of L-lactate.[169] Among these, nMoO3 has been found to be stable in the environment and does not degrade on immobilization of biomolecules. For instance in case of nanorods, the electronic conduction in nMoO3 can occur due to tunneling mechanism, enhanced surface scattering, bulk conduction and higher density of electronic states.[12] Further, the concentration of surface atoms in nanomaterials has been reported to increase with decrease in diameter resulting in higher conductivity. 	
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Breast cancer is currently one of the most prevalent cancers [170]. Several factors such a hormone replacement therapy, ionizing radiation, smoking, alcohol consumption, late or no child-birth and genetic susceptibility etc, may lead to onset of breast cancer [171-173]. The conventional techniques used for breast cancer detection include immunohistochemistry (IHC), fluorescence in situ hybridization (FISH), and biopsy. These techniques are complex, time consuming, expensive and require specially trained personnel for analysis. Biosensors are being seen as an alternative technique for breast cancer detection as they offer high sensitivity, reduced cost, minimal sample volume requirement and point-of-care diagnostics.[174] For the development of biosensors as a point of care devices, biomarkers have been known to play a prominent role as they are correlated with the diagnosis and prognosis of a particular disease.  Many biomarkers such as CA 27.29, estrogen receptor (ER), [175]progesterone receptor (PR), CA-15-3, RS/DJ-1[176] and human epidermal growth factor receptor-2 (HER-2) etc. can be associated with the presence of  breast cancer [177]. The early stage screening, monitoring and recurrence of breast cancer via electrochemical techniques has recently attracted the attention of researchers.[138] Among these, HER-2 is a promising biomarker for breast cancer diagnosis. [178] Moreover, the HER-2 gene is  amplified in 30 % of the breast cancer patients leading to increased expression of HER-2 receptor protein onto a cell surface.[179] HER-2 is a tyrosine kinase receptor that encodes for a 180 kDa protein located on chromosome 17 and is composed of cytoplasmic domain, a transmembrane domain and extra cellular domain (ECD). It releases its extra cellular domain into the serum fraction on over expression during the presence of breast cancer. The cut-off concentration of HER-2 in serum sample of a breast cancer patient can be  >15 ng mL-1.[179] Thus, monitoring HER-2 in serum may yield important information pertaining to tumour growth of a breast cancer patient.[180, 181] Gohring et al. developed an optical based biosensor based on optofluidic ring resonator for HER-2 detection.[179] The detection range for this biosensor was found to be as 13 to 100 ng mL-1. In another approach, Khafaji et. al. demonstrated an electrochemical immunoassay based on labelled sandwich assay comprising of antibody-functionalized via magnetic beads coupled to screen-printed cells in the range, 0-30 ng mL-1.[137] Ravalli et al. showed that gold nanostructured based screen printed graphite platform can be used for HER-2 detection in the range , 0-40 μg mL-1.[138] Thus, these studies clearly reveal that HER-2 is an important diagnostic and prognostic biomarker towards the detection of breast cancer.
This Chapter contains results of the studies conducted using nMoO3 as an immobilization matrix to fabricate an immunosensor for the detection breast cancer biomarker HER-2. [158]

3.2 Experimental details 
3.2.1 Synthesis of nanostructured MoO3 and functionalization using APTES
A solution of Na2MoO4.2H2O (0.2 M) was prepared in 50 mL milli-Q water and concentrated HNO3 (5 mL, 60-70 %) was added dropwise at constant stirring (300 rpm) for 2h. The solution color changed from transparent to pale yellow. Further, the obtained solution was transferred into a Teflon-lined hydrothermal[21] pressure vessel and kept for 18h at 170 ˚C. After cooling, the obtained precipitate was rinsed thoroughly with milli-Q water and ethanol via centrifuge at 8000 rpm for 10 mins to remove the byproducts. The obtained white precipitate was dried at 60 ˚C for 24h. After drying, the synthesized nanomaterial was kept at room temperature (25 ˚C) until further use. Scheme 3.1 (a and b) represents the chemical reaction during the growth of the nanomaterial along with the step of synthesis.
To promote conjugation of biomolecules with the synthesized nMoO3, the functionalization with a linker molecule (APTES) was carried out. For this purpose, 100 mg of nMoO3 was mixed in 25 mL of isopropyl alcohol (IPA) and was stirred at 300 rpm for 2h. Next, 200 μL of 98% APTES and 10 mL of Milli-Q water were added dropwise simultaneously with continuous stirring (250 rpm) for 48h at 40 ˚C.[42] Addition of water during functionalization resulted in hydrolysis of ethoxy groups present in APTES, leading to bond formation with the nb. The product was washed with Milli-Q water and dried at 60 ˚C for 24h to remove the unbound APTES molecules. After drying, the resulting product was stored at room temperature till further use.
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Scheme 3.1: Reaction mechanism of MoO3 Synthesis (a) Pictorial representation of synthesis of nMoO3
[bookmark: _Hlk46938797]3.2.2. Electrophoretic deposition of nMoO3onto ITO.
Indium tin oxide (ITO) coated glass electrode (0.5 cm × 2.5 cm) was used as a substrate for fabrication of biosensing platform. Initially, the ITO electrode was hydrolyzed with a solution of NH3:H2O2:H2O in the ratio of 1:1:5 to introduce -OH functional groups on the surface. A dispersed colloidal solution (1 mg mL-1) of functionalized nMoO3 (APTES/nMoO3) was prepared in acetonitrile. The electrophoretic deposition (EPD) technique (50V for 2 mins) was used to obtain uniform thin film on hydrolyzed ITO electrodes. For EPD technique, platinum was used as the anode and ITO electrode as cathode separated at a distance of 1 cm. 
3.2.3 Immobilization of anti-HER-2 onto the APTES/nMoO3/ITO electrodes
For immobilization of anti-HER-2 onto APTES/nMoO3/ITO electrode, EDC-NHS coupling chemistry was used where EDC worked as an activator and NHS as the coupling agent. 15µL of monoclonal anti-HER-2 (50 µg mL-1) was mixed with 7.5µL of EDC (0.4 M) and 7.5 µL NHS (0.1 M) and kept at room temperature (25 ℃) for 10 mins in order to activate the -COOH group present onto Fc region of anti-HER-2 biomolecules.
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 (
1
)Scheme 3.2: Fabrication steps of BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode

Further, 30µL of this prepared mixed solution was uniformly drop cast onto the APTES/nMoO3/ITO electrode surface and kept in a humid chamber for about 2h.The EDC-NHS coupling resulted in the formation of covalent bond between -NH2 groups present on APTES/nMoO3/ITO and active -COOH group of anti-HER-2 molecules. To remove the unbound biomolecules, the electrode was washed with PBS (pH 7.0).For blocking of the non-specific binding sites, 20 µL of BSA (1 mg dL-1) was used and kept for 2h followed by washing with PBS. The fabricated BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode were stored at 4 ˚C till further use. Scheme 3.2 represents the fabrication steps of BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode

3.3 Results and Discussion
3.3.1. X-ray diffraction studies
The X-ray diffraction (XRD) studies were conducted to investigate the crystallinilty and phase determination of the synthesised materials. Figure 3.1(a) shows the XRD spectra of nMoO3 obtained in the diffraction angle (2θ) in between 20˚-80˚with slow scan rate of 0.2 ̊ min-1.The peaks found at the different crystallographic (hkl) planes such as (001), (-101), (002), (011), (110), (012), (003), (013), (020), (-114) and (023) were well indexed with JCPDS no: 85-2405 indicating the formation of monoclinic phase of nMoO3.The (002) plane at 2θ = 25.83° has the highest intensity revealing that the MoO3 crystallites were grown more orderly along the (002) plane.
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Figure 3.1: The XRD spectra of the synthesised nMoO3 

3.3.2 Scanning Electron Microscopy and Transmission Electron Microscopic studies
The morphological characterization of synthesized nMoO3 was accomplished through SEM and TEM [Figure 3.2 (a and b)]. Figure 3.2 (a) shows the SEM image, indicating the formation of fine needle like structures. The magnified image reveals the rod like structure of nMoO3 [inset of Figure 3.2(a)]. The TEM studies [Figure 3.2 (b)] further confirms the formation of rod like structures of nMoO3 with diameter in between 60 to 80 nm with length in few micrometers. 
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Figure 3.2 (a) The SEM image (b), TEM image of synthesized nMoO3

3.3.3 Raman Spectroscopic studies
Figure 3.3 shows Raman spectra of the synthesized nMoO3 nanorods. The high intensity characteristic peak at 818.2 cm-1could be attributed to the stretching modes of doubly connected bridge oxygen atom in Mo-O-Mo, present in the MoO6 octahedrons. The peak obtained at 991.5 cm-1 indicates asymmetric stretching mode of terminal oxygen present in Mo=O. The peak at 280 cm-1 is a doublet comprising of wagging modes of the terminal oxygen atoms. The peak seen at 660.7 cm-1 could be ascribed to the triply coordinated oxygen atoms linked to the Mo-O stretching modes of three octahedrons. The peaks found at 333 and 375.2 cm-1 were assigned to the bending mode of O=Mo=O and scissoring modes of O-Mo-O, respectively.
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Figure 3.3 Raman Spectra for the nMoO3

3.3.4 Fourier Transform Infrared Spectroscopic Studies
The FT-IR studies were performed to investigate bonds between the chemical groups present onto the APTES/nMoO3/ITO electrode and amide bond formation after immobilization of the anti-HER-2 biomolecules. Figure 3.4 shows the FT-IR spectra obtained for (i) APTES/nMoO3/ITO and (ii) anti-HER-2/APTES/nMoO3/ITO, respectively. In both the spectra, bands appearing in the range, 1350 to 1000 cm-1, indicates the presence of C-N (amines) group onto the nMoO3 bounded APTES molecules. Bands found at 1474, 2880 cm-1 and in the 1640-1550 cm-1 range were due to C-H bending vibration of alkane (back bone of APTES), -C-H bond and N-H bending for primary amine. The band observed at 1382 cm-1 (spectra i) was due to stretching vibration of C-N bond formation occurs in between –NH2 (amine) group present at APTES functionalized nMoO3 and Fc region of anti-HER-2 biomolecules..
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Figure 3.4: FT-IR spectra of (a) APTES/nMoO3/ITO, (b) anti-HER-2/APTES/nMoO3/ITO electrode.

The singlet band observed at 1651 cm-1  arose due to bending vibration of C=O group present at carbon element of amide bond (O=C-N-H) and broad band seen at 3350 cm-1  was attributed to the stretching vibration of the mono-substituted N-H group of amide (R-CO-NH-R) bond. The bands seen at 2720 and 2970 cm-1 were attributed to the -CH band of alkane of the biomolecules and APTES present in the BSA/anti-HER-2/APTES/nMoO3/ITO.[182, 183].These FT-IR results confirmed successful covalent immobilization of anti-HER-2 biomolecules onto APTES/nMoO3/ITO electrode[184]
3.3.5 Brunauer–Emmett–Teller (BET) Studies 
The specific surface area and porosity of the synthesized nMoO3 were determined via BET studies. For sampling the specific surface area, the sample was degassed in a vacuum at 200 °C for 2 h and then the nitrogen adsorption and desorption isotherms were recorded. The pore size distribution and nitrogen adsorption-desorption isotherm for nMoO3 is shown in Figure 3.5. The results of the BET studies revealed the total pore volume of  nMoO3 to be 0.029 cc g-1. The specific surface area of the nMoO3 calculated by BJH method was found to be 17.19 m2 g-1. The pore size distribution curve indicated that the nMoO3 was dominated by mesoporous with a minor fraction of microporous [Figure 3.5 inset (a)]. The mean pore diameter was found to be 6.8 nm. The obtained results revealed the highly mesoporous behaviour of the synthesized  nMoO3 that further facilitate increased loading of anti-HER-2.
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Figure 3.5: BET studies of the as synthesized nMoO3
3.3.6 Cytotoxicity Studies 
The cytotoxicity of APTES/nMoO3 was evaluated on an HEK 293T cell line by methyl thiazol tetrazolium (MTT) colorimetric assay. In this assay MTT was reduced by mitochondrial succinate dehydrogenase in live cells into coloured (dark purple) formazan product. These formazan crystals were further solubilized in a buffer, followed by measuring the intensity spectrophotometrically at 540 nm using an ELISA plate reader. Initially, the cell density of 105 cells/well was maintained in a 96 - well plate and at 37 ᵒC in a humidified 5% CO2 atmosphere. When the cells attained 70% confluence, the cytotoxicity of the functionalized nMoO3 (APTES/nMoO3) was determined in a concentration range of 0-30 μg mL-1 by MTT assay on HEK 293T cells. 
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Figure 3.6: Cell viability, morphology of HEK 293T cell line with (a) 0 μg mL-1(b) 5 μg mL-1 (c) 10 μg mL-1and (d) 15 μg mL-1 concentration of APTES/nMoO3. (e) %Cell viability at different concentration of APTES/nMoO3.

The level of toxicity of the APTES/nMoO3 was found to be a function of concentration. As it is evident from the results of MTT assay, the APTES/nMoO3 did not exhibit any significant cytotoxicity on HEK 293T cell lines upto 15 μg mL-1, which is quite sufficient amount, required for biosensing matrix development. Figure 3.6 (a-d) shows the cell morphology of HEK 293 cell lines on exposure to different concentrations. The % cell viability of APTES/nMoO3 with respect to control was found to be around 75 % for 15 μg mL-1.

3.3.7 X-ray photoelectron spectroscopic (XPS) studies
The survey scan XPS spectra obtained for APTES/nMoO3 and anti-HER-2/APTES/nMoO3 onto the ITO electrode is shown in Figure 3.7. The peaks pertaining to Mo 3d, Si 2p, O 1s and N 1s were found at 232, 102, 530.5 and 399.6 eV, respectively. 
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Figure 3.7: Survey scan XPS spectra of APTES/nMoO3/ITO and anti-HER-2/APTES/nMoO3/ITO electrode.

During the process of anti-HER-2 immobilization, the APTES/nMoO3/ITO electrode was washed with PBS (pH 7.0). The peaks corresponding to Na and Cl can be seen in the survey scan spectra. The Na (KLL), O (KLL) and C (KLL) Auger transitions were observed. The P transition was attributed to anti-HER-2 molecules. It was found that the intensity of Mo (3d) and Si (2p) peaks decreased, and the N (1s) peak intensity increased after the anti-HER-2 immobilization on APTES/nMoO3/ITO electrode. 
The XPS core level spectra of Mo (3d), Si (2p), N (1s) and O (1s) were deconvoluted into corresponding binding energy peaks [Figure 3.8(a-d)]. The two distinct states Mo (3d5/2) and Mo (3d 3/2) separated by 3.15 eV arising due to spin-orbit splitting were visible [Figure 3.8 (a)]. The presence of the two distinct valence state of Mo 5+ and 6+ in the deconvoluted spectra revealed the Mo valence state. And the sharp doublet at Mo (3d5/2) = 231 eV and M o(3d3/2) = 234 eV corresponded to Mo +5 state while the doublet at Mo(3d5/2) = 232.02 eV and Mo(3d3/2) = 235.76 eV ascribed to Mo+6 state. The atomic percentage area of +6 states in anti-HER-2/APTES/nMoO3/ITO decreased from 66.9 % to 41.2 %. This could be due to immobilization of the antibodies onto the APTES/nMoO3/ITO electrode. The N(1s) peak observed for APTES/nMoO3/ITO and anti-HER-2/APTES/nMoO3/ITO electrodes deconvoluted to four peaks at 395.3, 397.4, 399.1 and 401.0 eV corresponded to the N-O-Mo, N-CH, -NH2 and NH3+, respectively [Figure 3.8(b)].  It may be noted that the contribution of the highest energy peak of -NH2 (399.1eV) in APTES/nMoO3/ITO was perhaps due to -N-C=O (398.9) in anti-HER-2/APTES/nMoO3/ITO. This was assigned to the formation of amide bond (-N-C=O) between the carboxyl terminal of anti-HER-2 and the free -NH2 groups of APTES molecules. The deconvolution of Si (2p) yielded four peaks at 101.7 eV, 102.5 eV, 103.3 eV and 104.4 eV corresponding to Si in Si-O, SiO2, Si-O-Mo, Si-O-C, respectively [Figure 3.8(c)] confirmed the functionalization of nMoO3 with the APTES molecules. The O (1s) deconvolution was carried out in the range, 528-534 eV [Figure 3.8(d)]. The three deconvoluted peaks were ascribed to oxygen linked to the O-Si-, O-Si-R wherein R was attributed to the presence of CH2/NH2 groups in APTES and the O-Mo. After immobilization of anti-HER-2, an additional peak found at 530.5 eV was due to oxygen atom of the amide bond in O=C-N-. These results confirmed decrease  in N-O-Mo and O-Mo bonding in N 1s and O 1s core level spectra after the anti-HER-2 immobilization [Figure 3.8(b and d)], respectively.
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Figure 3.8: XPS studies of APTES/nMoO3/ITO and BSA/anti-HER-2/APTES/nMoO3/ITO electrodes.
3.3.8 Electrochemical studies 
(a) pH and Electrode studies 
The effect of pH (6.0-8.0) on BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode was investigated using DPV in PBS buffer (50mM, 0.9% NaCl) containing 5mM of [(Fe (CN)6)] 3-/4- ions. The maximum current response was recorded at pH 7.0 [Figure 3.9 (a)]. This could perhaps be because at pH 7.0, biomolecules (e.g antibodies, antigens, enzymes, DNA, mRNA etc.) existed in their original form and had the highest bio-molecular activity. However, in the acidic or basic medium the biomolecules perhaps got denatured due to interaction of H+ or OH- ions in the amino acid sequence of the antibodies. Further, for the electrochemical studies, PBS (pH 7.0) was used. Further to investigate the electrochemical behaviour of ITO, APTES/nMoO3/ITO, anti-HER-2/APTES/nMoO3/ITO and BSA/anti-HER-2/APTES/nMoO3/ITO electrodes, DPV studies were conducted in the potential range, -0.2 to + 0.6 V [Figure 3.9 (b)]. The peak current obtained for the APTES/nMoO3/ITO (0.31 mA) was found to be higher as compared to that of ITO (0.20 mA) due to high electrocatalytic efficiency and large surface area of the nMoO3 nanorods leading to more efficient electron transfer between the electrolyte and the electrode surface. Further the value of current decreased to 0.24 mA and 0.23 mA after immobilization of anti-HER-2 antibodies. This decrease was attributed to insulating nature of the anti-HER-2 and BSA that acted as a barrier to free electron movement to the immunoelectrode.
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Figure 3.9: (a) Effect of different pH (6.0 to 8.0) on the fabricated immunoelectrode (b) Electrode studies at different steps of modification of the electrode.

(b) Scan Rate studies 
Interfacial kinetics studies on the APTES/nMoO3/ITO and BSA/anti-HER-2/APTES/nMoO3/ITO electrodes were carried out as a function of scan rate (40-140 mV s-1) via CV. The magnitude of peak currents obtained for both the electrodes exhibited a linear relationship with square root of scan rate [inset (i) of Figure 3.10 a and b] indicating that the electrochemical reaction was a diffusion-controlled process and followed Eq. 3.1 to 3.4:
Ipa(APTES/nMoO3/ITO) =-[12.7µA(s/mV) × (scan rate [mV/s])1/2]–10.3µA,
R2=0.996,       SD= 24.8×10-4  Eq. 3.1
 Ipc(APTES/nMoO3/ITO)) =[14.0µA(s/mV) × (scan rate [mV/s])1/2] +34.3µA,
                                                                               R2=0.996,SD=34.5×10-4              Eq. 3.2
Ipc(BSA/anti-HER-2/APTES/nMoO3/ITO )=[14.9µA(s/mV)×(scan rate [mV/s])1/2]+15.3µA,
                                                                             R2=0.997, SD=13.809×10-4         Eq. 3.3
Ipa(BSA/anti-HER-2/APTES/nMoO3/ITO) =-[14.2µA(s/mV) ×(scan rate [mV/s])1/2]–3.5 µA,
                                                                            R2=0.997, SD=20.9×10-4            Eq 3.4

With increasing scan rate, the oxidation and the reduction peaks shifted linearly towardsmore positive and negative potential, respectively. The linear variation was found between the magnitude of difference peak potentials calculated as (ΔEp = Epc–Epa, where Epa is anodic peak potential and Epc is cathodic peak potential) and function of the square root of can rate [inset (ii) of Figure 3.10 c and d]. The observed linear variation indicated efficient and more facile electron transfer kinetics between the medium to electrode and followed Eq. 3.5 and 3.6:
ΔEpa(APTES/nMoO3/ITO )=[0.41V(s/mV)×(scan rate [mV/s])1/2]+0.11V
								R2=0.995, SD=2.77×10-4         Eq. 3.5
ΔEpc(BSA/anti-HER-2/APTES/nMoO3/ITO) =[0.30V(s/mV) ×(scan rate [mV/s])1/2]+0.079V,
              R2= 0.997, SD=4.77×10-4		Eq. 3.6
where R isthe correlation coefficient and SD is the standard deviation. 
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Figure 3.10 : Scan Rate studies of (a) APTES/nMoO3/ITO and (b) BSA/anti-HER-2/APTES/nMoO3/ITO with square root of scan rate vs. current (inset i) and peak potential vs. square of scan rate (inset ii).
The diffusion coefficient (D) for the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode was calculated to be 5.9×10-5 cm2 s-1 by using Randle Sevick Eq. 3.7 that is based on the assumption that mass transport occurred only by diffusion:
                                     Ip= (2.69×105) n3/2AD1/2Cυ 1/2                                      Eq.3.7
where Ip is the peak current obtained for the immunoelectrode, n is the number of electrons transferred (1), A is the active surface area of the immunoelectrode (0.25 cm2), D is the diffusion coefficient, C is the concentration of redox species (5×10-3 mol cm-2) and υ is the scan rate (50mV/s). 
The surface concentration (γ) of the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode was calculated to be 1.049×10-7 mol cm-2 using Brown-Anson Eq. 3.8
                                                 Ip=n2F2γAυ (4RT)-1                                               Eq.3.8
where Ip is the peak current of immunoelectrode, n is the number of electrons transferred (1), F is the Faraday constant (96485 C mol-1), γ is the surface concentration of the absorbed electro-active species, A is the surface area of the electrode (0.25 cm2), υ is the scan rate (V/s), R is the gas constant (8.314 J mol-1 K-1) and T is temperature (25˚C).
(c) Incubation time studies
To determine the time required for interaction between the epitope of HER-2 antigen (2.5 ng mL-1) and paratope of the immobilized anti-HER-2 onto BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode, incubation time studies were performed via differential pulse voltammetry (DPV) every 5 mins up to 30 mins [Figure 3.11]. 
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Figure 3.11: Incubation time study of the fabricated immunoelectrode in the presence of HER-2 (2.5 ng mL-1)
It was observed that the peak current response decreased gradually from 0 to 20 mins after which it became nearly constant. This result showed that 20 mins were required for complete binding of HER-2 onto BSA/APTES/nMoO3/ITO immunoelectrode

3.3.9 Electrochemical detection of the cancer biomarker
The electrochemical response studies of the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode were conducted as a function of HER-2 concentration (0-110 ng mL-1) in PBS (pH 7.0) containing 5 mM [Fe (CN)6]3-/4-] via DPV technique in the potential range, -0.2 to +0.6 V [Figure 3.12 (a and b)]. Each measurement was repeated 3 times for a given concentration of HER-2 (n =3). It was observed that the anodic peak current was found to decrease proportionally with increasing HER-2 concentration. The decrease in the response current was attributed to the formation of insulating antigen-antibody complex molecules resulting due to interaction of the specific binding sites of the HER-2 with anti-HER-2 at the transducer surface. This perhaps obstructed the electron transfer of Fe(CN)6]3-/4- from the bulk solution to the electrode resulting in reduced current.[85] The calibration curve [Figure 3.12 (c)] obtained by plotting change in the magnitude of the anodic peak current of BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode as a function of HER-2 concentration (Log scale) in the detection range (2.5-110 ng mL-1) , followed Eq..3.9:
Ip= [0.904μAng-1mLcm-2x (conc. of HER-2 in ngmL-1) +0.0954μA]	
                                                                             R2=0.997, SD= 1.83× 10-7              Eq.3.9
The lower detection limit calculated using the standard Eq. 3.10 was obtained as 2.47 ng mL-1		
                               Lower detection limit = 3σ/m                                            Eq. 3.10
where σ is the standard deviation (SD) of the calibration graph and m is the sensitivity. The linear detection range was obtained as 2.5-110 ng mL-1 (S/N=3) and the sensitivity was calculated from the slope/surface area (0.25 cm2), which was found to be as 0.904 μA ng-1mL cm-2 per decade.[140]
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Figure 3.12: (a)Electrochemical response of the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode as a function of HER-2 concentration using DPV.(b) The magnified view of oxidation peaks current.(c) Calibration curve between magnitude of peak current and concentration of HER-2 (2.5 -110 ng mL-1) 
 The association constant (Ka) is known to determine the affinity of antigen towards antibodies. The higher the Ka value, the stronger is the affinity of HER-2 towards BSA/anti-HER-2/APTES/nMoO3/ITO bio electrode. The affinity between the HER-2 and anti-HER-2 obtained using Hanes-Wolf plot [the plot between substrate concentration verses substrate concentration/current] was estimated to be 4.91×1012 mol L-1 indicating strong affinity [Figure 3.13].
[image: C:\Users\Suveendev\Desktop\Graph2.tif]
Figure 3.13: Hanes Woolf plot of BSA/anti-HER-2/APTES/ nMoO3/ITO electrode
3.3.10 Control, regeneration and selectivity studies 
The electrochemical response of the bare APTES/nMoO3/ITO electrode towards different concentrations (2.5-110 ng mL-1) of HER-2 antigen was determined [Figure 3.14] in order to evaluate the current response of the developed sensor. No significant change was observed in the peak current indicating that the APTES/nMoO3/ITO electrode did not generate any false electrochemical response. This control experiment revealed that the sensor response was entirely due to the immunoreactions between anti-HER-2 and HER-2 biomolecules.
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Figure 3.14: Control Studies of the APTES/nMoO3/ITO electrode in the presence of HER-2

 Regeneration studies of the fabricated immunosensor were carried out using the same electrolyte after immersing the BSA/anti-HER-2/APTES/nMoO3/ITO in 0.2 M solution of glycine-HCl buffer (pH 2.4 for two minutes). It was found that there was a gradual decrease in peak current with the increased regeneration times [Figure 3.15 a]. 
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Figure 3.15:  (a) Regeneration, (b) selectivity studies of the fabricated immunoelectrode
This could be because at low pH the protein binding sites repelled each other and tended to fold making the molecules move further apart. The results demonstrated that the proposed immunosensor could be regenerated and used for at least 5 times. To determine the selectivity of the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode towards various biomolecules present in serum samples of the breast cancer patients, interferents studies were conducted via DPV technique [Figure 3.15 b]. The serum samples of breast cancer patients are known to contain glucose [7 mg mL-1], CYFRA-21-1 [>3.5 ng mL-1] [42], CEA [>3 ng mL-1], cardiac troponin cTn-I [>0.19 ng mL-1] etc. Firstly, we measured the electrochemical response of BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode towards the HER-2 (2.5 ng mL-1). Thereafter we added cTn-I, glucose, and CYFRA-21-1 and ET-1 one by one in the same solution containing HER-2 and measured the electrochemical response. The measured peak current exhibited no significant change. The results obtained indicated that nMoO3 based immunoelectrode was highly selective towards the HER-2 biomarker only. The selectivity coefficient was calculated using Eq. 3.11:
			        	SC =		                                                Eq. 3.11
where Ic+i is the current response of immunoelectrode for interference and Ic is current obtained in absence, of each interferents, respectively. The SC value obtained for each interferents was ~1.
3.3.11 Serum samples and shelf life studies
 To determine the clinical accuracy of the fabricated immunosensor, the sensor was subjected to five-serum sample of breast cancer patient. Subsequently the concentration of HER-2 was also quantified via double sandwich ELISA. It was observed that a reasonable correlation with an acceptable percentage relative standard deviation (% RSD) was obtained in between (a) HER-2 concentration in serum samples determined by ELISA and (b) standard concentration of HER-2 (Shown in Figure 3.16(a) and Table 3.1). The results revealed high accuracy of the fabricated immunosensor for the determination of HER-2 in clinical patient samples. 
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Figure 3.16: (a) Comparative analysis of current response with % RSD between standard samples and patient samples through fabricated immunoelectrode. (b) Shelf life study of BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode.

	S.No
	HER-2 concentration (ng mL-1) determined through ELISA
	Peak current obtained in patient’s serum sample (mA) 
	Current value obtained with Standard Sample (mA)
	% Relative Standard Deviation

	1
	10
	0.253
	0.246
	1.98

	2
	15
	0.248
	0.244
	0.86

	3
	25
	0.246
	0.243
	0.87

	4
	50
	0.236
	0.238
	0.30

	5
	100
	0.231
	0.226
	1.86



Table 3.1: Electrochemical current response of the fabricated immunosensor in the presence of standard and serum samples.

The shelf life studies of the BSA/anti-HER-2/APTES/nMoO3/ITO immunoelectrode were conducted at a regular interval of 2 days up to 40 days [Figure 3.16 b]. The immunoelectrode was stored at 4 °C when not in use. It was observed that magnitude of the peak current exhibited 95 % initial electrochemical current response up to 30 days, thereafter the peak current decreased rapidly indicating that stability of the fabricated immunoelectrode is up to 30 days. The sensing characteristics of the fabricated immunoelectrode with the reported literature are summarised in Table 3.2.

Table 3.2: Characteristics of the BSA/anti-HER-2/APTES/nMoO3/ITO immunosensor along with those reported in literature
	Detection technique
	Biomolecule
	Labelled
	Materials
	Linear detection Range
	Limit of detection
	Sensitivity
	Response Time
	Ref.

	Impedance

	Affibody
	No
	AuNP /Graphite
	0-40 ug mL−1

	6.0zug mL-1

	----
	60 min
	[138]

	DPV
	Antibodies
	Yes
	Gold
	15- 100 ng mL-1
	4.4 ng mL-1
	----
	170 min
	[139]

	DPV
	Antibodies
	Yes
	Magnetic bead
	0-15 ng mL-1
	----
	6ng mL-1

	>60 min
	[137]

	Impedance
	Antibodies
	No
	Gold nanoparticles decorated MWCNT-ionic liquid
	10-110 ng mL-1
	7.4 ng mL-1
	----
	----
	[185]

	Surface Acoustic Biosensors
	Antibodies 
	No 
	SAW resonator with gold transducer
	13 -20 ng mL-1
	10  ng mL-1
	-
	-
	[186]

	DPV
	Antibodies
	No
	nMoO3
	2.5 – 110 ng mL-1
	2.47 ng mL-1
	0.904 μA mL ng-1 cm-2
	20 min
	This work




3.4 Conclusion
We have demonstrated the fabrication of an immunosensor based on antibody bio- functionalised nMoO3 nanorods for the sensitive electrochemical detection of HER-2. We have synthesised nMoO3 nanorods via a simple, one-step hydrothermal method and electrophoretically deposited it on to an ITO-coated glass substrate. Thereafter, we drop cast monoclonal anti-HER-2 antibodies on to the APTES/nMoO3/ITO platform and used BSA to block the non-specific sites leading to the formation of the final working immunoelectrode (BSA/anti-HER-2/APTES/nMoO3/ITO). The electrochemical studies have revealed that the fabricated immunosensing interface could be used to efficiently detect HER-2 in a wide linear range of 2.5–110 ng mL-1 with notable sensitivity of 0.904 μA mL mg-1 cm-2 Moreover; it was found that the proposed biosensor could detect at HER-2 a concentration of as low as 2.47 ng mL-1. This is the first report on the biosensing application of the synthesised nMoO3 that exhibited a simple, label-free and biocompatible biosensor Further efforts should be  made to enhance the sensitivity of this immunoelectrode using different nanocomposites containing molybdenum oxide and RGO etc. It should be interesting to utilize this immunoelectrode for detection of other cancer biomarkers.
It may be noted that although the fabricated immunosensor exhibited interesting biosensing properties, this biosensor resulted in lower sensitivity and narrow detection range. It could perhaps be due to the aggregation of nanorods resulting in reduced electroactive surface area that which in turn reduced the loading of the antibodies. To overcome this, the nanorods of MoO3 was incorporated onto the 2D electroactive reduced graphene oxide (RGO) sheet and is discussed in the next Chapter.




Chapter 3

The results of these have been  been published in “MRS Communications” entitled “An emerging Nanostructured molybdenum trioxide-based biocompatible sensor platform for breast cancer biomarker detection” 2018 Sep;8 (3):668-79[158].








Chapter 4
Amine functionalized MoO3@RGO nanohybrid-based biosensor for breast cancer detection


4.1 Introduction 
Transition metal oxides (TMOs) have recently gained enormous interest because of their high surface activity, better catalytic efficiency, remarkable electrochemical properties, and variable oxidation states. [3] TMOs are composed of oxygen atoms bound to the transition metals leading to different physiochemical characteristics and polymorphism. Among the various TMOs, molybdenum trioxide (MoO3)[14] is a promising semiconductor material with a versatile stoichiometry, variable oxidation states (+2 to +6),[187] good catalytic activity, wide bandgap (>2.7 eV), excellent electrical and surface charge properties, and better biocompatibility. Owing to these characteristics, the use of MoO3 in biosensing has proven to be a promising approach (Chapter III).  Inorder to further improve the electroanalytical parameters of the desired immunosensor, use of nano hybrids as immobilization matrices has been reported to play an important role.[46] Moreover, the enhanced loading of desired biomolecules onto a nanohybrid is crucial to obtain improved sensitivity of a biosensor. For instance, the incorporation of MoO3 onto a carbonaceous material results in increased electron and ionic mobility with enhanced kinetics.  
Reduced graphene oxide (RGO) has emerged as an attractive two-dimensional (2D) carbonaceous material[188] because of its large specific surface area, high conductance[189], high carrier mobility. In addition, the ultra-stability, and ease of functionalization with biomolecules[39] arising due to the reduced chemical groups[40] makes it a potential material. It acts as a host material for entrapment/incorporation of metal oxides. Many groups have reported the use of RGO and its nanocomposites with TMOs for improved sensor characteristics. Zhou et al. synthesized the ZnO nanorods/RGO and used it for the fabrication of glucose biosensor and obtained a wide linear range.[190] In another study, OH et al. explored the role of nickel/RGO nanocomposite and obtained improved electrochemical performance of the designed electrode.[191] Verma et al. reported the application of Au@RGO matrix for oral cancer detection using IL-8.[50] Kumar et al. demonstrated  the  application of ZrO2@RGO based non-invasive immunosensor for oral cancer detection with superior sensitivity and better limit of detection.[34] Chen et. al utilized Au@Ti loaded onto graphene nanosheets for immobilization of the biomolecule for the fabrication of a sandwich type  immunosensor.[55] These reports revealed that hybrids with carbonaceous material results in a sensitive and stable platform for biomedical sensing.  Likewise, to further improve the biosensing parameters of MoO3 based immunosensor (Chapter III),  anchoring of the MoO3 onto the RGO (2D) sheet has been found to be an effective strategy leading to better charge transfer ability[192], increased stability, and efficient heterogeneous electron activity[193] with improved surface area.  The electroactive sites of RGO act as nucleation sites for the growth of MoO3 nanorods[34] under hydrothermal conditions that in turn MoO3 prevents restacking of the RGO sheets, providing room for enhanced electron mobility by shuttling mechanism. Moreover, the abundant surface area of RGO leads to  enhanced biomolecule loading [194] and the nanorod morphology of MoO3 with variable oxygen states[195], facilitates better electron shuttling imparting remarkable sensitivity and improved detection limit of the desired biosensor. However, very few reports are available on the MoO3@RGO hybrid mainly in the area of supercapacitors, but the potential of this hybrid remains unexplored in the aspects of biosensing. 
This Chapter deals with the in-situ hydrothermal synthesis of MoO3@RGO nanohybrids and its amine functionalization using APTES linker for bio conjugation. The functionalized nanohybrid is utilized for the fabrication of a label-free ultrasensitive electrochemical immunosensor i.e. APTES/MoO3@RGO nanohybrid as an alternative approach for quantifying the HER-2 levels in serum of the breast cancer patients. This alternative approach overcomes the existing limitations, with numerous advantages such as ease of use, faster response, minimal invasion, and can be used as a point of care devices due to the possibility of miniaturisation.[196]
4.2. Experimental details 
4.2.1 In situ synthesis of MoO3@RGO nanohybrid and functionalization with APTES
A facile in-situ synthesis was introduced for the formation of 1D MoO3 onto a 2D carbon substrate, i.e. reduced GO (graphene oxide) [35] nanohybrid using one low pot temperature hydrothermal method. For this purpose, solution A was prepared by dispersing a certain amount of GO in a specific amount (20 mL) of DI water followed by ultra-sonication for 3h to exfoliate the stacked GO sheets. Simultaneously, an aqueous solution B was prepared by mixing 1.4 g of Na2MoO4·2H2O in 20 mL of DI. Solution A and B were further mixed and gently stirred for 30 mins at 250 rpm to get a suspension. Subsequently, 3 mL of HCl (6 M) was added to the above mixture to adjust the pH of the resultant solution. The final solution mixture was then transferred to 100 mL Teflon lined stainless-steel autoclave vessel and kept at 160 ̊ C for 3h.  Finally, the resulting homogeneous dispersion was centrifuged at 10000 rpm, washed with Milli-Q water, and dried at 60 ̊ C for 12 h.  The obtained greyish black product was collected and stored at room temperature ( 25 ℃) until further use. The same procedure was followed for the pristine synthesis of MoO3 in the absence of GO.
Further the surface treatment of as-synthesized MoO3@RGO [196] nanohybrids was performed using APTES. For this, a homogenous mixture of MoO3@RGO nanohybrid was prepared (200 mg in 10 mL of isopropyl alcohol (IPA) and stirred at 300 rpm for 2 h at 40 ˚C. Further, 200 μL of APTES was introduced to the above solution dropwise under continual stirring for next 1h. Subsequently, 5 mL of DI water was added to the above mixture for complete hydrolysis of APTES[197]. The whole mixture was left for 48 h at constant stirring (300 rpm).  During the silanization process, the APTES molecules undergo chemical modification wherein the triethoxyl groups [(OC2H5)3-Si-(CH2)3NH2] get converted into trihydroxyl groups [(OH)3-Si-(CH2)3NH2] followed by polycondensation of the hydroxyl group with the hydroxyl group onto the MoO3@RGO nanohybrid surface. This free amine terminal of APTES was further utilized for covalent attachment of biomolecules to the nanohybrid surface. The functionalized nanohybrid were separated by centrifugation (10000 rpm, 20 min) and washed with DI water followed by drying at 65 ℃ in a hot air oven.
4.2.2 Electrophoretic deposition of APTES/MoO3@RGO onto ITO electrode
The amine functionalized (APTES/MoO3@RGO) nanohybrid was further deposited onto a conductive glass substrate coated with indium tin oxide (ITO) using electrophoretic deposition (EPD) technique. Initially, a homogenous colloidal solution of APTES/MoO3@RGO nanohybrid (1 mg mL-1) in acetonitrile was prepared by ultra-sonication (40W, 0.25 A) for about 2 h. Prior to EPD, the ITO was hydrolysed with   NH3:H2O2: H2O in the ratio (1:1:5) to introduce hydroxyl group onto its surface. For EPD, 10 mL of this stock solution acting as an electrolyte was introduced to a two-electrode glass cell consisting of ITO as working and platinum (Pt) as a counter electrode. To introduce a surface charge on APTES/MoO3@RGO nanohybrids 10−5−10−4 mol of charger salt [Mg(NO3)2·6H2O] was added to the electrolyte leading to the  formation of uniform thin film onto the ITO electrode. On applying an external electric field (50 V DC for 2 mins), a uniform thin film was obtained at the ITO surface (size, 0.25 cm2). The Mg2+ ions were absorbed by the nanohybrid providing an adequate positive charge resulting in enhanced deposition at the anode (ITO). Subsequently, the fabricated electrodes (APTES/MoO3@RGO/ITO) were removed and kept at room temperature (25 ℃) until further usage.
4.2.3 Fabrication of APTES/MoO3@RGO nanohybrid based Immunosensor 
For immunosensor fabrication, a stock solution of monoclonal antibodies (anti-HER-2, 50 μg mL-1) was prepared in PBS (pH 7.0). Prior to the biomolecule immobilisation, the –COOH groups of antibodies were activated using EDC-NHS coupling chemistry. For this purpose, a solution mixture of anti-HER-2, EDC and NHS in 2:1:1 ratio was prepared wherein EDC (0.2 M) worked as an activator and NHS (0.05 M) as a coupling agent. The whole mixture was kept at room temperature (25 ℃) for 30 min. 
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Scheme 4.1: Pictorial representation of development of immunoelectrode for breast cancer biomarker detection 

Further, 30 μL of this activated antibodies solution was drop cast onto the APTES/MoO3@RGO/ITO electrode surface. These electrodes were further kept in a humid environment for about 5h and stored at 4 ˚C. Scheme 4.1 represents the tentative binding of anti-HER-2 onto the proposed electrode. Further to remove any unbound antibody molecules, these anti-HER-2/APTES/MoO3@RGO/ITO electrodes were washed with PBS (pH 7.0) buffer. It should be noted, that the amine groups (-NH2) of functionalized nanohybrid were covalently attached to the activated carboxylic group (–COOH) of anti-HER-2 resulting in amide bond (C-N) formation. Finally, the bovine serum albumin (20 μL, 1 mg dL-1) was spread on the surface of immunoelectrode (anti-HER-2/APTES/MoO3@RGO/ITO) to block the nonspecific active sites of the prepared immunoelectrode. The as-prepared immunoelectrode (BSA/anti-HER-2/APTES/ MoO3@RGO/ITO) were washed with PBS (pH 7.0) and stored at 4 °C until further use.
4.3 Results and Discussions

4.3.1 XRD Studies

Figure 4.1 shows the XRD (copper Kα radiation) pattern of the as-prepared MoO3@RGO nanohybrid and the pristine MoO3 in the range 10 - 80 ̊ at a slow scan rate of 0.2 ̊ min. In case of MoO3 the peaks found at 2θ i.e. 12.8°, 23.5°, 25.8 °, 27.4°, 35.2 ° and 39.1° were indexed to the characteristic hkl planes of MoO3 at (001), (100), (002), (011), (012) and (003)  corresponding to orthogonal structure with the lattice parameters (a= 3.95, b=3.68 and c = 7.09) (JCPDS card No. 15–1621). Moreover, the (002) plane at 2θ = 25.83° depicts the highest intensity revealing that the MoO3 crystallites grew more orderly along the (002) plane. Further, for the  nanohybrid, the lower intensity of the broad peak observed at 43.0° indicated the presence of RGO in the (001) plane suggesting disordered stacking and reduced agglomeration of the sheets in the composite.[85] The highly crystalline behaviour observed in the XRD pattern of pristine MoO3 and MoO3@RGO nanohybrid, suggests that the MoO3 nanorods were densely grown on the RGO sheet with reduced interlayer stacking in the composite.
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Figure 4.1:X-Ray diffraction spectra of MoO3 and  MoO3@RGO nanohybrid.
4.3.2 SEM and TEM studies. 
The structural and morphological studies were performed via SEM and TEM techniques. Figure 4.2 (a-b) shows the SEM image at lower magnification of the synthesised MoO3@RGO nanohybrid. In Figure 4.2 (a), the randomly anchored MoO3 nanorods on the rough textured RGO sheets can be seen. The growth of nanorods onto the electro active sites of 2D RGO sheet in a random manner was perhaps due to the availability of the oxygen groups on the RGO surface to form a network structure [Figure 4.2(b)] highlighted by a yellow circle. The TEM images [Figure 4.2 (c)] of the synthesised nanohybrids, prepared ultrasonically by dispersing in methanol and placing it on the copper grid via drop cast and air-drying. The morphology and structure of the MoO3@RGO nanohybrid [Figure 4.2(c)] are in agreement with the SEM images. The thin sheet structure of RGO acted as the hydrophilic base for growing nanorods of MoO3 in bundles. The width of the MoO3 nanorods has been estimated to be 40-50 nm. The light, thin sheet structures were attributed to RGO, whereas the rod-like structures confirmed the presence of MoO3 intertwined with RGO. The selected area electron diffraction (SAED) pattern of the MoO3@RGO nanohybrid [Figure 4.2 (d)] corresponds to planes of MoO3 depicting the orthorhombic phase; these results are in agreement with the XRD results.
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Figure 4.2: (a) SEM , (b) TEM,  (c) SAED pattern of MoO3@RGO nanohybrid
Figure 4.3(a-c) shows the SEM image of the APTES/MoO3@RGO/ITO electrode pre and post immobilisation with anti-HER-2. The change in the surface morphology after antibody immobilisation is evident in Figure 4.3 b and c as the rough surface of the APTES modified electrode was  transformed to a smoother surface. The globular morphology seen in Figure 4.3 (c) demonstrated the presence of antibodies attached to the APTES/MoO3@RGO/ITO electrode.
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Figure 4.3: (a) SEM image of APTES/MoO3@RGO/ITO, (b and c) anti-HER-2 attached to the APTES/MoO3@RGO /ITO electrode.

4.3.3 Brunauer–Emmett–Teller measurements
To investigate the porosity of the synthesised MoO3@RGO and MoO3, we conducted the Brunauer–Emmett–Teller (BET) measurements[198]. The specific surface area was sampled by degassing the nanomaterial in vacuum at 200 °C for 8 h and subsequently, the nitrogen adsorption and desorption isotherms were recorded [Figure 4.4]. The specific surface area and pore size distribution were analysed using the Barrett-Joyner-Halenda (BJH) method. The total BET surface area and average pore diameter for MoO3@RGO [Figure 4.4 (inset)] were found to be 2.58 × 102 m2 g-1 and 8.4 nm which was 14 times greater than that of pristine MoO3(17.19 m2 g-1 and 2.1 nm, Chapter III). [158] The estimated pore volume from the adsorbed nitrogen gas at a relative pressure (P/Po) of 0.994 at temperature 77.35 ̊ K was found to be 8.78 ×10-1 cc g-1. The results indicated that anchoring of MoO3 nanorods onto a 2D RGO substrate resulted in the improved surface area leading to mesoporous structure. This enhancement in the surface area in this nanohybrid further facilitated the charge transfer and increased the loading of the biomolecules[199].
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Figure 4.4:  BET analysis of MoO3@RGO nanohybrid

4.3.4 FT-IR studies

The Fourier transforms infrared spectra (FT-IR) of APTES/MoO3@RGO/ITO and anti-HER-2/APTES/MoO3@RGO/ITO were obtained in the range 400-4000 cm-1 [Figure 4.5]. In curve (a) and (b) the peak present at the around 1110 cm-1 is attributed to the Si-O bonding of the APTES with the synthesised MoO3@RGO nanohybrid. The other peaks of the as-prepared APTES/MoO3@RGO present at 780 cm-1, 990 cm-1areassigned to asymmetric and symmetric stretching of Mo-O of MoO3[35]. The peak at 990 cm-1 is due to the terminal Mo=O bond in the orthorhombic phase revealing good correlation with XRD data [22]. The absorption at 870 cm-1 is due to the Mo-O-Mo vibrations of Mo6+ stating good agreement with XPS studies. Further in the curve (b) the broad band present at 3300 cm-1can be ascribed to the N-H stretching vibration along with –OH stretching of water molecules. The peak seen at 1527 cm-1 corresponds to the amide II band and –C=O stretching formed between the NH2 present on the APTES/MoO3@RGO and the -COOH group of the anti-HER-2 confirming the attachment of antibodies to the functionalized nanohybrid.
[image: C:\Users\Rajeev\Desktop\FTIR.tif]
Figure 4.5: FT-IR spectra of APTES/MoO3@RGO/ITO and anti-HER-2/APTES/MoO3@ RGO/ITO.

4.3.5 X-ray photoelectron spectroscopic studies
 XPS studies were conducted to investigate the composition and valence states of the elements present in the MoO3@RGO, APTES/MoO3@RGO/ITO and anti-HER-2/APTES/ MoO3@RGO/ITO. The survey scan spectrum [Figure 4.6] confirmed the presence of C1s (284.5), N1s (399.6eV), O1s (530.5 eV), Si 2p (102.0 eV) and Mo 3d (232.0 eV) at their respective binding energies. All the spectra were adjusted to C 1s peak at 284.5 eV. The XPS spectra of the Mo 3d, O1s, C 1s, N 1s and Si 2p were deconvoluted to their corresponding binding energies are shown in [Figure 4.6 (a-h)]. The C 1s spectra of RGO in MoO3@RGO/ITO were deconvoluted to four distinct peaks [Figure 4.6 (a)] corresponding to the presence of functional groups; i .e. C=C at 284.5 eV of carbon sp2, C-C at 285.3 eV, -C-O at 286.1 eV of epoxy/hydroxyl and -O-C=O at 288.1 eV of carboxylates [200] The Mo 3d spectrum [Figure 4.6 (b)] exhibited two spin-orbit peaks at 232.5 and 235.6 eV corresponding to Mo 3d5/2 and Mo 3d3/2 in the +6 state with the spin-orbital splitting at 3.1 eV [158]. After functionalization with the APTES, the peaks were found to shift to 231.7eV and 234.8 eV corresponding to the Mo 3d5/2 and Mo 3d3/2 in the +5 state attributing to the surface oxidation [Figure 4.6(e)]. Figure 4.6 (c) shows the presence of O 1s before silanization with APTES. The deconvoluted peaks seen at 530.1 eV and 531.4 eV corresponds to oxygen linked to molybdenum (–O-Mo-) and oxygen double bonded to carbon (-O=C) respectively[64]. In case of the APTES/MoO3@RGO/ITO [Figure 4.6 (e-f)] the presence of Si 2p and N 1s were observed confirming the silanization. The N 1s peaks observed after APTES treatment were deconvoluted to two peaks at 398.6 eV and 401.9 eV corresponding to –N-CH, -NH3+, respectively [Figure 4.6 (d)]. Further, the spectra of Si 2p [Figure 4.6 (f)] was deconvoluted to their respective binding energies i.e. 101.3 eV,102.1 eV and 103.2 eV corresponding to –Si-C-, Si-(O)-Mo and –Si-O-. [122] The contribution of these peaks confirmed amine functionalization of the synthesised MoO3@RGO nanohybrid with APTES. Further, the deconvoluted peak of O1s in the range 529 – 531 eV observed post-APTES functionalization at 529.4 eV,530.9 eV and 531.9 eV[201]. The highest peak observed at 529.4 eV is attributed to the formation of –Si–O-Mo bond in the [Figure 4.6 (g)] MoO3@RGO nanohybrid. Figure 4.6 (h and i) shows the deconvoluted peaks of C 1s, and N 1s post immobilization with anti-HER-2 onto APTES/MoO3@RGO/ITO electrode. The C 1s peaks were deconvoluted to three peaks at 283.4 eV, 285.0 eV and 287.1 eV. The peak at 287.1 eV corresponded to carbon linked to the amide bond formation (–N-C=O). Further, the deconvoluted peaks of N 1s appearing at 398.0 eV, 399 eV, 400.7 eV corresponds to the nitrogen of the amide bond formed between -N=C-O (400.7 eV) [202] and primary amine of antibody –NH2 (399.0 eV) The results of these XPS studies further confirm the modification of electrodes at every step with the presence of different elements. 
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Figure 4.6: Deconvoluted spectra of C 1s, Mo 3d and O 1s in MoO3@RGO/ITO (a-c), N 1s, Mo 3d, Si 2p and O 1s in APTES/MoO3@RGO/ITO (d-g), C 1s and N 1s in anti-HER-2/APTES/MoO3@RGO/ITO.


4.3.6 Electrochemical studies
The CV, DPV and EIS were utilised to determine the electrochemical characteristics during the fabrication of immunosensor for HER-2 detection. PBS (50 mM, pH 7.0) containing a mixture of 5 mM Fe(CN)64− (ferrocyanide) and 5 mM of Fe(CN)6 3− (ferricyanide) and 0.9 % NaCl as a redox mediator throughout the experiments, for monitoring the electron transfer between the electrolyte and the fabricated electrodes. The electrons generated during the electrochemical reaction are facilitated via the Fe (III)/Fe (IV) redox agent resulting in a current signal exhibiting the unique role of the fabricated electrodes. This redox couple exhibit a heterogeneous one electron transfer (n=1). DPV was utilised for measuring the rational response of the immunosensor as it generates a peak about the faradic current only.
(a) Effect of pH 
[image: C:\Users\Rajeev\Desktop\ph.tif]Extreme pH may induce conformational changes in the biomolecule leading to the hindered antibody and antigen interaction. [203].Thus, prior to the electrochemical experiments pH studies were carried out to investigate the electrochemical response of the anti-HER-2 present in the fabricated immunoelectrode against different pH (6.0-8.0) of PBS (50mM, 0.9% NaCl) containing 5mM of [(Fe(CN)6)]3-/4- ions using DPV. It was revealed, that with increase in the pH, the magnitude of current response of the immunosensor increased and the maximum peak current response was obtained at pH 7.0 [Figure 4.7(a)].
Figure 4.7: (a) Effect of pH, (b) incubation time study of BSA/anti-HER-2/APTES/MoO3@RGO/ITO immunoelectrode.

This increase in current is attributed to the facts that at neutral pH, anti-HER-2 exists in its natural form and exhibited the highest activity. Nevertheless, in case of increasing or decreasing the pH beyond 7.0 the biomolecules tends to denature and lose its natural activity due to the interaction of H+ or OH- ions present in the buffer. [204]. Thus, pH 7.0 was used throughout the electrochemical experiments.
(b) Incubation studies
The duration of interaction of antigen and antibody interaction time was investigated via the DPV technique. Here, the interaction time between the HER-2 antigen and anti-HER-2 present in BSA/anti-HER-2/APTES/MoO3@RGO/ITO electrode was recorded via the DPV technique at regular intervals of 25 min with a fixed antigen concentration (1 ng mL-1). The obtained results [Figure 4.7 (b)] clearly showed that 15 min were required for complete interaction, after which the current response abruptly changed.  
(c) Scan rate studies
Cyclic voltammetry studies were conducted to investigate the interfacial kinetics and the redox property of the fabricated electrodes. Figure 4.8 (a and b) shows the cyclic voltammograms recorded for APTES/MoO3@RGO/ITO and BSA/anti-HER-2/APTES/MoO3@RGO/ITO electrodes at varying scan rate from 40 to 160 mV s-1. It was observed that with increasing scan rate, the oxidation peaks shifted to the positive direction while the reduction peaks potential shifted to the negative direction for both the electrodes[205]. The peak-to-peak separation voltage of electrodes increased and shifted toward the higher potential side with increasing scan rates resulting in reversible electron transfer kinetics of the electrode[206]. According to the Randle-Sevick equation., the magnitude of peak currents of both the electrodes exhibited a linear relationship with square root of scan rate (v1/2) (inset-i of Figure 4.8) indicating that the reaction was diffusion assisted electron transfer process further indicating that was a surface confined reaction at the electrode calculated using the linear curve fitting[207]. The values of the slope, intercept and correlation coefficient are given by (Eq. 4.1 to 4.4)
Ipa(APTES/MoO3@RGO/ITO)) = [6×10-5 (s/mV) + 1.4×10-4 ×(scan rate [mV/s])1/2]
R2=0.996, SD= 1.6 × 10-5            Eq. 4.1
Ipc(APTES/MoO3@RGO/ITO)) = [-4.13×10-5 (s/mV) – 1.5×10-4 × (scan rate [mV/s])1/2] 
R2=0.996, SD= 5.8×10-4               Eq 4.2
Ipa((BSA/anti-HER-2/APTES/MoO3@RGO/ITO) = [5.2×10-5 (s/mV) + 7.7×10-7 × (scan rate [mV/s])1/2]
R2=0.996, SD= 7.3×10-6                Eq 4.3
Ipc(BSA/anti-HER-2/APTES/MoO3@RGO ITO) = [-4.14 × 10-5 (s/mV) – 1.34×10-4 × (scan rate [mV/s])1/2]
R2=0.997, SD= 3.4×10-4                        Eq 4.4
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Figure 4.8: Scan rate studies via cyclic voltammetry of (a) APTES/MoO3@RGO/ITO and (b) BSA/anti-HER-2/APTES/MoO3@RGO/ITO electrodes [Inset (i) oxidation-reduction versus V ½ and (ii) peak potential ΔEp versus V ½].

The value of ΔEp was found to be linear with increasing scan rates indicating the kinetics shows quasi-reversible behaviour suggesting that the rate of mass transport was almost equal to the rate of electron transfer [Figure 4.8, inset (ii)]..Further, the surface coverage of the APTES/MoO3@RGO/ITO electrode and BSA/anti-HER-2/APTES/MoO3@RGO/ITO immunoelectrode were estimated from the CV plot of I vs V using Brown Anson Model Eq.4.5 
                                                                                                  Eq 4.5
The surface coverage for APTES/MoO3@RGO/ITO was found to be 4.5×10-8 mol cm-2 and for BSA/anti-HER-2/APTES/MoO3@RGO/ITO was found to be 3.9×10-8 mol cm-2 indicating that the BSA and anti-HER-2 interacts with the APTES/MoO3@RGO matrix leading to the reduced electron transfer. [208]
(d) Electrode studies
The electrode studies were performed to monitor the effect of modification of the electrode at the various steps. Figure 4.9 shows the DPV response of  (i) APTES/MoO3/ITO, (ii) APTES/RGO/ITO, (iii) APTES/MoO3@RGO/ITO (iv) anti-HER-2/APTES/MoO3@RGO/ITO and (v) BSA/anti-HER-2/APTES/MoO3@RGO/ITO electrodes at a scan rate of 50 mV s-1 in the potential range, -0.2  to +0.6V. The magnitude of the peak current obtained for the APTES/MoO3/ITO and APTES/RGO/ITO were found to be 0.11 mA and 0.12 mA, respectively. After the electrophoretic deposition of APTES/MoO3@RGO onto the hydrolysed ITO electrode, the magnitude of electrochemical current was found to increase by about 1.6  times i.e. ~ 0.22 mA, with respect to MoO3 and RGO individually. The probable reason may be that, grafting of MoO3 nanorods onto the 2D RGO sheets might led to a better electron conduction pathway for transfer from bulk electrolyte solution towards the ITO electrode[209]. In addition to this, the presence of numerous edges and edge-plane-like defective sites in rGO nanosheets also accelerate the charge transfer process at the electrode solution interface[190]. In a previous study, Huang et al. demonstrated the synthesis of NiO/RGO composite towards the high-performance glucose biosensing[210]. Here the incorporation of NiO into the RGO matrix resulted in the enhancement of electrochemical current. Kumar et al. observed that the incorporation of zirconium oxide onto reduced graphene oxide, leading to its improved electrochemical properties and resulted in a fast and reversible redox reactivity.[34] As anticipated, after modification of the APTES/MoO3@RGO/ITO surface with anti-HER-2, the magnitude of peak current (0.19 mA) was found to decrease slightly. The presence of the macromolecular layer of antibodies onto the nanohybrid matrix exhibited insulating characteristics and acted as a hindrance to the fast electron transfer kinectics[211]. These studies also confirmed the attachment of antibodies on this mesoporous composite leading to reduced electron transfer [212, 213].The peak current (0.145 mA) further decreased after BSA immobilisation onto the anti-HER-2/APTES/MoO3@RGO/ITO, confirming the blocking of the nonspecific binding site at the electrode surface.
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Figure 4.9: Electrochemical peak response obtained via DPV at each step of electrode modification.

The diffusion coefficient (D) of APTES/MoO3/ITO, APTES/RGO/ITO, APTES/MoO3@RGO/ITO, anti-HER-2/APTES/MoO3@RGO/ITO and BSA/anti-HER-2/APTES/MoO3@RGO/ITO electrodes at the interface of the redox species [(Fe (CN)6)]3-/4- were determined using Randle Sevick Eq. 4.6:

Ip = (2.69×105) n3/2AD1/21/2	                              (Eq 4.6)	
Where Ip is the peak current of immunoelectrode, n is the number of electrons (1) transferred, A is the active surface area of the immunoelectrode (0.25cm2), D is the diffusion coefficient, C is the concentration of redox species (5×10-3 mol cm-2) and υ is the scan rate (50 mV s-1).  The diffusion coefficient (Table 4.1) is found to be highest in case of APTES/MoO3@RGO/ITO i.e. 8.06×10-12 cm2 s−1 depicting the mesoporous behaviour of MoO3@RGO, due to the high aspect ratio of one dimensional MoO3 and the RGO substrate that promotes better electron conduction path from the electrolyte. However, after anti-HER-2 immobilisation onto APTES/MoO3@RGO/ITO surface the D reduced to 5.9× 10-12 cm2 s−1 and 4.3× 10-12 cm2 s−1 for BSA/anti-HER-2/APTES/MoO3@RGO/ITO indicating the presence of anti-HER-2 and BSA that exhibits insulating behaviour which further slows the diffusion process.[175].
Table 4.1: Diffusion coefficient of the modified electrodes
	Electrode 
	Diffusion coefficient (cm2 s−1.)
 [Ip = (2.69×105)n3/2AD1/21/2]

	APTES/MoO3/ITO
	1.96×10-12

	APTES/RGO/ITO
	2.56×10-12

	APTES/MoO3@RGO/ITO
	8.06×10-12

	anti-HER-2/APTES/MoO3@RGO/ITO
	5.9×10-12

	BSA/anti-HER-2/APTES/MoO3@RGO/ITO
	4.3×10-12



To investigate the heterogeneous transfer rate (HET)[204] of the fabricated electrodes electrochemical impedance spectroscopy was conducted in the range (0.01- 100 kHz) at 10 mV as shown in Figure 4.10 (a) in the form of Nyquist Plot. The value of Rct for APTES/RGO/ITO, APTES/MoO3/ITO and APTES/MoO3@RGO/ITO were determined to be 900 Ώ, 1.09 kΏ and 709.13 Ώ respectively. The HET coefficient (K0) calculated using the Eq. 4.7.
                                K0 = RT/n2F2A RctC   				                          Eq.4.7
Where R is the molar gas constant, T is temperature, n is the number of electrons (n = 1), F is the Faraday constant, A is the active surface area of the electrode, C is the concentration of the electroactive species and Rct is charge transfer resistance of electrode surface. The HET rate in case of APTES/MoO3@RGO/ITO was found to be the highest (3×10-7 cm s-1) with respect to APTES/MoO3/ITO (1.9×10 -7 cm s-1) and APTES/RGO/ITO (2.3×10-7 cm s-1). This may be due to the synergistic effect of the nanohybrid, which imparted better electron transfer and the presence of RGO provided better electrocatalytic activity leading to the smooth conduction of electrons.[214] 
4.3.7 Electrochemical response studies
Under optimal working conditions, the fabricated immunoelectrode (BSA/anti-HER-2/APTES/MoO3@RGO/ITO) was employed to detect the different levels of HER-2 using a three-electrode setup with PBS buffer (50 mM, 0.9% NaCl) containing [Fe(CN)6]3-/4- (5 mM) [Figure 4.10 (b and c)].  The current response was generated at the electrode/solution interface when a specific probe (BSA/anti-HER-2/APTES/MoO3@RGO/ITO) at an applied potential captures a detectable target analyte (HER-2). The quantitative determination of the sensitivity and the linear range were obtained via the calibration plot drawn between the current values and the concentrations. The electrons generated during the electrochemical reaction were transferred towards the working electrode via Ferro-Ferri redox probe (Fe (III)/Fe(IV)) resulting in a signal measured in the current form. It was observed that the magnitude of the anodic peak current decreased linearly with increasing concentration of HER-2 at a potential of 0.19 V.
This decrease was due to the formation of the antigen-antibody complex layer at the APTES/MoO3@RGO/ITO surface that hindered the transport of generated electrons from the redox couple. A calibration plot of the current values (mA) and the logarithm of HER-2 concentration (ng mL-1) is shown in [Figure 4.10 (d)].All the experiments were repeated three times at each concentration (n =3). An excellent linear relation has been obtained in the detection range [0.001-500 ng mL-1] with the linear Eq. 4.8 to be
I= 13.21 mA mL ng-1 cm-2 +1.30×10-4 log [Concentration of HER-2 (ng mL-1)]           Eq 4.8
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Figure 4.10: (a) EIS studies of APTES/RGO/ITO, APTES/MoO3/ITO and APTES/MoO3@RGO/ITO electrodes, (b) HER-2 sensing via DPV in the range (0.001-500 ng mL-1), (c) Zoom image of the DPV response and (d) calibration plot between Log of HER-2 concentration versus current.

The sensitivity of the fabricated immunoelectrode calculated from the slope/surface area was obtained as 13 µA mL ng-1 cm-2 with a regression coefficient of 0.98. The limit of detection of this immunosensor was calculated to be 0.001 ng mL-1 in solution using the Eq.4.9.
                                 Limit of detection = k× σ /sensitivity (m)                                      Eq. 4.9
where k is the confidence level of parameters (k = 3 with a statistical confidence of 99.6 %), and σ is the standard deviation of the blank signal (taken for 5 repeated measurements). This improved linear detection and better sensitivity may be attributed to the synergistic effect of the nanohybrid resulting in enhanced electronic and electrochemical properties. It appeared that 2D substrate (RGO) perhaps acted as an efficient electron promoter (due to the high surface area, confirmed by BET studies) and the MoO3 nanorods further increases the loading capacity of biomolecules that increase the chances of a greater number of antigen and antibody interaction[56]. The characteristic parameters of the MoO3@RGO nanohybrid based HER-2 biosensor is compared with the other HER-2 based sensors [111] (Table 4.3). It may be noted that MoO3@RGO nanohybrid, when used as an immobilisation matrix, exhibited a wider linear range and better LOD with respect to recent reported HER-2 biosensors.
4.3.8 Control and selectivity studies
A control experiment was carried out to investigate the electrochemical response of the fabricated electrode (APTES/MoO3@RGO/ITO) without the anti-HER-2 towards HER-2 in the range (0.001-500 ng mL-1) under similar conditions [Figure 4.11 (a)].  No significant changes were observed in the magnitude of the peak current towards increasing concentration of HER-2. Hence it revealed  that the sensor response was entirely due to the immunoreactions between antigen and antibody only [215]. Selectivity is an important parameter towards the clinical applicability of the biosensors. Further to investigate the cross-reactivity of the immunosensor, the responses towards the potential serum interferents such as CEA (4–16 ng mL-1), glucose (10 mg mL-1), CYFRA-21-1 (4 ng mL-1) and cTnI (0.19 ng mL-1) were determined considering their levels in serum [Figure 4.11 (b)]. The fabricated immunoelectrode was examined initially in the presence of 1 ng mL-1 of HER-2 (30 µL). Gradually, we introduced 30 µL each of glucose, cTn-I, CYFRA-21-1 and CEA one by one in the same solution and the recorded the current response[216]. The variation in the current response of the potential interferents was found to be less than 5 % indicating good selectivity towards HER-2 biomarker. The selectivity coefficient was calculated using the Eq.  4.10.
                               SC =                                                                                 Eq. 4.10
where Ic+I  is the current response of immunoelectrode in the presence of the interference and Ic in the absence. The value of the coefficient for each interferent was determined to be ~1
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Figure 4.11: (a) Effect of HER-2 concentration on APTES/MoO3@RGO/ITO (control Study), (b) effect of different interferents on BSA/anti-HER-2/APTES/MoO3@RGO/ITO immunosensor, (c) regeneration studies and (d) reproducibility studies of five different electrodes 
4.3.9 Regeneration, reproducibility and stability Studies
Regeneration of this fabricated immunosensor was evaluated after complete anti-HER-2 and HER-2 interaction [Figure 4.11(c)]. This immunosensor was exposed to the drastic acidic /alkaline environment (pH = 2.5, DI and HCl for 90 s) followed by washing with PBS. The DPV peak response obtained after and before the regeneration (in triplicate) exhibited a maximum change of 2.5 % after 4th regeneration cycle and to 3.5% after the 5th regeneration cycle. However, after the 6th cycle, only 85% of the current remained. Thus, the immunosensor could be reused efficiently for 4 times only. Reproducibility was investigated by detecting  HER-2 (1 ng mL-1) using five different electrodes under similar conditions with a constant surface area [Figure 4.11 (d)]. The relative standard deviation (% RSD)  was calculated to be less than 10% suggesting good precision and  reproducibility of the immunosensor.  
Storage stability of the immunosesnors is a key factor for its commercial and clinical investigations. The stability of the fabricated immunoelectrode (BSA/anti-HER-2/APTES/ MoO3@RGO/ITO) stored at 4 ℃ when not in use,was determined by DPV at regular intervals for 10 weeks. It was observed that the immunosensor retained 97.5 %  of the biomolecular current response upto first 4 weeks, 95.0 % of the activity till 9 weeks.Thereafter the response degraded (~90%), indicating that immunosesnsor is stable for 9 weeks only, when kept  at  4 ̊ C. 
4.3.10 Real sample analysis
The application of this fabricated immunosensor was investigated by employing serum samples of breast cancer patients obtained from Rajiv Gandhi Cancer Institute and Research Centre, Rohini, Delhi-42 India. These real samples were diluted 20 times with 50 mM PBS, respectively. The concentration of HER-2 in the serum samples of six breast cancer   (n=6) was determined using the ELISA technique. We performed double antibody sandwich ELISA in anti-HER-2 coated 96 micro titter wells plate. The standard and real samples were run in triplicate followed by the colourimetric reaction recorded at 450 nm by ELISA plate reader (iMARK, Bio-rad, USA). The electrochemical response of the fabricated immunosensor (BSA/anti-HER-2/APTES/MoO3@RGO/ITO) towards the different concentration of serum samples were recorded and further correlated with those obtained using ELISA. A reasonable correlation was determined between the current obtained in both samples (standard and real) with an acceptable % RSD (Table 4.2). The results revealed that the developed immunosensor could significantly and accurately detect HER-2 in the clinical samples.
Table 4.2: Determination of HER-2 concentration in serum samples using BSA/anti-HER-2/APTES/MoO3@RGO/ITO immunoelectrode.

	S.No.
	HER-2 concentration (ng mL-1) determined through ELISA
	Value of Current obtained with Serum Sample (mA)
	Value of Current obtained with Standard Sample (mA)
	% Relative Standard Deviation

	1
	10
	0.128
	0.118
	5.78

	2
	15
	0.125
	0.121
	2.89

	3
	25
	0.123
	0.129
	3.37

	4
	50
	0.121
	0.119
	1.98

	5
	100
	0.120
	0.123
	1.75





Chapter 4




	Bio-analyte 
	Detection technique
	Label
	Linear detection Range
	Limit of detection
	Sensitivity
	Response Time
	References

	











HER-2
	Surface acoustic wave
	No
	13-20 ng mL-1
	-
	-
	-
	[186]

	
	Electrochemical
	Yes 
	0-15  ng mL-1
	
	6 ng  mL-1
	60 min
	[137]

	
	Field effect transistor based immunosensor
	No
	6.86 ng mL-1 - 68.6 μg mL-1
	1.2 ×10−3 %change/
mol
	0.1 ng mL-1
	40 min
	[217]

	
	Electrochemical
	No 
	0.1 pg mL -1-10 ng mL-1
	-
	1.117 ± 0.008 μA mL ng-1
	20 min
	[218]

	
	Sandwich Immunoassay
	Yes 
	15-150 ng mL-1
	4.4 ng mL-1
	-
	-
	[139]

	
	Electrochemical
	No
	10-110 ng mL-1
	7.4 ng mL-1,
	-
	-
	[185]

	
	Non-Faradic impedance spectroscopy
	No
	0.2-2 ng mL−1
	6.0 μg L-1
	-
	-
	[138]

	
	Capacitive  Aptasensor
	No
	0.2-2 ng mL−1
	0.2  ng ml−1
	-
	-
	[219]

	
	Electrochemical  Aptasensor
	No
	0.5-2 ng mL-1
2-75  ng mL-1
	0.22 ng mL−1

	0.14 μA mL ng-1

	60 min
	[140]

	
	Impedimetric
	No
	0.01-200  ng mL-1
	0.01  ng mL-1
	493.63 Ω ng-1 mL-1
cm-2
	15 min
	[220]

	
	Electrochemical Sandwich Immunoassay
	Yes 
	5-20 ng mL-1  and 20-200  ng mL-1 
	4  ng mL-1
	-
	-
	[221]

	
	Electrochemical  Aptasensor –Sandwich Assay
	No 
	1-100 ng mL-1
	1  ng mL-1
	-
	60 min
	[222]

	
	Electrochemical
	No
	2.5 ng mL-1-110 ng mL-1
	2.47 ng mL-1
	0.904 μA mL-1 ng cm-2

	20 min
	[158]

	
	Electrochemical Immunosensor
	No
	0.001 ng mL-1- 500 ng mL-1
	0.001 ng mL-1
	13 μA mL-1 ng cm-2

	15 min
	This work


 (
Table 4.3: Characteristics of the BSA/anti-HER2/APTES/MoO
3
@RGO/ITO immunosensor along with those reported in literature
)
4.4 Conclusions
We have demonstrated the fabrication of an efficient, rapid, label-free, sensitive immunosensor using MoO3@RGO nanohybrid as a conductive platform for breast cancer detection. Here the MoO3 has been anchored on to the RGO via one-pot low-temperature hydrothermal synthesis and further functionalized using APTES. The specific surface area of this nanohybrid exhibited 14 folds enhancement (with repect to prisitne MoO3) indicating the presence of mesoporous behaviour. The mesoporic behaviour and increased functional groups (APTES/MoO3@RGO) in this biosensor have resulted in excellent stability and reusability. This nanohybrid has revealed improved diffusion coefficient; heterogeneous electron transfers and enhanced biomolecular loading resulting in wider linear detection range (0.001-500 ng mL-1), better sensitivity (13 µA mL ng-1 cm-2) and high selectivity. This immunosensor may serve as adiagnostic tool for monitoring of HER-2 with accuracy
Although the current studies revealed that the nanohybrid matrix resulted in enhanced biosensing parameters, there is an ample scope for the improvisation such as to reduce the complexity of introducing the functionalization step offering enhanced sensitivity. To address to this requirement, we utilized the modified i.e amine functionalised multi-walled carbon nanotubes (NH2-MWCNTs) along with the MoO3 nanocomposite formation.  The next Chapter contains the results of these systematic studies.




_________________________________________________________________________
The results of this research work have been published in "Amine-Functionalized MoO3@ RGO Nanohybrid-Based Biosensor for Breast Cancer Detection," ACS Applied Bio Materials, vol. 2, no. 12, pp. 5366-5378, 2019[196]

Chapter 4 

126

129 | Page








Chapter 5
MoO3@NH2-MWCNT nanohybrid based conductive platform for breast cancer detection


5.1 Introduction
With ever increasing demand for the application of nanomaterials towards the development of point-of-care devices, the main emphasis has been on the use of carbon nanotubes (CNTs)  as a material of interest due to their excellent conductivity, superior stability and thermal properties.  Especially, the multiwalled carbon nanotubes (MWCNTs) have found increased interest due to their superior electronic property, chemical inertness, high conductivity, large specific surface area and mechanical strength making it promising candidate to be utilized in numerous application including gas sensing,[223] energy storage, strain sensing and biosensing[224]. MWCNTs can be turned into quantum wires[225],whose electronic states lie near the Fermi level, and hence exhibit large current-carrying capacity[226]. Despite these interesting properties, the utilization of MWCNTs is currently restricted due to their insolubility in aqueous solution due to the strong intermolecular van der Waals bonds leading to its agglomeration. This can perhaps be overcome by introducing different functional groups (-NH2, -COOH) onto the surface of MWCNTs. In this context, the use of amine functionalised MWCNT has been considered important due to the ease of modification with the biomolecules, which aids in promotion of biomolecule attachment, increased electron transfer and provide large surface area. Notably, the nanocomposites of MWCNTs with metals,[29] TMOs,[227] (Chapter 1,Chapter 3 and Chapter 4) and polymers[62] have shown considerable potential towards its application in drug delivery, energy storage, therapeutics, paint additives, electronics and  healthcare.[228] Moreover, the functionalised MWCNTs are known to have more affinity towards the formation of nanocomposites with metal oxides due to advantage of having functional groups at the sidewall and terminal ends.[62] The incorporation of different nTMOs to MWCNTs may lead to reduced agglomeration of MWCNTs preserving its pristine structure, and overcome the limitations faced by nTMOs of  limited electrical conductivity for desired applications.[10, 229] The use of hybrid of nTMOs with MWCNTs has  proven to be an effective strategy leading to many applications including drug delivery, therapeutics, biosensing and other electrochemical technologies.[230] For instance, Rahman et.al developed a chloroform sensor based on NiO-MWCNTs nanocomposite exhibiting higher sensitivity, long-term stability and enhanced electrochemical performance[59]. Aftab et.al demonstrated the use of TiO2-NH2MWCNT hybrid based electrochemical sensor for the determination of nadifloxacin with a wide linear range (5.0×10-9-5.0×10-6 M) and better detection limit (1.69×10-10M) [231]. Likewise, Balram et.al demonstrated an electrochemical sensor based on functionalised MWCNT-ZnO composite for the sensitive detection of environmental pollutant hydroquinone. The fabricated sensor using this nanocomposite resulted in enhanced electrocatalytic activity and good stability[232]. The use of functionalised MWCNTs with electrodeposited titanium nanoparticles for the detection of aminotriazole were reported by Khan et.al.[233] In this study, titanium nanoparticles were electrochemically deposited onto the functionalised MWCNTs modified electrode resulting in better sensing parameters. The sensor exhibited  dual linearity in the range 0.01-2.0 and 0.01-13 μg mL−1,detection limits as low as 0.166 and 0.267 ng mL-1. Sanchez-Tirado et al. reported the use of MWCNTs based immunosensor for the detection of  transforming growth factor-β1 (TGF-β1)[60]. The excellent performance of the α-MoO3-MWCNT nanocomposite was found to exhibit excellent rate capability, high capacity and enhanced electrical conduction.[234-236] The composite of MoO3 with NH2-MWCNTs has broadened the scope of applications including electrochemical sensors and biosensors as they may result in faster electron transfer kinetics and higher electrocatalytic property towards oxidation/reduction of various proteins. In addition, the presence of amine groups may aid the covalent attachment of antibodies via strong amide bond formation leading to the increased stability and sensitivity of the given biosensor.[237]
Breast cancer (Chapter 1) is currently one of the most prevalent cancers worldwide. Several factors such as hormones replacement therapy, ionizing radiation, smoking, alcohol consumption, late or no child-birth and genetic susceptibility may lead to the onset of breast cancer[108]. The existing techniques for breast cancer detection include X-ray mammography, biopsy, ultrasound and, magnetic resonance imaging (MRI). These techniques are complex, expensive, time-consuming, highly painful, and require specially trained personnel for sample collection and analysis.[110] Biomarkers such as human epidermal growth factor receptor 2 (HER-2), Erb-b2 receptor tyrosine kinase 2 (ErBB2), estrogen receptor (ER), progesterone receptor (PR), CA-15-3, RS/DJ-1 etc. are currently being used for breast cancer detection. Among these, HER-2 has been predicted to be a promising biomarker for breast cancer diagnosis [178]. HER-2 is tyrosine kinase, which belongs to the epidermal growth factor receptor (EGFR) family located on chromosome 17 and encodes for a 185 kDa protein. The cut-off concentration of HER-2 in serum sample for normal subject is 15 ng mL-1 and for breast cancer patients it is found to be >15 ng mL-1 [179]. Monitoring of HER-2 is vital due to its association with aggressive clinical behaviour of tumour growth. The HER-2 can be detected by labelled immunoassay techniques such as ELISA, immunoblotting and immunohistochemistry [180, 181]. These techniques require complex purification and pre-treatment processes making the whole process highly complex. The limits of state-of-art commercial immunoassay such as Roche Elecsys and Promo CellGmbH for detection of  proteins in 10-100 pg mL-1 and 0.63-10 ng mL-1. Besides this, the conventional methods do not cover entire detection range and lacks sensitivity. To overcome these limitations the availability of an alternate detection technique is urgently required. 
This Chapter deals with the results of the systematic studies relating to the development of a novel MoO3@NH2-MWCNTs nanocomposite based electrochemical immunosensor for the ultra-sensitive detection of HER-2. The use of aminated MWCNTs in the nanocomposite resulted in the removal of functionalization step and led to enhanced loading of biomolecules leading to improved sensing characteristics. The MoO3@NH2-MWCNTs was electrophoretically deposited onto the hydrolysed indium tin oxide (ITO) coated glass electrode and further immobilised with biomolecules (anti-HER-2) via EDC-NHS chemistry and used for detection of HER-2 biomarker via DPV technique. 
5.2. Experimental details
5.2.1 In situ synthesis of MoO3@NH2-MWCNTs nanocomposite 
The synthesis of MoO3@NH2-MWCNTs nanocomposite was accomplished via one pot hydrothermal method [238] as shown in scheme 5.1. A solution of NH2@MWCNTs (0.2 g) was prepared in 20 mL deionised water (DI) and kept for ultrasonication for 30 mins. Simultaneously, a solution B was prepared, wherein 2 g of Na2MoO4.2H2O was mixed in 20 mL of DI and kept for stirring at 300 r.p.m for 1 h at room temperature (25 °C). Thereafter, 5 mL of HNO3 was added dropwise to the solution B, until the colour of the solution of  turned pale yellow and the soltion reached pH ~ 2. Then the solution A was mixed with solution B and stirred  for another 30 mins to obtain a homogenous mixture. The whole solution was transferred to a 100 mL autoclave made of teflon coated stainles steel vessel  and kept for ~180 °C for 14 h. After completion of the reaction. The final homogenous solution was collected and washed with DI water until the pH reached to a neutral value[234]. The obtained product  was collected in a crucible and kept for drying at 60 °C overnight. After cmpletely drying, the powder was collected and kept at anhydrous condition til further use.
[image: ]
Scheme 5.1: Schematics representing the in-situ synthesis of nanocomposite via hydrothermal method
5.2.2 Fabrication of MoO3@NH2-MWCNTs based electrodes.
The as-synthesised nanocomposite of MoO3@NH2-MWCNTs was electrophoretically deposited onto the hydrolysed ITO glass substrate. For this purpose, a homogenous solution of MoO3@NH2-MWCNTs in acetonitrile was prepared at a concentration of 1 mg mL-1. The solution was sonicated for about 30 min with interval of 5 min in order to avoid excess heating of around the sample. This colloidal suspension (10 mL) was then transferred to glass cell consisting of ITO as working and platinum (Pt) as a counter electrode. An external DC voltage of 55 V for 1.30 s  was applied using electrophoretic deposition unit for the movement of suspended nanoparticles to form uniform thin films on the ITO substrate (0.25 cm2). The prepared films (MoO3@NH2-MWCNTs/ITO) were air dried and washed with DI water to remove the loosely attached nanoparticles. Similarly, different set of electrodes were prepared for further experiments and kept at room temperature (25 ºC).

5.2.3 Fabrication of MoO3@NH2-MWCNTs nanocomposite based immunosensor 
A solution of 15 μL of anti-HER-2 (50 µg mL-1), 7.5 μL of EDC (0.4 M) and 7.5 μL of NHS (0.1 M) was mixed and kept for 30 min at room temperature (25 ºC) before introducing on the  electrodes. Thereafter, 30 μL of this prepared solution was drop cast uniformly onto the MoO3@NH2-MWCNTs/ITO electrode and kept under humid conditions for 4-5 h. During this period the covalent interaction between the -COOH group present on Fc region of anti-HER-2 and the -NH2 group of MoO3@NH2-MWCNTs nanocomposites took place resulting in the amide bond formation. The prepared electrode (anti-HER-2/MoO3@NH2-MWCNTs/ITO) was then washed with PBS buffer to remove any unbound biomolecule and then introduced with 20 μL BSA (1 mg mL-1) for blocking non-specific active sites. Finally, the immunoelectrode (BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO) was washed with PBS buffer and stored at 4 ˚C until further use. Scheme 5.2 represents the different steps of modification of the immunosensor.
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Scheme 5.2: Pictorial representation towards development of BSA/anti-HER-2/MoO3@NH2-MWCNTs immunoelectrode for breast cancer detection.
5.3 Results and Discussion
5.3.1 X-ray diffraction (XRD) studies
To determine the crystalline nature of MoO3@NH2-MWCNTs and NH2-MWCNTs, XRD study were performed in the range, 10-80° at a scan rate of 0.2° min-1 [Figure 5.1]. The diffraction pattern obtained for the MoO3@NH2-MWCNTs nanocomposite is consistent with the orthorhombic phase of MoO3 (JCPDS number : 89-5108) with strong intensity peaks occurring at 2θ = 12.8°, 23.4°, 25.7°, 27.5° and 38.9° corresponding to the  h k l planes (020), (110), (120), (021) and (060). The XRD pattern shows well defined peaks indicating high crystallinity having space group Pnma with lattice constants (a = 3.9Å , b =13.8Å and c= 3.7Å) The characteristic peak of MWCNTs occurring at 26.0° (040) overlaps with the high intensity peak of MoO3 (120) in the nanocomposite, thus no individual peak of MWCNTs was visible. The high crystalline nature of the as-synthesised nanocomposite suggests the high anisotropic growth of MoO3 nanorods in the nanocomposite.
[image: C:\Users\Rajeev\Desktop\moo3@cnt\GRAPHS ORIG\XRD.tif]
Figure 5.1: XRD spectra of as synthesised MoO3@NH2-MWCNTs nanocomposite


5.3.2. Structural and morphological analysis 
The morphology of the as-synthesised MoO3@NH2-MWCNTs nanocomposite was investigated via SEM studies [Figure 5.2 (a and b)]. Figure 5.2 (a) clearly demonstrates the formation of nanorods of pristine MoO3 nanoparticle grown randomly in a dense manner. The size of the synthesized nanorods of MoO3 has been found to be around an average 150 nm with few microns. Figure 5.2 (b) depicts the nanocomposite morphology where NH2-MWCNTs is completely wrapped around the MoO3 nanorods forming an interwoven structure. The crystalline nanorods of MoO3 are intertwined with the -NH2@MWCNTs nanofibers in manner, leading to the formation of forest like network [Figure 5.2 (b-inset)]. 
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Figure 5.2: (a and b) SEM image of the as synthesised nanocomposite, AFM image of the fabricated (c) MoO3@NH2-MWCNTs/ITO and (d) anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes.


5.3.3. Atomic force microscopy (AFM)
The topological analysis of the fabricated MoO3@NH2-MWCNTs/ITO and anti-HER-2/ MoO3@NH2-MWCNTs/ITO electrodes (5×5 µm) was conducted via AFM as shown in Figure 5.2 (c-d).The AFM image in Figure 5.2 (c) exhibit a rough surface with an average roughness of 40.8 nm indicating the uniform deposition of the as synthesised MoO3@NH2-MWCNTs nanocomposite onto the ITO substrate. Further, on introduction of the anti-HER-2 biomolecules onto the MoO3@NH2-MWCNTs/ITO electrode the average roughness was found to reduce to ~26 nm [Figure 5.2(d)] suggesting the globular morphology of the biomolecules that cover the entire rough surface, resulting in a smoother surface.
5.3.4 FT-IR studies
The FT-IR studies were carried out to investigate the presence of functional groups and surface modification onto the fabricated MoO3@NH2-MWCNTs/ITO and anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes in the range 400-4000 cm-1 [Figure 5.3 (a and b)]. In the spectrum (a) and (b) the two peaks present at 900 cm-1 and 688 cm-1 are assigned to the terminal stretching vibration  of Mo=O and symmetric stretching of Mo-O of  MoO3 in the orthorhombic phase[169, 239]. The band present at 1080 cm-1 is ascribed to the C-N stretching confirming the amine groups introduced onto the MWCNTs. Further, the peaks at 1640 cm-1 and 3370 cm-1 are attributed to N-H scissoring in plane bending mode and N-H deformation of the primary -NH2 group present onto the surface of MoO3@NH2-MWCNTs nanocomposite. [231]. The appearance of the weak peak at 2730-2977 cm-1 is related to the -CH stretching of the nanocomposite. In spectrum (b) the amide bond formed between the free -NH2 groups of the MoO3@NH2-MWCNTs nanocomposite and -COOH group of  anti-HER-2 antibodies  is  determined by the occurrences of peak at 1700 cm-1 and  1382 cm-1 along with a weak peak at 1158 cm-1 corresponding to the C-O (ester) vibrations.[240]
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Figure 5.3: FTIR spectra of (a) MoO3@NH2-MWCNTs/ITO, (b) anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes
5.3.5 Brunauer–Emmett–Teller measurements
 The porosity studies of the as-synthesised MoO3@NH2-MWCNTs and MoO3 were conducted using Brauner−Emmett−Teller (BET) measurements. A specific surface area was sampled by degassing the nanomaterial in vacuum at 200 °C for 8 h followed by the nitrogen adsorption, and desorption isotherms measurements [Figure 5.4]. As shown in Figure 5.4, the isotherm is revealed as type II which is typical for a mesoporous material with a hysteresis loop at maximum partial pressures. The Barrett−Joyner−Halenda (BJH) method was used for analysing the specific surface area and pore size distribution. [241]. The BET surface area of the MoO3@NH2-MWCNTs nanocomposite was found to be 63 m2 g-1 with a wide pore size distribution ranging from 1 -50 Å with the highest value around 2.18 nm attributing to the mesoporous nature. Additionally, the variation in pore size can be assigned to the numerous gaps present between the nanotubes. The nanocomposite was found to exhibit ~4 times greater surface area with respect to pristine MoO3 (16.4 m2 g-1). 
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Figure 5.4: BET studies depicting the nitrogen adsorption isotherms and (i) pore-size distributions of a MoO3-NH2MWCNTs nanocomposite.
5.3.6 Electrochemical Studies
The electrochemical characteristics were determined via CV, DPV and EIS during the fabrication of HER-2 immunosensor. The PBS (50 mM, pH 7.0) consisting of 5 mM [Fe (CN)6]4-(ferrocyanide), 5 mM of [Fe(CN)6]3− (ferricyanide) and 0.9 % NaCl as a redox mediator was used throughout the experiments, for monitoring the electron transfer between the fabricated electrodes and the electrolyte.
(a) Effect of pH and incubation studies on the immunoelectrode.
The effect of pH on the electrochemical response of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes was investigated via DPV in the presence of different pH ranging from (6.0 to 8.0). The maximum current response was obtained in pH 7.0-7.5 with a slightly higher value in pH 7.0 [Figure 5.5 (a)]. This response can perhaps  be due to the fact that the at neutral pH values the biomolecules tends to maintain its natural activity, whereas in case of acidic and basic pH the interaction with the H+ or OH- ion   tend to denature the antibodies. Thus, pH 7.0 was used throughout the electrochemical experiments. 
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Figure 5.5: (a) pH study and (b) incubation study of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO electrode.

Further, the incubation studies were conducted to study the interaction time between HER-2 antigen and anti-HER-2 antibody present in the immunoelectrode as shown in Figure 5.5(b). For this purpose, the immunoelectrode BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO was dip in the electrochemical cell and HER-2 antigen (1 ng mL-1) was introduced into the cell. The DPVs were recorded at an interval of five mins until 30 mins. It was observed that the interaction of the HER-2 antigen and antibody complex starts to form resulting in reduction of current due to the hindering of the electron transportation. It was revealed that 15 mins was required for the anti-HER-2 to completely interact with the antibodies.
(b) Scan rate studies
The electrochemical redox behaviour of the electrode and immunoelectrode was evaluated via CV technique [Figure 5.6 (a and b)] at different scan rate ranging from 10 to 200 mV s-1 in 5 mM [Fe(CN)6]3-/4-. The electrodes exhibited well-defined oxidation and reduction peaks attributing to the redox activity of the [Fe(CN)6]3-/4- (ferro/ferri cyanide) probe. With increasing scan rate, the oxidation and reduction potential peak shifted linearly in the negative and positive directions respectively. This phenomenon clearly indicates that the diffusion at the electrodes is surface controlled and quasi reversible and follows Eq. 5.1 to 5.4. 
Ipa(MoO3@NH2-MWCNTs/ITO)) = [1.034×10-4 (s/mV) + 3.02×10-5×(scan rate [mV/s])1/2]
R2=0.996, SD= 1.4×10-6              Eq. 5.1
Ipc(MoO3@NH2-MWCNTs /ITO)) = -[0.746×10-4 (s/mV) – 9.5×10-7×(scan rate [mV/s])1/2] 
             R2=0.996, SD= -1.1×10-7                  Eq.5.2
Ipa((BSA/anti-HER-2/MoO3@NH2-MWCNTs /ITO) = [1.72×10-4 (s/mV) - 2.48×10-4 × (scan rate [mV/s])1/2]
R2=0.996, SD= 2.7×10-6              Eq. 5.3
Ipc(BSA/anti-HER-2/MoO3 @NH2-MWCNTs/ITO) = -[1.0×10-4 (s/mV) + 9.34×10-6× (scan rate [mV/s])1/2]
[image: I:\chapter 5\SCAN RATE .tif]R2=0.997, SD= 3.3×10-7                     Eq.5.4
Figure 5.6: Scan rate studies of (a) MoO3@NH2-MWCNTs/ITO and (b) BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO with square root of scan rate versus current (inset i) and peak potential versus square of scan rate (inset ii).

The difference of cathodic (Epc) and anodic (Epa) peak potentials (ΔEp = Epc – Epa) and square root of scan rate for BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode exhibits a linear relationship and is given by the Eq. 5.5.
Δ Ep(BSA/anti-HER-2/MoO3@NH2-MWCNT/ITO) = [0.046×10-4 (s/mV) + 0.02 × (scan rate [mV/s])1/2]
R2=0.995, SD= 1.3×10-7               Eq.5.5
Further, the effective electrochemical active surface area of the MoO3@NH2-MWCNs/ITO and BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes was determined using Randles–Sevcik Eq.5.6
                                               Ip = (2.69×105) n3/2AD1/2Cν1/2                                                                 Eq. 5.6
Where Ip is the peak current, C is the molar concentration of [Fe(CN)6]3−/4− (mol·cm−3), n is the electrons per molecule oxidized or reduced, D is the diffusion coefficient (7.3 x10-6 cm2 s-1), and υ is the scan rate. The effective surface area for MoO3@NH2-MWCNTs/ITO and BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO were found to be 1.17 cm2 and 0.922 cm2 respectively. The reduction in surface area after immobilization of biomolecule indicates that the BSA-anti-HER-2 interacts with the MoO3@NH2-MWCNTs/ITO matrix leading to the reduced electron transfer.
(c) Electrode studies 
The electrochemical studies at each of fabrication of  (i) MoO3/ITO, (ii) NH2-MWCNTs/ITO, (iii) MoO3@NH2-MWCNTs/ITO, (iv) anti-HER-2/MoO3@NH2-MWCNTs/ITO and (v) BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO electrodes were conducted in PBS containing 5mM of [Fe(CN)6]3-/4- using EIS technique in the frequency 0.01- 105 Hz, at 10 mV. The EIS spectra mainly included a semi-circular region of higher frequency followed by a linear region of lower frequencies relating to the diffusion limited electron-transfer limited process.  The Randles equivalent circuit fitting is shown in the Figure 5.7 (inset) where (Rct) is the electron transfer resistance, (CPE) constant phase, (Rs) element solution resistance and Warburg impedance (W).The charge transfer resistant (Rct) depicted by the semi-circular region can be determined mathematically via Randle and Eshler model through fitting an equivalent circuit [Figure 5.7]. The Rct values of individual NH2-MWCNTs/ITO (185Ω, curve ii) was found to be less than the MoO3/ITO (222Ω, curve i) electrodes due to the superior conductivity of MWCNTs.  However, the Rct value for MoO3@NH2-MWCNTs/ITO (curve iii) was determined to be 23.2 Ω. This drastic decrease in the Rct value can be assigned to the synergistic effect of nanocomposite where the electron hopping takes places through the nanorods and intertwined nanofibers. The presence of one-dimensional morphology provides more surface to volume ratio resulting in better electron transport kinetics. Further, after immobilization of anti-HER-2 onto the MoO3@NH2-MWCNTs/ITO (curve iv) electrode the Rct value increases to 92 Ω and after introducing the (curve v), it increased to 110 Ω. This increased resistance to charge transfer may be attributed to the insulating characteristic of the biomolecules as the macromolecular layer of the bimolecules hinders the charge transfer pathway. Typically, the reaction occurring at the working electrode was governed by the electron transfer kinetics, and the current exchange (io) can be determined using the Eq.5.7
        (io = nRT/RctF)					              Eq. 5.7 
The current per geometric area (0.25 cm2) for MoO3/ITO and MoO3@NH2-MWCNTs/ITO is determined to be 4.6x10-4 A cm-2 and 44x10-4 A cm-2 respectively.
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Figure 5.7: (a) Nyquist diagram for the Faradic impedance at each step of fabrication (i) MoO3/ITO,(ii) NH2-MWCNTs/ITO, (iii) MoO3@NH2-MWCNTs/ITO, (iv) anti-HER-2/MoO3@NH2-MWCNTs/ITO and (v) BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO measured in PBS solution (pH 7.0) containing 5 mM [Fe(CN)6]3−/4-.

 Further, the heterogeneous rate constant (Ko) of the modified MoO3/ITO, NH2-MWCNTs/ITO and MoO3@NH2-MWCNTs/ITO is calculated by the Eq. 5.8
                            Ko = RT/n2F2ARctC                                                                 Eq 5.8
Where F is the Faraday constant, A is the active surface area of the electrode, T is temperature, R is the molar gas constant, n is the number of electrons (n = 1), C is the concentration of the electroactive species, and Rct is charge transfer resistance of electrode surface. The values of Ko for MoO3/ITO, NH2-MWCNTs/ITO and MoO3@NH2-MWCNTs/ITO has been determined to be in order 9.6×10-7cm·s−1, >11.5×10-7cm·s−1 and > 92.7×10-7 cm·s−1 respectively. This huge enhancement (~9.6 times as compared to bare MoO3) in the Ko may be due to the superior electron transfer ability, owing to the presence of the nanocomposite.
5.3.7 Electrochemical response studies
The electrochemical response studies of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode was carried out as a function of HER-2 concentration in the range (10-6 to 103 ng mL-1) in PBS solution (pH 7.0) containing 5 mM [Fe(CN)6] −/4- using DPV technique in the potential range (-0.2V to +0.6V) in a three electrode system. Upon consecutive addition of different amount of HER-2, the peak current was found to decrease gradually [Figure 5.8 (a)]. This decrease in peak response was attributed to the formation of insulating layer due to the interaction of HER-2 and anti-HER-2 present at the transducer surface. The current response became almost saturated at higher concentration of HER-2, indicating the complete utilization of the active antibodies present on the immunoelectrode. It should be noted that with increase in concentration of HER-2 in the solution the electron transfer ability of the redox mediator that restricts the electron transfer from bulk to the electrode surface. All the experiments were repeated in triplicates at each concentration (n=3). The calibration plot  [Figure 5.8 (b)] between the peak current values and the different HER-2 concentration reveal the linearity in between 10-6 to 103 ng mL-1 with regression coefficient of 0.997 and follows Eq. 5.9:
Ip = 26 µA mL ng-1 cm-2 log [Concentration of HER-2 (ng mL-1)] + 0.0687 mA 
                                                                                              R2= 0.99                        Eq. 5.9
[image: C:\Users\Rajeev\Desktop\sensing.tif]Figure 5.8:(a) Electrochemical response studies of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrodein PBS (50 mM, 0.9% NaCl) containing 5 mM of [Fe (CN)6]3-/4- with increasing concentration of  HER-2 (10-6 to 103 ng mL-1) and (b) linear calibration curve depicting peak current (mA) Vs Log(concentration of HER-2).

The sensitivity of this immunoelectrode was determined through slope/surface area as 26 µA mL ng-1 cm-2  with detection limit as low as 10-6 ng mL-1. This biosensor exhibited a wider linear range and better sensitivity as compared to the previously reported biosensors for breast cancer detection (Table 5.1). The enhanced current may be due to the availability of more number of -NH2 groups present due to enhanced surface area of the nanocomposite  that might have led to increased loading of biomolecules (anti-HER-2) with respect to the APTES/MoO3/ITO and APTES/MoO3@RGO/ITO electrodes (Chapter III and IV). 
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	Bio Analyte 
	Detection technique
	Label
	Linear detection Range
	Limit of detection
	Sensitivity
	Response Time
	References

	











HER-2
	Surface acoustic wave
	No
	13-20 ng mL-1
	-
	-
	-
	[186]

	
	Electrochemical 
	Yes 
	0-15  ng mL-1
	
	6 ng  mL-1
	60 min
	[137]

	
	Field effect transistor based immunosensor 
	No
	           6.86 ng mL-1 −
68.6 μg mL-1
	1.2 ×10−3 %change/mol
	0.1 ng mL-1
	40 min
	[217]

	
	Electrochemical 
	No 
	0.1 pg mL-1-10 ng mL-1
	-
	1.117 ± 0.008 μA mL ng-1
	20 min
	[218]

	
	Sandwich Immunoassay
	Yes 
	15- 150 ng mL-1
	4.4 ng mL-1
	-
	-
	[139]

	
	Electrochemical
	No
	10-110 ng mL-1
	7.4 ng mL-1,
	-
	-
	[185]

	
	Non-Faradic impedance spectroscopy
	No
	0.2-2 ng mL−1
	6.0 μg L-1
	-
	-
	[138]

	
	Capacitive  Aptasensor
	No
	0.2-2 ng mL−1
	0.2  ng ml−1
	-
	-
	[219]

	
	Electrochemical  Aptasensor
	No
	0.5-2 ng mL-1
2-75  ng mL-1
	0.22 ng mL−1

	0.14 μA mL ng-1

	60 min
	[140]

	
	Impedimetric 
	No
	0.01-200  ng mL-1
	0.01  ng mL-1
	493.63 Ω ng-1 mL-1
Cm-2
	15 min
	[220]

	
	Electrochemical Sandwich Immunoassay
	Yes 
	5-20 ng mL-1  and 
20-200  ng mL-1 
	4  ng mL-1
	-
	-
	[221]

	
	Electrochemical Aptasensor –Sandwich Assay
	No 
	1-100 ng mL-1
	1  ng mL-1
	-
	60 min
	[222]

	
	Electrochemical
BSA/anti-HER-2/APTES/nMoO3/ITO
	No
	2.5 ng mL-1-110 ng mL-1
	2.47 ng mL-1
	0.904 μA mL-1 ng cm-2

	20 min
	[158]

	
	Electrochemical Immunosensor
BSA/anti-HER-2/APTES/MoO3@RGO/ITO
	No
	0.001 ng mL-1-500 ng mL-1
	0.001 ng mL-1
	13 μA mL-1 ng cm-2

	15 min
	[196]

	
	Electrochemical Immunosensor
BSA/ anti-HER-2/MoO3@NH2-MWCNTs/ITO
	No
	10-6 – 103 ng mL-1
	10 -6 ng mL-1
	26 μA mL-1 ng cm-2 per log unit 
	15 mins
	Present Work
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5.3.8 Control and Interference studies
The control study of the fabricated electrode (MoO3@NH2-MWCNTs/ITO) in the absence of anti-HER-2 was conducted with increasing concentration of HER-2 in the cell system [Figure 5.9(a)]. The measured current response did not exhibit any significant change. This study clearly demonstrates that the sensing current response was due to the formation of antigen-antibody complexes only. The interferents study was conducted to determine the selectivity of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode towards HER-2 biomarker [Figure 5.9 (b)]. 
[image: C:\Users\Rajeev\Desktop\Control.tif]
Figure 5.9: (a) Electrochemical current response of the MoO3@NH2-MWCNTs/ITO electrode with HER-2, (b) Interferents studies conducted via measurement of electrochemical current response of BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode in the presence of other analytes, (c) electrochemical current response under similar condition for the different immunoelectrode in presence of HER-2 (0.001 ng mL-1) and (d) stability studies of the fabricated immunoelectrode in the presence of HER-2 (1 ng mL-1)
The system was initially incubated with HER-2 (1 ng mL-1) and subsequently introduced with the different potential analytes including glucose [7 mg mL−1], cTnI [0-0.03 ng mL-1], CYFRA-21-1 [0-18 ng mL-1] and CEA [4-16 ng mL−1] one by one in the same solution for the measurement of current response. The selectivity coefficient for each of the potential analyte was found to be ~1 calculated from the Eq. 5.10 indicating negligible interference.
                                         SC = Ic + i/Ic                                                                        Eq. 5.10

Where Ic+i is the current value of immunosensor in the presence of the interference and Ic in the absence.

5.3.9 Reproducibility and stability studies
 Five different  sets of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO electrode were prepared and utilized for the reproducibility studies using DPV technique [Figure 5.9 (c)} in the similar conditions with HER-2 concentrations (0.001 ng mL-1). It was observed that the immunoelectrode exhibited high reproducibility with an average standard deviation to be around ~4.5 % suggesting good precision and reproducibility of the immunosensor. The stability of the immunoelectrode was determined under similar set of conditions and the DPV was recorded at a regular interval for 56 days and immunoelectrode was stored at 4 ºC in dark condition when not in use. It was observed that the biosensor retained its activity until 35 days, beyond that the current started to decrease to 80 % [Figure 5.9(d)].
5.3.10 Real Sample analysis 
For clinical application, the fabricated immunoelectrode, was subjected to different concentration of serum samples obtained from breast cancer patients [Figure 5.10]. The serum samples were diluted 20 times with 50 mM PBS solutions prior to usage. The electrochemical response of the BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode at four different concentrations i.e 1, 10, 75 and 100 ng mL-1 was recorded by DPV technique. 30 µL of serum sample of each concentration was introduced and incubated for 15 min before taking the measurements. 
[image: C:\Users\Rajeev\Desktop\shelf.tif]
Figure 5.10: Comparative analysis of current response with %RSD between standard samples and patient samples through fabricated BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode.

As observed, the current response values at each concentration was correlated with the values obtained using standard samples. A reasonable correlation was found with an acceptable %RSD (relative standard deviation) to be ~ 5% indicating high accuracy and precision of the developed immunosensor for the HER-2 biomarker detection. 
5.4 Conclusions
[bookmark: _Hlk47342523]We have fabricated a highly sensitive electrochemical immunosensor based on MoO3@NH2-MWCNTs, a highly conductive nanocomposite for the quantification of breast cancer biomarker HER-2. The growth of MoO3 onto the NH2-MWCNTs fibres acted as strong interconnected mesh like network. The specific surface area determined via BET studies was found to be 63 m2 g-1 with a pore size in range 2-50 nm, indicating the presence of mesoporous structures, which further aids in the remarkable sensitivity, and excellent stability of this immunosensor. Moreover, the HET rate for the nanocomposite was found to be ~9.6 times higher than the pristine MoO3.The synthesised nanocomposite was deposited onto the ITO substrate using electrophoretic deposition technique and further immobilized with anti-HER-2 biomolecules via EDC-NHS covalent chemistry. This immunoelectrode i.e BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO was found to be linear in the range 10-6 to 103 ng mL-1 with a  sensitivity of 26 μA mL ng-1 cm-2 and an acceptable stability of 35 days. This nanocomposite has shown enhanced heterogeneous electron transfers and increased biomolecular loading resulting in broader linear detection range and excellent sensitivity and detection limit as low as 10-6 ng mL-1. The real sample results have revealed that this BSA/anti-HER-2/MoO3@NH2-MWCNTs/ITO immunoelectrode can be used to efficiently detect HER-2 biomarker and shows promising potential for its clinical adaptability. 
The next Chapter contains the brief summary and future scope of the studies described in the preceding Chapters of this thesis.
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Chapter 6
Summary and Future Prospects 




6.1 Summary of the work done 
The objective of this thesis was to develop a biosensor based on transition metal oxides for detection of the breast cancer biomarker. The development of these biosensors has addressed to all the defined objectives including synthesis of the nanomaterials (MoO3) and their composites (MoO3@RGO and MoO3@NH2-MWCNTs), characterisation using relevant different techniques, fabrication of the biosensing platforms and evaluation of their analytical performance via CV, DPV and EIS techniques respectively. Finally, validating the results of the developed immunosensor with existing techniques and using serum samples from the breast cancer patients. The results obtained have been discussed in details in the preceding Chapters I-V and briefly summarized as follows.
Chapter I highlights the importance of transitional metal oxides, their characteristic properties and application with emphasis on its utility as biosensors. Besides this, attempts have been made to give a detailed literature review on the different aspects of transitional metal oxides (nTMOs) and hybrids with carbonaceous materials (RGO, MWCNTs). Additionally, the application of these nanocomposites for the detection of various analytes particularly using electrochemical sensors. Besides, efforts have been made to highlight the importance of breast cancer diagnosis along with the existing gaps in the current detection systems. Further, the salient features of antibodies used for fabrication of electrochemical immunosensor for the detection of breast cancer biomarker have been discussed.
Chapter II based on “Materials and Experimental Techniques” gives details of the various experimental techniques such as FTIR spectroscopy, Raman spectroscopy, XRD, BET, SEM, TEM, XPS and AFM that have been used to characterize the nanostructured molybdenum trioxide (nMoO3) and its hybrids with RGO and NH2-MWCNTs based electrodes and immunoelectrodes. Electrochemical techniques such as CV and EIS have been utilized to characterize these nTMOs based electrodes and immunoelectrodes. Electrochemical studies of the fabricated immunoelectrode as function of HER-2 concentration have been conducted using DPV technique. Attempts have been made to describe the different procedures and protocols used to estimate the figure of merit of nTMOs based immunosensor for breast cancer biomarker (HER-2) detection.
Chapter III unravels the results of the studies relating to the fabrication of emerging nanostructured molybdenum trioxide based immunosensor. The synthesis of nMoO3 using one pot hydrothermal method followed by its functionalization using APTES linker. The electrophoretically fabricated APTES/nMoO3/ITO was covalently immobilized with anti-HER-2 using EDC-NHS linker chemistry. The results of SEM and TEM studies have revealed the one-dimensional (nanorods) morphology of the as-synthesised nanomaterial. The biocompatible behaviour was investigated using human HEK293T cell lines. The results of electrochemical studies of the proposed immunosensor indicated high sensitivity (0.904 μA mL ng-1 cm-2), wide linear detection range (2.5-110 ng mL-1) and a lower detection limit of 2.47 ng mL-1 with a shelf life of 30 days. The response of immunosensor was validated using serum samples of breast cancer patient and were found to be in acceptable limit. . This is the first report on the biosensing application of the synthesised nMoO3 that exhibited a simple, label-free and biocompatible biosensor. In order to further improve the sensitivity and linear range of the fabricated immunosensor MoO3 was incorporated onto the 2D electroactive reduced graphene oxide (RGO) sheet to form a nanohybrid resulting in enhanced electrochemical properties.
Chapter IV describes results of the studies relating to the insitu preparation of  MoO3 prepared onto the reduced graphene oxide (RGO) via one-pot low-temperature hydrothermal synthesis and further functionalized via APTES. The RGO is an electroactive material containing various active sites wherein the nucleation of MoO3 starts and results in the growth of nanorods under hydrothermal conditions. The MoO3 prevents restacking of the RGO sheets, providing room for enhanced electron mobility by shuttling mechanism. The surface area of this hybrid was found to be (258 m2 g−1)14 times greater than that of pristine MoO3 (17.19 m2 g−1) and the pore size was enhanced by four times.  Thin films of this nanohybrid (APTES/MoO3@RGO) was deposited onto ITO coated glass substrate using electrophoretic deposition (40 V for 2 min) technique. Subsequently, the monoclonal antibodies (anti-HER-2) were immobilised via EDC-NHS covalent chemistry onto the APTES/MoO3@RGO/ITO electrode. The APTES/MoO3@RGO/ITO electrode has shown improved heterogeneous electron transfer (>1.5 times) with respect to that of the APTES/ MoO3/ITO electrode indicating faster electron transfer kinetics. This nanohybrid based immunosensor (Fig. 2) sensor BSA/anti-HER-2/APTES/MoO3@RGO/ITO has shown improved parameters i.e. higher diffusion coefficient; enhanced heterogeneous electron transfer and improved biomolecular loading resulting in broader linear detection range (0.001-500 ng mL−1), better sensitivity (13 µA mL ng−1 cm−2) and high selectivity. Moreover, the remarkable lower limit of detection 0.001 ng mL−1 revealed that this sensor can be used to detect even minute concentration of HER-2 biomolecules in the physiological range. Further efforts have been made to fabricate a simpler, reliable biosensor with enhanced sensitivity and improved shelf life towards efficient detection of breast cancer biomarker. For this purpose, amine- functionalised multi-walled carbon nanotubes (NH2-MWCNTs) was introduced along with the MoO3 leading to the nanocomposite formation.
Chapter V demonstrates the results of the studies relating to the fabrication of an electrochemical biosensor based on the as synthesised nanohybrid of MoO3@NH2-MWCNTs via one-pot hydrothermal synthesis. The NH2-MWCNTs is known to possess excellent electrical properties, high aspect ratio, large specific surface area and faster electron transport. Moreover, the incorporation of MoO3 with NH2-MWCNTs results in superior immunosensing platform leading to improved electrochemical performance and better sensitivity towards the detection of HER-2. The SEM studies of the as synthesised nanocomposite reveal the formation of nanorods wrapped with thin fibres of MWCNTs forming a dense network. In addition, the NH2-MWCNTs resulted in enhanced electron transfer (~10 times) compared to pristine MoO3 with an average surface area of 63 m2 g-1. This fabricated immunosensing platform using anti-HER-2 as antibody towards HER-2 detection exhibited remarkable sensitivity of about 26 µA mL ng−1 cm−2 per decade in the dynamic  linear range (10-6-103 ng mL-1) and shelf life of about five weeks when stored  at 4 °C. Thus, the MoO3@NH2-MWCNTs composite have shown excellent electrochemical behaviour with respect to APTES/MoO3 and APTES/MoO3@RGO  based electrodes and have potential to be utilised as immunosensing matrix for the detection of other cancer analytes including ovarian, lung etc.
The sensing characteristics of APTES/nMoO3, APTES/MoO3@RGO and MoO3@NH2-MWCNTs utilized in the present thesis work are summarised in Table 6.1.
Table 6.1: Sensing characteristics of APTES/nMoO3, APTES/nMoO3@RGO and MoO3@NH2-MWCNTs based biosensing platform for serum HER-2 biomarker detection

	
Fabricated Electrodes
	Detection limit
(ng mL-1)
	Linear detection range
(ng mL-1)
	Sensitivity
(µA mL ng−1 cm−2  )
	Response Time (min)
	Shelf Life (days)

	BSA/anti-HER-2/APTES/ nMoO3/ITO 
	2.47
	2.5-110
	0.904
	20
	30

	BSA/anti-HER-2/APTES/MoO3@RGO/ITO
	0.001
	0.001-500
	13
	15
	45

	BSA/anti-HER-2/APTES/MoO3@NH2-MWCNTs/ITO
	10-6
	10-6-103
	26
	15
	35



It has been found that, as compared to the reported breast cancer detection methods including biosensors, this immunosensor (BSA/anti-HER-2/MoO3@NH2-MWCNTs) is rapid, label free, exhibits better sensitivity and improved lower detection limit with an acceptable shelf life. 
6.2 FUTURE PROSPECTS
The work presented in this thesis is an effort to exploit the characteristic property of various transitional metal oxides and their hybrids with carbonaceous materials for a sensitive and specific detection of HER-2 biomarker. However, it opens up new directions for further research; some of these are listed below: 
i. Efforts should be made to improve the stability of the sensor at different environmental conditions (different temperature, pH etc.) There is an ample scope to utilize other transition materials and ultrathin nanomaterials (Borophene) utilizing similar methodology for the fabrication of several other biosensing platforms including the  use of multiple biomarkers such as HER-2, ER and PR on a single platform for an accurate diagnosis.
ii. The use of highly conducting material such as Borophene and TMO nanohybrid   as a transducer surface could be a milestone in the ultrasensitive detection of the breast cancer biomarkers (ER, PR and HER2).
iii. The whole platform can be transferred to a flexible Lab-on a chip system, for a promising diagnostic alternative. These objectives could be achieved as follows:

iv. The novelty of this proposed work would be to develop an efficient and sensitive biosensor using ultrathin (2-5 atoms thick) TMO and Borophene hybrid  as transducer surface that could accurately detect  even small amount of diverse samples.[242]. It could also help to decides the treatment strategies (Endocrine or Trastuzumab therapy) for breast cancer patient with very minute amount if sample  (2-5 µL).
v. [bookmark: _GoBack]The hybrid of borophene (ultrathin 2D- Nanomaterial) and TMOs will provide a powerful platform in the area of cancer diagnostic application (Breast cancer detection) at an early stage. Unlike the traditional methods which are known to have poor sensitivity, complexity, time-consuming and requires huge and highly expensive equipment. The proposed detection strategy would offer high sensitivity, rapid analysis, reagent economy and miniaturization. Although the electrochemical biosensing protocols are available in the area of breast cancer detection, however all of them are limited to single biomarker detection which is not sufficient to predict breast cancer. There is a panel of biomarkers that should be studied for proper disease diagnosis. Moreover the efforts could  also be made towards the fabrication of immunosensor targeting the use of new markers such as circulating tumour cells, exosomes, Placental-specific protein 1 (PLAC1) and angiogenic markers that could aid in detection at the onset of breast cancer including triple negative cancers.
vi. The aim to detect three biomarkers (ER, PR and HER2) simultaneously would enable us with a more specific diagnosis, therapy and monitoring of breast cancer. Because of these facts, we strongly believe that the ultrathin 2D nanomaterial (Borophene and TMOs nanohybrid) could be utilized for more sensitive and specific detection of the breast cancer biomarkers as compared to the other reported methods. Moreover Borophene based 2D nanomaterials are relatively new which can play an important role towards the development of ultrasensitive cancer biosensors.
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· Oral Presentation on “Protein Conjugated Label Free Immunosensor for Ultrasensitive Detection of Breast Cancer Biomarker” at the  6th International Symposium on Integrated Functionalities (ISIF-2017) held at Shangri-La's Eros Hotel, New Delhi, India  from 10 – 13 December 2017.
· Poster Presentation on “Biofunctionalized Nanostructured Molybdenum Trioxide Based Biosensors for Breast Cancer Detection” at the RGCON 2017 held at the Habitat World, India Habitat Centre, Lodhi Road, Delhi, India from 3-5 February 2017.
· Poster presentation on  “Determination of Peripheral Arterial Diseases using TBI index from a Photoplethysmographic signal” at “International conference on “Innovation in Intelligent Instrumentation, Optimization in Signal Processing 2013” in Karunya University, Coimbatore, 2013 .
· Oral Presentation on “Non Invasive Estimation of blood pressure using a linear regression model from the photoplethysmogram (PPG) Signal” at “International Conference on Information Technology, Electronics and Communications” Bangalore, 2013.






Synthesis and functionalization of Borophene/reduced borophene oxide.


Fabrication of microfluidic devices 


(a) Fabrication of Microfluidic channels 


(b) Fabrication of the electrodes for microfluidic devices


Immobilization of the antibody (anti-ER, anti-PR and anti-HER2) molecule over reduced borophene oxide modified working electrode surface.


Characterization (XRD,TEM,SEM,BET etc)


Optimization of physical (temperature, pH, and time) and biosensing (analyte concentration, interference) parameters is to be carried out.


Detection of breast cancer biomarkers (ER, PR and HER2) on a single chip
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Abstract

We report results of the studies relating to the development of the emerging nanostructured molybdenum trioxide (nMo0Q3)-based biocom-
patible label-free biosensing platform for breast cancer detection. The structural and morphological studies of the synthesized nMo0O3 nano-
rods were investigated by XRD, SEM, X-ray photoelectron spectroscopic, and TEM techniques. This biocompatible one-dimensional (1D)
nMoOs-based biosensing platform exhibited high sensitivity (0.904 pAmL/ng/cm?), wide linear detection range (2.5-110 ng/mL), and a
lower detection limit as 2.47 ng/mL toward human epidermal growth factor receptor-2 detection. The results obtained using this sensor plat-

form on serum samples of breast cancer patients were validated using ELISA.

Introduction

There is an increased interest toward the application of low-
dimensional nanostructured materials for the past about
10 years."" ] Many efforts have been made toward the prepara-
tion and application of one-dimensional (1D) nanomaterials
based on transition metals. In this context, the 1D morphologies
(e.g., nanotubes, nanowires, and nanorods)m have been pre-
dicted to show enhanced characteristics making them suitable
for a wide range of applications including biosensors, electro-
chromic devices, light-emitting diodes, field emitters, super-
capacitors, drug delivery, bioimaging, nanogenerators, biofuel
cells, and nanobioelectronics. Among these, applications of
1D nanostructured metal oxides toward the development of
biosensors for cancer diagnostics have recently aroused much
interest.>"!

Breast cancer is currently one of the most prevalent can-
cers.>%) Several factors such as hormone replacement therapy,
ionizing radiation, smoking, alcohol consumption, late or no
child birth, and genetic susceptibility, etc., may lead to the
onset of breast cancer.!”*) The conventional techniques used
for breast cancer detection include immunohistochemistry,
fluorescence in situ hybridization (FISH), and biopsy.!'""
These techniques are complex, time consuming, expensive,
and require specially trained personnel for analysis.
Biosensors are being seen as an alternative technique for breast
cancer detection as they offer high sensitivity, reduced cost,

minimal sample volume requirement, and point-of-care diag-
nostics.!"!] For the development of biosensors as a point of
care devices, biomarkers have been known to play a prominent
role as they are correlated with the diagnosis and prognosis of a
particular disease. Many biomarkers such as CA 27.29,
estrogen receptor,m'”] progesterone receptor, CA-15-3, RS/
DJ-1,"1 and human epidermal growth factor receptor-2
(HER-2), etc., can be associated with the presence of the breast
cancer.!"”! The early-stage screening, monitoring, and recur-
rence of breast cancer via electrochemical techniques
has recently attracted the attention of researchers.!"”) Among
these, HER-2 is a promising biomarker for breast cancer diag-
nosis."') Moreover, the HER-2 gene is amplified in 30% of the
breast cancer patients leading to increased expression of HER-2
receptor protein on to a cell surface.'®) HER-2 is a tyrosine
kinase receptor that encodes for a 180 KDa protein located
on chromosome 17 and is composed of cytoplasmic domain,
a transmembrane domain and extra cellular domain (ECD). It
releases its ECD into the serum fraction on over expression
during the presence of breast cancer. The cut-off concentration
of HER-2 in serum sample of a breast cancer patient can be
>15 ng/mL."* Thus monitoring HER-2 in serum may yield
important information pertaining to tumor growth of a breast
cancer patient.!" ! Gohring et al. developed an optical-based
biosensor based on optofluidic ring resonator for HER-2 detec-
tion.!") The detection range for this biosensor was found to be
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as 13-100 ng/mL. In another approach, Khafaji et al. demon-
strated an electrochemical immunoassay based on labeled
sandwich assay comprising of antibody-functionalized via
magnetic beads coupled to screen-printed cells in the range
0-30 ng/mL.*" Ravalli et al. showed that gold nanostructured
based screen-printed graphite platform can be used for HER-2
detection in the range 0-40 pg/mL.!"®

The dimensionality has been predicted to play a promising
role in tuning the properties of a 1D nanomaterial for biosens-
ing applications. The 1D nanomaterials may perhaps provide
an electrical conduction path between the immobilized proteins
and the electrode resulting in enhanced sensitivity of biosens-
ing electrodes due to fast ion or electron transport rates.”?!
Unlike spherical nanoparticles (0D), the 1D nanostructured
metal oxide can be coupled to a biomolecular surface to obtain
increased exposed surface area for receptor binding.*>** Thus,
1D nanostructured metal oxides may perhaps facilitate faster
electron transfer resulting in enhanced characteristics of a bio-
sensing device. In addition, aligned 1D nanorods have
immense potential in providing improved performance of an
electrochemical biosensor due to improved electron transfer
properties, electrocatalytic activity leading to increased diffu-
sion of the redox species.>*! The application of nanostructured
metal oxide!””! and nanostructured transition metal oxides
(nTMOs) toward the development of an efficient biosensing
platform has stimulated much interest.**) The nTMOs"! are
known to have electron-filled s-shells of positive metallic
ions, whereas the d-shells remain partially filled resulting in
good electrical characteristics, semiconducting behavior, and
high dielectric constants.**!

Among the different transition metal oxides, nanostructured
molybdenum trioxide (nMoO3) has been predicted to have
excellent characteristics including electrochemical activity,
optical transparency, photochemical stability, excellent electri-
cal, and surface charge properties.****) The nMoOj belongs to
the family of transition metal dichalcogenides and comprises of
a layered structure in a hexagonal lattice held by Van der Waals
forces. Moreover, the polar nature of MoOs facilitates better
binding and increased charge adhesion leading to the formation
of electrical double layer with improved immobilization of
desired protein.*"! Besides this, the variable oxidation states
of nMoOj facilitate the movement of electrons with ease. The
nMoO; with different morphologies including nanoparticles,
nanofibers, nanoflakes, nanospheres, and nanowires has been
predicted to have a large number of applications including
biosensors.>** Balendhran et al. demonstrated the use of a
2D MoOs-based FET biosensor using bovine serum
albumin (BSA) as model protein.®*! Shakir et al. fabricated
enzymatic biosensor based on a-MoO; toward the detection
of L-lactate.*) The morphology of nMoQj3 may play an impor-
tant role toward the performance of a biosensor. For instance, in
case of nanorods, the electronic conduction in nMoO; can
occur due to the tunneling mechanism, enhanced surface scat-
tering, bulk conduction, and higher density of electronic
states.**! Further, the concentration of surface atoms in 1D

nanomaterials has been reported to increase with decrease in
diameter resulting in higher conductivity.**! Moreover, the
1D nanorods of nMoO; promote electrical charge throughout
its length due to binding of the biomolecules.

We demonstrate for the first time the application of 1D
nMoOj3-based immunosensing platform for breast cancer detec-
tion. We have investigated the physical, electrochemical, and
biocompatible properties of the synthesized 1D nMoO; nano-
material for breast cancer detection. Further we have evaluated
the performance of nMoO; and spherical nMoO;-based biosen-
sors for HER-2 detection.

Experimental section

Materials and reagents

Sodium tetra molybdate dihydrate (Na;M00O,4.2H,0), 3-amino-
propyl triethoxysilane [APTES (CoH,3NO3Si)] were purchased
from Alfa-Aesar, India. Sodium monophosphate (NaH,PO,),
sodium diphosphate dihydrate (Na,HPO42H,0), N-hydroxy-
succinimide [NHS (C4HsNO3)], sodium chloride (NaCl),
potassium ferricyanide [K5{Fe(CN)g}], and potassium ferrocy-
anide [K4{Fe(CN)s}3H,0] were procured from Fisher
Scientific, India. Nitric acid (HNO3) was purchased from
Rankem, India. The cetyl trimethylammoniumbromide,1-(3-
(dimethylamino)-propyl)-3-ethylcarbodiimide hydro-chloride
[EDC (CgH,;N3)] were procured from Sigma Aldrich, USA.
The analytical grade chemicals were used for all the experi-
ments without purification. Fresh phosphate buffer saline
(PBS) solution using Na,HPO,2H,O (0.05 mol/L) and
NaH,PO4 (0.05 mol/L) was prepared using Milli-Q water
(resistivity of 18 MQ cm). The ELISA kit (HER-2) was pur-
chased from Promocell GmbH, Germany. The monoclonal
antibodies (anti-HER-2) and antigen (HER-2) were obtained
from Biorbyt Ltd, UK. Further the biomolecules were diluted
in PBS (pH 7.0) and stored at 4 °C till further use.

Fabrication of BSA/anti-HER-2/APTES/
nMoOs/ITO biosensing platform
For the fabrication of the biosensing platform, indium tin oxide
(ITO)-coated glass electrode (0.5 cm x 2.5 cm) was used. The
ITO electrode was hydrolyzed with a solution of NH;:H,0,:
H,O0 in a ratio of 1:1:5 to introduce —OH functional groups
on the surface to promote the formation of nMoOs film.?>3¢!
For this purpose, a dispersed colloidal solution (1 mg/mL) of
functionalized nMoO; (APTES/1D nMoOs) was prepared in
acetonitrile. The electrophoretic deposition (EPD) technique
(50 V for 2 min) was used to obtain uniform thin film on hydro-
lyzed ITO electrodes. The uniform film formation was further
confirmed by AFM studies of APTES/1D nMoO5/ITO elec-
trode (Fig. S6). The AFM results indicated a uniform deposi-
tion of film onto the ITO substrate with an average roughness
of ~2.93 nm. For the EPD technique, platinum was used as
the anode and the ITO electrode was used as the cathode and
these were separated at a distance of 1 cm.

Anti-HER-2 were immobilized onto the APTES/ID
nMoO3/ITO electrode in a ratio 2:1 via EDC-NHS coupling
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chemistry. In brief, 15 pL of monoclonal anti-HER-2 (50 pg/
mL) was mixed with 7.5 uL of EDC (0.4 M) and 7.5 uL NHS
(0.1 M) and stored at room temperature (25 °C) for 20 min to
activate the —COOH groups at F, region of anti-HER-2.
Further, this mixed solution (30 pL) was drop cast uniformly
onto the APTES/1DnMoO5/ITO electrode surface and stored
in a humid chamber (2 h). The interaction resulted in the forma-
tion of covalent bond between —NH, groups present on APTES/
1D nMoO3/ITO electrode and the activated —-COOH groups of
anti-HER-2. To remove the unbound biomolecules, the elec-
trode was washed with PBS (pH 7.0). For blocking of the non-
specific binding sites, 20 uL of BSA (0.1 mg/dL) was used as it
did not interact with the specific binding sites. These BSA-
incorporated immunoelectrodes were kept for 2 h at room tem-
perature (25 °C) and were subsequently washed with PBS. The
fabricated BSA/anti-HER-2/APTES/ID nMoO5/ITO immu-
noelectrodes were stored at 4 °C until further use. Scheme S1

(c) represents the various steps relating to the fabrication of a
BSA/anti-HER-2/APTES/1D nMoO;/ITO immunoelectrode.

Results and discussion

Morphological, structural, Raman studies

The SEM image [Fig. 1(a)] obtained for nMoO; indicated the
formation of needle-like structure.!''! The magnified image
[inset in Fig. 1(a)] revealed the structure of nMoO; to be as
rods. The diameter of nMoO; was found to lie between 60
and 80 nm with a few micrometers in length [Fig. 1(b)]. The
XRD spectra [Fig. 1(c)] of the nMoO; obtained in the 20—
60° diffraction angle (26) range with a scan rate of 0.2/min
revealed crystallographic (hkl) planes: (001), (101), (002),
(011), (110), (012), (003), (013), (020), (—114), and (023)
were well indexed with JCPDS No. 47-1320 indicating the
presence of the monoclinic phase of 1D nMoOs. The (002)
plane seen at 26=25.83° had the highest intensity revealing

Intensity (a.u.)

(©)

10 20 30 40 60 60
Degree (20)

Intensity (a.u.)

(d)
200 400 600 800
Wavenumber (cm”)

1000

Figure 1. SEM image (a), TEM image (b), XRD pattern (c), Raman spectra (d) of the synthesized 1D nMoOQ3.
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that the 1D nMoOj crystallites were more orderly along the
(002) plane. Figure 1(d) shows the Raman spectra obtained
for the nMoO; nanorods. The high-intensity characteristic
peak found at 818.2/cm was attributed to the stretching mode
of the doubly connected bridge oxygen atom in Mo—O-Mo,
present in the MoOg octahedrons. The peak obtained at
991.5/cm was due to asymmetric stretching modes of terminal
oxygen in Mo=0."%! The peak at 280/cm was a doublet com-
prising of wagging modes of the terminal oxygen atoms. The
peak at 660.7/cm was attributed to the triply coordinated oxy-
gen atoms linked to the Mo—O stretching modes of three octa-
hedrons.®?! The peaks found at 333 and 375.2/cm were
assigned to the bending mode of O=Mo=0 and scissoring
modes of O-Mo-O, respectively.

BET studies

The specific surface area and porosity of the synthesized 1D
nMoO; were determined via BET studies. For sampling the
specific surface area, the sample was degassed in a vacuum at
200 °C for 2 h and then the nitrogen adsorption and desorption
isotherms were recorded. The pore size distribution and nitro-
gen adsorption—desorption isotherm for the 1D nMoO; are
shown in Fig. 2. The results of the BET studies obtained 1D
revealed the total pore volume of 1D nMoOj5 to be 0.029 cc/
g. The specific surface area of the 1D nMoOj; calculated by
BJH method was found to be 17.19 m*/g. The pore size distri-
bution curve indicated that the 1D nMoO; was dominated by
mesoporous with a minor fraction of microporous [Fig. 2

inset (a)]. The mean pore diameter was found to be 6.8 nm.
The obtained results revealed the highly mesoporous behavior
of the synthesized 1D nMoOs facilitate increased loading of
anti-HER-2.[""]

Fourier transform infrared spectroscopy
studies

Figure 3 shows Fourier transform infrared spectroscopy (FTIR)
spectra obtained for (i) APTES/ID nMoOs/ITO and (ii)
anti-HER-2/APTES/1D nMoO4/ITO electrodes, respectively.
In both the spectra, bands appearing in the range 1350-1000/
cm indicated the presence of C—N (amines) group onto the
nMoOs-bound APTES molecules. Bands found at 1474,
2880/cm and in the 1640-1550/cm range were due to C-H
bending vibration of alkane (back bone of APTES), -C-H
bond and N-H bending for primary amine.”**”) The band
found at 1382/cm was due to stretching vibration of C-N
bond between —NH, group of APTES functionalized nMoO5
and F, region of anti-HER-2.%***) The singlet band observed
at 1651/cm was due to bending vibration of C=O group of
amide bond (O=C—-N-H). The broad band found at 3350/cm
was assigned to stretching vibration of monosubstituted N-H
group of amide (R-CO-NH-R) bond. The bands seen at
2720 and 2970/cm were attributed to —CH-band of alkane of
the biomolecules and APTES present in the BSA/anti-
HER-2/APTES/1D nMoO5/ITO.[*'**] These FTIR results con-
firmed successful covalent immobilization of anti-HER-2
biomolecules onto APTES/ID nMoO3/ITO electrode.™”!
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Figure 2. BET studies for 1D nMoOj3 (inset a: pore size distribution).
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Figure 3. FTIR spectra of (a) APTES/1D nMo0s, (b) anti-HER-2/APTES/1D
nMoOQg/ITO electrode.

Cytotoxicity studies

The biocompatible behavior was evaluated by conducting cyto-
toxicity studies. In brief, the cytotoxicity of the functionalized
nMoO; (APTES/1D nMoOs3) was determined in the concentra-
tion range 0-30 pg/mL by MTT assay on HEK 293T cells. The
level of toxicity of the 1D nMoOj; was found to vary as a func-
tion of concentration. The APTES/1D nMoO; did not exhibit
any significant cytotoxicity on HEK 293 cell lines up to 15

pg/mL. This was adequate for the development of the biosens-
ing platform. Figures S2(a)-S2(d) show morphology of the
HEK 293 cell lines on exposure to different concentrations.
The % cell viability of APTES/1D nMoOj; with respect to con-
trol was found to be about 75% for 15 pg/mL (Fig. S3).

X-ray photoelectron spectroscopic studies
The survey scan X-ray photoelectron spectroscopic (XPS)
spectra of APTES/ID nMoO; and anti-HER-2/APTES/ID
nMoO; onto the ITO electrode is shown in Fig. S4. The
peaks pertaining to Mo 3d, Si 2p, O 1s and N 1s were found
at 232, 102, 530.5, and 399.6 eV, respectively. During the pro-
cess of anti-HER-2 immobilization, the APTES/ID nMoO;/
ITO electrode was washed with PBS (pH 7.0). The peaks cor-
responding to Na and ClI can be seen in the survey scan spectra.
The Na (KLL), O (KLL), and C (KLL) Auger transitions were
observed. The P transition was attributed to anti-HER-2 mole-
cules. It was found that the intensity of Mo (3d) and Si (2p)
peaks decreased, and the N (ls) peak intensity increased
after the anti-HER-2 immobilization on APTES/1D nMoOs/
ITO electrode.

The XPS core-level spectra of Mo (3d), Si (2p), N (1s), and
O (1s) were deconvoluted into corresponding binding energy
peaks [Figs. 4(a)—4(d)]. The two distinct states Mo (3ds/)

and Mo (3d5/,) separated by 3.15 eV arising due to spin-orbit
splitting were visible [Fig. 4(a)]. The presence of two distinct
valance states of Mo 5+ and 6+ in the deconvoluted spectra
revealed the Mo valence state. The sharp doublet at Mo
(3dsp)=231eV and Mo(3d52) =234 eV corresponded to
Mo™ state while the doublet at Mo(3ds;z) =232.02 eV and
Mo(3ds;,) =235.76 eV pertained to Mo state.'**] The atomic
percentage area of +6 states in anti-HER-2/APTES/1D nMoO-/
ITO decreased from 66.9% to 41.2%. This could be due to
immobilization of antibodies onto the APTES/ID nMoOs/
ITO electrode. The N(ls) peak observed for APTES/ID
nMoO3/ITO and anti-HER-2/APTES/ID nMoOs/ITO elec-
trodes deconvoluted to four peaks at 395.3, 397.4, 399.1, and
401.0 Ev corresponded to the N-O-Mo, N-CH, —NH,, and
NH*", respectively [Fig. 4(b)]. It may be noted that the contri-
bution of the highest energy peak of —NH, (399.1¢V) in
APTES/1D nMoOs/ITO was perhaps due to -N-C=0 (398.9)
in anti-HER-2/APTES/ID nMoOs/ITO.** 1 This was
assigned to the formation of amide bond (-N-C=0) between
the carboxyl terminal of anti-HER-2 and the free -NH, groups
of APTES molecules. The deconvolution of Si (2p) yielded
four peaks at 101.7, 102.5, 103.3, and 104.4 eV corresponding
to Si in Si-O, SiO,, Si-O-Mo, Si-O-C, respectively
[Fig. 4(c)],"*®! confirmed the functionalization of 1D nMoOs
with the APTES molecules. The O (1s) deconvolution was car-
ried out in the range 528-534 eV [Fig. 4(d)]. The three decon-
voluted peaks were ascribed to the oxygen linked to the O—Si—,
O-Si—R wherein R was attributed to the presence of CH,/NH,
groups in APTES and the O-Mo.**! After immobilization of
anti-HER-2, an additional peak found at 530.5 eV was due to
oxygen atom of the amide bond in O=C-N—['3*71 These
results confirmed decrease in N-O-Mo and O-Mo bonding
in N ls and O 1s core-level spectra after the anti-HER-2 immo-
bilization [Figs. 4(b) and 4(d)], respectively.

Electrochemical studies

The effect of pH (6.0-8.0) on BSA/anti-HER-2/APTES/1D
nMoOs/ITO immunoelectrode was investigated using DPV in
PBS buffer (50 mM, 0.9% NaCl) containing 5 mM of [(Fe
(CN)g)P™*~ ions. The maximum current response was
recorded at pH 7.0 [Fig. 5(a)]. This could perhaps be due to
the fact that at pH 7.0, biomolecules (e.g., antibodies, antigens,
enzymes, DNA, mRNA, etc.) existed in their original form and
had the highest bio-molecular activity. However, in the acidic
or basic medium, the biomolecules perhaps got denatured
due to the interaction of H™ or OH™ ions in the amino acid
sequence of the antibodies.”*! In further electrochemical stud-
ies, PBS (pH 7.0) were used.

To investigate the electrochemical behavior of ITO, APTES/
ID nMoO4/ITO, anti-HER-2/APTES/ID nMoO5/ITO, and
BSA/anti-HER-2/APTES/ID nMoO3/ITO electrodes, the
DPV studies were conducted in the potential range —0.2 to
0.6 V [Fig. 5(b)]. The peak current obtained for the APTES/
1D nMoO3/ITO (0.31 mA) was found to be higher as compared
to that of ITO (0.20 mA) due to high electrocatalytic efficiency
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Figure 4. Deconvoluted core-level XPS spectra of (a) Mo (3d), (b) N (1), (c) Si (2p), and (d) O (1s) and of APTES/1D nMoOs/ITO and anti-HER-2/APTES/1D
nMo0/ITO.

and large surface area of the nMoO3 nanorods leading to more
efficient electron transfer between the electrolyte and the elec-
trode surface.**) The value of current decreased to 0.24 and
0.23 mA after immobilization of anti-HER-2 antibodies. This
decrease was attributed to the insulating nature of the

anti-HER-2 and BSA that acted as a barrier to free electron
movement to the immunoelectrode.**!

Interfacial kinetics studies on the APTES/ID nMoOs/
ITO and BSA/anti-HER-2/APTES/1D nMoO3/ITO electrodes
were carried out as a function of scan rate (40-140 mV/s) via
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Figure 5. pH study of (a) BSA/anti-HER-2/APTES/1D nMoOQ4/ITO with respect to pH (ranging from 6.0 to 8.0) in PBS (50 mM, 0.9% NaCl) containing 5 mM of
[Fe (CN) 6]~ (b) DPV studies at each step of electrode fabrication. Scan rate studies of (c) APTES/1D nMoOy/ITO and BSA/anti-HER-2/APTES/1D nMoOy/ITO
(d) with square root of scan rate versus current (inset i) and peak potential versus square of scan rate (inset ii).

CV. The magnitude of peak currents obtained for both the elec-
trodes exhibited a linear relationship with square root of scan
rate [inset (i) of Figs. 5(c) and 5(d)] indicating that the electro-
chemical reaction was a diffusion-controlled process and fol-
lowed Egs. (1)+(4).

Tya(APTES /1D nMo03/1TO)
= —[12.7pA(s/mV) x (scan rate [mV/s])"/?] 1)
— 103 pA, R =0.996, SD =24.8 x 1074,

Ipc(APTES/anMuOS/]TO))RZ =10.996, SD =34.5x 1074, (2)
Toe(BSA fanti—HER—2/APTES /1D nMoO3/1T0)

= [14.9 pA(s/mV) x (scan rate [mV/s])"/?] (©)
+ 153 pA, R? =0.997, SD = 13.809 x 1074,

2
Tya(BSA /anti—HER—2/APTES/ 1D nMo03/1TO) R

L “4)
=0.997, SD=20.9 x 107",

With increasing scan rate, the oxidation and the reduction
peaks shifted linearly toward more positive and negative
potential, respectively. The linear variation was found between
the magnitude of difference peak potentials calculated as
(AE}, = Ep—E,, where E, is anodic peak potential and £, is
cathodic peak potential) and function of the square root of
scan rate [inset (ii) of Figs. 5(c) and 5(d)]. The observed linear
variation indicated efficient and more facile electron transfer
kinetics between the medium to electrode and followed
Eqgs. (5) and (6).

AEpa(APTES/anMoO}/[TO)
=[0.41V(s/mV) x (scan rate[mV/s])l/z] 5)
+0.11V, R =0.995, SD=2.77 x 1074,
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AEpc(BSA/anu—HERAZ/APTES/]DnMoO}/ITO)
=[0.30 V(s/mV) x (scan rate[mV/s])'/?] (6)
+0.079V, R* =0.997, SD =4.77 x 107*,

where R is the correlation coefficient and SD is the standard
deviation. The diffusion coefficient (D) for the BSA/
anti-HER-2/APTES/ID nMoO3/ITO immunoelectrode was
calculated to be 5.9 x 10~ cm?/s by using Randle Sevick equa-
tion that is based on the assumption that mass transport
occurred only by diffusion:

I, = (2.69 x 10°)n*/>AD'2Cv'/2, (7)

where /;, is the peak current obtained for the immunoelectrode,
n is the number of electrons transferred (1), 4 is the active
surface area of the immunoelectrode (0.25 cmz), D is the
diffusion coefficient, C is the concentration of redox species
(5%x107> mol/em™?) and v is the scan rate (50 mV/s). The
surface concentration (y) of the BSA/anti-HER-2/APTES/
1D nMoOs/ITO immunoelectrode was calculated to be
1.049 x 10~7 mol/cm? using Brown—Anson Eq. (8)

I, = N F2yAu4RT) ™", ®)

where /;, is the peak current of immunoelectrode, 7 is the num-
ber of electrons transferred (1), F is the Faraday constant
(96485 C/mol), y is the surface concentration of the absorbed
electro-active species, A is the surface area of the electrode
0.25 cmz), v is the scan rate (V/s), R is the gas constant
(8.314 J/mol/K) and T is the temperature (25 °C).

Incubation time studies

To determine the time required for interaction between the epi-
tope of HER-2 antigen (2.5 ng/mL) and paratope of the immo-
bilized anti-HER-2 onto BSA/anti-HER-2/APTES/1D nMoO5/
ITO immunoelectrode, incubation time studies were performed
via differential pulse voltammetry (DPV) every 5 min up to 30
min (Fig. S5).1%”) It was observed that the peak current response
decreased gradually from 0 to 20 min after which it became
nearly constant. This result showed that 20 min were required
for complete binding of HER-2 onto BSA/APTES/ID
nMoOs/ITO immunoelectrode.

Electrochemical detection of the cancer
biomarker

The electrochemical response studies of the BSA/anti-HER-2/
APTES/1D nMoOs/ITO immunoelectrode were conducted as
a function of HER-2 concentration (0-110 ng/mL) in PBS
(pH 7.0) containing S mM [Fe (CN),,]‘FM* via DPV technique
in the potential range —0.2 to +0.6 V [Figs. 6(a) and 6(b)]. Each
measurement was repeated three times for a given concentra-
tion of HER-2 (n=3). It was observed that the anodic peak cur-
rent was found to decrease proportionally with increasing
HER-2 concentration. The decrease in the response current

was attributed to the formation of insulating antigen—antibody
complex molecules resulting due to the interaction of the spe-
cific binding sites of the HER-2 with anti-HER-2 at the trans-
ducer surface. This perhaps obstructed the electron transfer of
Fe(CN)(,]37’47 from the bulk solution to the electrode resulting
in reduced current.*®! The calibration curve [Fig. 6(c)] obtained
by plotting change in the magnitude of the anodic peak current
of BSA/anti-HER-2/APTES/1D nMoO3/ITO immunoelectrode
as a function of HER-2 concentration in the detection range
2.5-110 ng/mL followed Eq. (9):

I, =[0.904 /Ang/mLem? x (conc.of HER - 2 in ng/mL)
+0.0954 pA], R* =0.997, SD = 1.83 x 107",
©)

The lower detection limit calculated using the standard
equation Eq. (10) was obtained as 2.47 ng/mL

Lower detection limit = 307/m, (10)

where o is the standard deviation (SD) of the calibration graph
and m is the sensitivity. The linear detection range was obtained
as 2.5-110 ng/mL (S/N=3) and the sensitivity was calculated
from the slope/surface area (0.25 cm?), which was found to be
as 0.904 pAng/mL/cm?> "

To determine the effect of morphology onto the efficiency of
biosensor, the electrochemical sensing studies of spherical
nanoparticles of spherical MoO5; were simultaneously carried
out against HER-2 biomarker. Figure S7 is the SEM image
of the as-synthesized spherical nanoparticles. The linear detec-
tion range was obtained as 5-60 ng/mL with sensitivity 0.52 w/
Ang/mL/cm?. The poor sensitivity and narrow detection range
of the spherical nanoparticle with respect to 1D nMoO; immu-
noelectrode can be ascribed to the fact that the exposed surface
area available for binding of antibodies is far less as compared
with that of the MoOj; nanorods.'”*! The higher sensitivity and
the wide linear range (2.5-110 ng/mL) of the 1D MoOs-based
immunoelectrode (with respect to those reported in Table 1 and
spherical MoOs) can be attributed to the high electro activity of
1D nMo0O5.>4

The association constant (K,) is known to determine the
affinity of antigen toward antibodies. The higher the K,
value, the stronger is the affinity of HER-2 toward BSA/
anti-HER-2/APTES/1D nMoO5/ITO bio electrode. The affinity
between the HER-2 and anti-HER-2 obtained using Hanes—
Wolf plot (the plot between substrate concentration verses sub-
strate concentration/current) (Fig. S8)°'*?) was estimated to be
4.91 x 10'2 mol/L indicating strong affinity.

The electrochemical response of bare APTES/1D nMoOs/
ITO electrode toward different concentrations (2.5-110 ng/
mL) of HER-2 antigen was determined [Fig. 6(d)] in order to
evaluate the current response of the developed sensor. No sig-
nificant change was observed in the peak current indicating that
the APTES/ID nMoO3/ITO electrode did not generate any
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Figure 6. Electrochemical response of the (a) BSA/anti-HER-2/APTES/1D nMoQ3/ITO immunoelectrode as a function of HER-2 concentration using DPV, (b) the
magnified view of oxidation peak current, (c) calibration curve plot between magnitude of peak current and concentration of HER-2 (2.5-110 ng/mL) and (d)

control experiment of APTES/1D nMo0; against HER-2.

false electrochemical response. This control experiment
revealed that the sensor response was entirely due to the
immunoreactions between anti-HER-2 and HER-2 biomole-
cules. Regeneration studies of the fabricated immunosensor
were carried out using the same electrolyte after immersing
the BSA/anti-HER-2/APTES/1D nMoO5/ITO in 0.2 M solu-
tion of glycine-HCI buffer (pH 2.4 for 2 min). It was found
that there was a gradual decrease in peak current with the
increased regeneration times (Fig. S9). This could be due to
the fact that at low pH, the protein binding sites repelled each
other and tended to fold making the molecules move further
apart.'**3! The results demonstrated that the proposed immu-
nosensor could be regenerated and used for at least five times.

Selectivity studies

To determine the selectivity of the BSA/anti-HER-2/APTES/
1D nMoO3/ITO immunoelectrode toward various biomole-
cules present in serum samples of breast cancer patients,

interferent studies were conducted via DPV technique
(Fig. S10). The serum samples of breast cancer patients are
known to contain glucose [7 mg/mL], cardiac troponin [cTn-
I, >0.6 ng/mL], CYFRA-21-1 [>3.5 ng/mL],**! CEA [>3 ng/
mL], c¢Tn-I [>0.19 ng/mL],[s"] etc. Firstly, we measured the
electrochemical response of BSA/anti-HER-2/APTES/1D
nMoO3/ITO immunoelectrode toward the HER-2 (2.5 ng/
mL). Thereafter we added cTn-I, glucose, and CYFRA-21-1
and ET-1 one by one in the same solution containing HER-2
and measured the electrochemical response. The measured
peak current exhibited no significant change. The results
obtained indicated that 1D nMoO; based immunoelectrode
was highly selective toward the HER-2 biomarker only. The
selectivity coefficient was calculated using Eq. (11):

I+i
I

SC = ; an
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ABSTRACT: We report results of studies relating to development of an
ultrasensitive, rapid, and label-free biosensor based on molybdenum
trioxide (MoO3) anchored onto the reduced graphene oxide (RGO) for
breast cancer detection. The human epidermal growth factor receptor-2
(HER-2) secreted in the serum of breast cancer patients was used as an
analyte for the detection. The in situ growth of 1D MoO; onto reduced
graphene oxide (RGO), a 2D carbon substrate, was carried out via one-pot
low-temperature hydrothermal synthesis. Subsequently, the surface
conjugation of the monoclonal antibodies (anti-HER-2) onto the
APTES/MoO;@RGO/ITO electrode was conducted via EDC-NHS
covalent chemistry. The structural and morphological properties of the
MoO;@RGO nanohybrid were investigated using electron microscopy, X-
ray diffraction, scanning electron microscopy, transmission electron
microscopy and X-ray photoelectron spectroscopic techniques. The surface

area of the MoO;@RGO nanohybrid determined via Brauner—Emmett—Teller analysis was found to be 14 times greater than
that of the pristine MoO;. The binding kinetics and the electrochemical activity of the developed platform were determined by
cyclic voltammetry, differential pulse voltammetry, and impedance spectroscopic techniques. This nanohybrid based
immunosensor exhibited improved sensitivity (13 uA mLng~'cm ™) in a broad concentration range (0.001—500 ng mL™") with
a correlation coefficient of 0.98. The limit of detection of this MoO;@RGO nanohybrid based immunosensor was found to be
0.001 ng mL™". The results obtained via the developed immunosensor for the quantification of serum HER-2 were validated

using ELISA.

KEYWORDS: molybdenum oxide, RGO, nanohybrid, label-free, HER-2, breast cancer

Bl INTRODUCTION

Transition metal oxides (TMOs)' have recently gained
enormous interest because of their high surface activity, better
catalytic efficiency, remarkable electrochemical properties, and
variable oxidation states.” TMOs are composed of oxygen atoms
bound to the transition metals leading to different physiochem-
ical characteristics and polymorphism.” Among the various
TMOs, molybdenum trioxide (MoO;)® is a promising semi-
conductor material with a versatile stoichiometry, variable
oxidation states (+2 to +6)," good catalytic activity, wide
bandgap (>2.7 V), excellent electrical and surface charge
properties,” and better biocompatibility.” Because of these
unique characteristics, MoO; is being used for numerous
applications including energy storage units, thermal materials,
superconductors, electrochromic systems, and gas and bio-
medical sensors. In recent years, extensive efforts have been
made toward the use of one-dimensional® (1D) MoOj because
of their large surface- to-volume ratio, structural anisotropy,

and high electron mobility, improved surface scattering of
electrons compared to that obtained in film and bulk form. In
case of biosensing, the 1D morphology of MoO; is known to
play a significant role by providing enhanced conjugation of

% ACS Publications 2019 American Chemical Society

desired biomolecules'’ due to the increased exposed surface
area as compared to its nanoflakes, nanospheres, nanosheets, etc.
Moreover, the polar nature and variable oxidation states
facilitate improved binding of biomolecules and faster electron
transfer, leading to better sensitivity. Enhanced loading of
desired biomolecules onto a nanohybrid is crucial to obtain
improved sensitivity of a biosensor. For instance, the
incorporation of 1D MoOj; onto a carbonaceous material results
in increased electron and ionic mobility with enhanced kinetics.

Reduced graphene oxide (RGO) has emerged as an attractive
two-dimensional (2D) carbonaceous material'' because of its
large specific surface area, high conductance, and high carrier
mobility. Moreover, the ultrastability, and ease of functionaliza-
tion with biomolecules'” due to the reduced chemical groups
makes it a potential material for biosensing. Many groups have
reported the use of RGO and its nanocomposites with TMOs for
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improved sensor characteristics. Zhou et al. synthesized the ZnO
nanorods/RGO and used it for the fabrication of glucose
biosensor and obtained a wide linear range." In another study,
OH et al. explored the role of nickel/ RGO nanocomposite and
found improved electrochemical performance of the designed
electrode.'* Verma et al. reported the application of Au@RGO
matrix for oral cancer detection using IL-8.'° Kumar et al.
developed the ZrO,@RGO based noninvasive immunosensor
for oral cancer detection with improved sensitivity and limit of
detection.'® Chen et. al utilized Au@Ti loaded onto graphene
nanosheets for immobilization of the given molecule for
fabrication of the sandwich immunosensor. These reports
revealed that hybrids with carbonaceous material'” resulted in a
sensitive and stable platform for biomedical sensing.'*"”
Anchoring of MoOj; (1D) onto the RGO (2D) is an effective
strategy leading to better charge transfer ability, increased
mechanical stability, and efficient heterogeneous electron
activity”’ with improved surface area. RGO is an electroactive
material with various active sites wherein the nucleation of
MoO; results in the formation of nanorods'® under hydro-
thermal conditions. MoOj, perhaps prevents restacking of the
RGO sheets, providing room for enhanced electron mobility by
shuttling mechanism. Moreover, the abundant surface area of
RGO aids in enhanced biomolecule loading’' and the 1D
morphology of MoO; with variable oxygen states facilitates
better electron shuttling resulting in improved sensitivity and
enhanced detection limit of the biosensor. Though some reports
are available on the application of MoO;@ RGO hybrid mainly
in the area of supercapacitors, the potential of this hybrid
remains unexplored in biosensing. In this study, we have tried to
explore the potential of this nanohybrid in terms of electro-
chemical activity, conductivity, and the resulting biosensing
performance. The timely detection of breast cancer biomarker is
useful for both diagnostics and therapeutics, as it might reveal
the presence of the disease.””>* Human epidermal growth
factor receptor-2 (HER-2) has been considered as an important
analyte for the diagnosis and prognosis of the disease.”>” HER-
2 is a transmembrane protein comprising of tyrosine kinase
receptor of 185 kDa and is cleaved into serum leading to the
fluctuation in its level.”® The normal level of HER-2 in serum”’
has been determined to be around ~15 ng mL™" and it rises to
~75 ng mL™" in the advanced cancer stage.”*”” The current
FDA approved technique for breast cancer detection includes
immunohistochemistry (IHC) for analysis of HER-2 over-
expression and fluorescence in situ hybridization (FISH)
determining HER-2 gene amplification.’® However, these
techniques are largely laborious, require skilled personnel
along with the need of advanced and sophisticated instrumenta-
tion with complex protocols, and are highly invasive (tissue
samples).”*> Thus, the development of an ultrasensitive
electrochemical immunosensor based on MoO;@RGO nano-
hybrid is a new approach for quantifying the HER-2 levels in
serum. This technique may perhaps overcome the current
limitations, with numerous advantages such as ease of use, faster
response, and minimal invasion, and holds potential for
miniaturization. Numerous studies have been reported on the
development of biosensors toward the detection of breast cancer
(Table 2) that demonstrate the usefulness of HER-2.373*
However, these works suffer from being complex and have poor
linear range, lower detection limit, and reduced sensitivity.
This paper deals with the development of an ultrasensitive
label-free, rapid biosensor based on a new hybrid matrix
(MoO;@RGO) for the detection of HER-2 antigen secreted in
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the serums of breast cancer patients. The synthesized nano-
hybrid was characterized using XRD, SEM, TEM, BET, and
XPS. The MoO3;@RGO nanohybrid was immobilized with a
simple and effective strategy, i.e., monoclonal anti-HER-2 via
covalent coupling reaction mechanism. This nanohybrid based
immunosensor was used to estimate HER-2 in samples of
patients.

B EXPERIMENTAL SECTION

Chemicals. Sodium monophosphate [NaH,PO,], sodium diphos-
phatedihydrate [Na,HPO,-2H,0], potassium ferricyanide (K;[Fe-
(CN)4]), potassium ferrocyanide (K,[Fe(CN)4]3H,0), and N-
hydroxysuccinimide (NHS) [C, Hy NO;] were procured from Fisher
Scientific. L-Cysteine (C;H,NO,S) and sodium chloride [NaCl], were
purchased from Himedia. Sodium molybdenum oxide dihydrate
(Na,MoO,.2H,0) and 3-aminopropyltriethoxysilane (APTES) were
from Alfa-Aesar. All of the analytical-grade chemicals were used without
purification. Phosphate buffered saline (PBS) solution of pH 7.0 using
Na,HPO,-2H,0 (0.05 mol L") and NaH,PO, (0.05 mol L") was
freshly prepared in Milli-Q water (18 MQ cm™) and stored at 4 °C for
desired experiments.

Instrumentation. The crystallinity and phase analysis were
undertaken using X-ray diffractometer [Bruker D-8 Advance] with
Cu—Ka radiation (4 = 1.5406 A). The structural and morphological
studies were observed through scanning electron microscope (SEM,
Hitachi SN-3700) and transmission electron microscope (TEM, JEOL-
JEM-2100F). The X-ray photoemission spectroscopy (XPS) inves-
tigations were conducted via K Alpha X-ray photoelectron
spectrometer (Thermo Scientific) consisting of a monochromatized
Al-Ka line centered at 1486.7 eV, operating with a base pressure of
3.75 X 107 Torr at 300 K. The instrument had an X-ray spot size of 400
pm with resolution of >25 meV and a constant analyzer energy (CAE)
with lens in standard mode was also used. The wide survey scan and
high-resolution core level spectra were fixed at 200 and 50 eV with step
size of 0.1 eV. The Fourier transform infrared spectrometer (FT-IR)
[PerkinElmer, Spectrum BX II was utilized to investigate the functional
groups and bonds present in APTES/MoO;@RGO/ITO and anti-
HER-2/APTES/MoO;@RGO/ITO. All the electrochemical studies
were performed via a PGSTAT 302 N (Auto lab, Potentiostat
Netherlands). All the electrochemical characterization experiments
were performed via a three-electrode system consisting of working
electrode (modified ITO-coated glass electrode), Ag/AgCl as a
reference electrode and platinum (Pt) as a counter electrode.
Phosphate buffer solution (PBS) (50 mM, 0.9% NaCl) of pH 7.0 was
used as an electrolyte, consisting of S mM of ferro-ferri cyanide [Fe
(CN)*%] as a redox couple. The HER-2 concentration in the serum
sample (breast cancer patients) was determined using ELISA plate
reader [Bio-Rad, Model 680]. To calculate the error bars, all
measurements were performed in triplicate, and the error bars indicated
one standard deviation about the mean value.

In Situ Synthesis of MoO;@RGO Nanohybrid via the
Hydrothermal Method. A facile in situ synthesis was introduced
for the formation of 1D MoQj; onto a 2D carbon substrate, i.e., reduced
GO (graphene oxide) nanohybrid using one low pot temperature
hydrothermal method. The solution A was prepared by dispersing a
certain amount of GO in (20 mL) of deionized water (DI) followed by
ultrasonication for 3 h to exfoliate the stacked GO sheets.
Simultaneously, the aqueous solution B was prepared by mixing 1.4 g
of Na,MoQ,-2H,0 in 20 mL of DI. Solutions A and B were mixed and
gently stirred for 30 min at 250 rpm to get a stable suspension.
Subsequently, 3 mL of HCI (6 M) was added to the above mixture to
adjust the pH of resultant solution. The final solution mixture was then
transferred to an autoclaved vessel (100 mL) and kept at 160 °C for 3 h.
Finally, the subsequent homogeneous dispersion was centrifuged at
10 000 rpm and washed with Milli-Q water dried at 60 °C for 12 h. The
obtained greyish black product was collected and stored at room
temperature (RT-25 °C) until further use. The same procedure was
followed for the synthesis of pristine MoQ; in the absence of GO.

DOI: 10.1021/acsabm.9b00659
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Scheme 1. Pictorial Representation of Development of Inmunoelectrode for Breast Cancer Biomarker Detection
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Amine Functionalization of MoO;@RGO Nanohybrid with a
Linker Molecule. The bioconjugation of a protein biomolecule to the
nanocomposite was facilitated using a linker molecule for the
fabrication of efficient biosensing platform. The silane coupling agent
such as (3-aminopropyl) triethoxysilane (APTES) possesses inorganic
and an organic end. The primary amine group at one end and silane
reactive hydrolyzable group on another end that gets attached to the
‘matrix surface, making APTES a potential linker agent.* In the present
study, the surface treatment of as-synthesized MoO;@RGO nano-
hybrids was performed using APTES. For this, a homogeneous mixture
of MoO;@RGO nanohybrid was prepared (200 mg in 10 mL of
isopropyl alcohol (IPA)) and stirred at 300 rpm for 2 h at 40 °C. Two
hundred microliters of APTES was introduced to the above solution
dropwise under continuous stirring for the next 1 h. Subsequently, DI
(5 mL) water was added to the above solution for complete hydrolysis
of APTES. The whole mixture was left for 48 h at constant stirring (300
rpm). During the salinization process, the APTES molecules underwent
chemical modification, wherein the triethoxyl groups ((OC,Hy);-Si-
(CH,);NH,) got converted into trihydroxyl groups ((OH);-Si-
(CH,);NH,) followed by polycondensation of the hydroxyl group
with the hydroxyl group onto the MoO;@RGO nanohybrid surface.
This free amine terminal of APTES was further utilized for covalent
attachment of biomolecules to the nanohybrid surface. The function-
alized nanohybrid was centrifugated (10 000 rpm, 20 min) and washed
with DI followed by drying at 65 °C in a hot air oven.

Electrode Fabrication. The electrophoretic deposition (EPD)
technique was used to deposit the amine functionalized (APTES/
MoO;@RGO) nanohybrid onto a conductive glass substrate coated
with indium tin oxide (ITO). Initially, a homogeneous colloidal
suspension of APTES/MoO;@RGO nanohybrids (1 mgmL™) in
acetonitrile was prepared by ultra- sonication (40W, 0.25 A) for about 2
h. Prior to this, the ITO was hydrolyzed with NH;:H,0,: H,0 in a
1:1:5 ratio to introduce the hydroxyl group onto its surface. For EPD,
10 mL of this stock solution was introduced into a two-electrode glass
cell consisting of working electrode (ITO) and platinum (Pt) as a
counter electrode. Charger salt (1 X 10~ to 1 X 10™* mol of Mg
(NO,),"6H,0) was introduced in the electrolyte to introduce a surface
charge on APTES/MoQO;@RGO nanohybrids and fabricate a uniform
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thin film on the ITO electrode. On applying the external electric field
(50 V DC for 2 min), a uniform thin film was obtained at the ITO
surface (size, 0.25 cm?®). The Mg ions were absorbed by the
nanohybrid, providing a sufficient positive charge and resulting in an
enriched deposition at the anode (ITO). Subsequently, the fabricated
electrodes (APTES/MoO;@RGO/ITO) were removed and stored at
RT (25 °C) until further usage.

Fabrication of MoO;@RGO Nanohybrid-Based Immunosen-
sor. For immunosensor fabrication, a stock solution of antibodies (anti-
HER-2, 50 yg mL™") prepared in PBS (pH 7.0) was used. Prior to the
biomolecule immobilization, EDC-NHS coupling chemistry was
utilized to activate the —COOH groups of antibodies. A mixture of
the solution in a 2:1:1 ration of anti-HER-2, EDC, and NHS was
prepared wherein NHS (0.05 M) was employed as an activator and
EDC (0.2 M) as a coupling agent kept at RT (25 °C) for 30 min.
Further, the activated antibody solution (30 #L) was drop cast onto the
surface of APTES/MoO;@RGO/ITO electrode. These electrodes
were kept in a humid environment for about $ h and stored at 4 °C.

Scheme 1 represents the tentative binding of anti-HER-2 onto the
proposed immunoelectrode. To remove any unbound antibody
molecules, these anti-HER-2/APTES/MoO;@RGO/ITO electrodes
were washed thoroughly with PBS (pH 7.0). It should be noted that the
amine groups (—NH,) of functionalized nanohybrids got covalently
attached to the activated carboxylic group (—COOH) of anti- HER-2
resulting in amide bond (C—N) formation. Finally, the bovine serum
albumin (20 pL, 1 mgdL™') was spread on the surface of
immunoelectrode (anti-HER-2/APTES/MoO;@RGO/ITO) to
block the nonspecific active sites of the prepared bio electrode. The
as-prepared immunoelectrode (BSA/anti-HER-2/APTES/MoO,@
RGO/ITO) was washed with PBS (pH 7.0) and stored at 4 °C until
further use.

B RESULTS AND DISCUSSION

XRD Studies. Figure 1 depicts the XRD (copper K,
radiation) pattern of the as-prepared MoO;@ RGO nanohybrid
and pristine MoOj in the range, 10—80° at a scan rate of 0.2°
min. The peaks found at 20 = 12.8, 23.5, 25.8, 27.4, 35.2, and

DOI: 10.1021/acsabm.9b00659
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Figure 1. X-ray diffraction of MoOjand MoO;@RGO nanohybrid.
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Figure 2. (a, b) SEM, (c) TEM, and (d) SAED pattern of MoO;@RGO nanohybrid.
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Figure 4. BET analysis of MoO;@ RGO nanohybrid.

39.1° were indexed to the characteristic hkl planes of MoOj; at
(001), (100), (002), (011), (012), and (003) (Figure 1),
corresponding to the orthogonal structure of MoO, with the
lattice parameters (a = 3.95, b =3.68, and ¢ = 7.09) (JCPDS card
No. 15—1621). The highest intensity observed at 20 = 25.83° at
the plane (002) revealed that MoO; crystallites grew more
orderly along the (002) plane. Further, in the nanohybrid, lower
intensity broad peak observed at 43.0° indicated the presence of
RGO in the (001) plane, suggesting disordered stacking and
reduced agglomeration of the sheets in the composite.”” The
highly crystalline behavior observed in the XRD pattern of
pristine MoO; and MoO,;@RGO nanohybrids suggested that
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the MoO; nanorods were densely grown on the RGO sheet with
reduced interlayer stacking in the composite.”’

Microscopic Studies. The structural and morphological
studies were performed via SEM and TEM techniques. Figure
2a, b depicts the SEM image in low magnification of the
synthesized MoO;@RGO nanohybrid. In Figure 2a, the
randomly anchored MoO; nanorods on the rough textured
RGO sheets can be seen. The growth of nanorods onto the
electro-active sites of 2D RGO sheet in a random manner was
perhaps due to availability of the oxygen groups on the RGO
surface that were found to form a network structure (Figure 2b)
highlighted by a yellow circle. Figure 2c shows TEM images of
the synthesized nanohybrid, prepared ultrasonically by dispers-
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ITO; (h—i) C 1s and N 1s in anti-HER-2/APTES/MoO;@RGO/ITO.

ing in ethanol and subsequently placing it on a copper grid via
drop cast and air-drying. The morphology and structure of the
MoO;@RGO nanohybrid (Figure 2c) were in agreement with
the results of SEM studies. The thin sheet structure of RGO
acted as the hydrophilic base for growing nanorods of MoO; in
bundles. The width of the MoOj; nanorod was estimated to be
40-50 nm. The light, thin sheet structure was ascribed to the
presence of RGO, whereas the rod like structures confirmed the
presence of MoOjs intertwined with RGO. The selected area
electron diffraction (SAED) pattern of the MoO;@RGO
nanohybrid (Figure 2d) corresponded to the planes of MoO5
depicting the orthorhombic phase as shown by the XRD data.
The SEM image of the APTES/MoO;@RGO/ITO electrode
pre- and post-immobilization of anti-HER-2 is shown in Figure
3a—c. The modification in the surface morphology after the
antibody immobilization is clearly visible in Figure 3b, c because
the rough surface of the APTES-modified electrode was perhaps
transformed to a smoother surface. The globular morphology
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seen in Figure 3¢ demonstrated the presence of antibodies
attached to the APTES/MoO;@RGO/ITO electrode.
Brauner—Emmett—Teller Measurements. The porosity
of synthesized MoO;@ RGO and MoO; was investigated via
Brauner—Emmett—Teller (BET) measurements.”® The specific
surface area was sampled by degassing the nanomaterial in
vacuum at 200 °C for 8 h followed by the nitrogen adsorption,
and desorption isotherms measurements. (Figure 4). The
Barrett—Joyner—Halenda (BJH) method was used for analyzing
the specific surface area and pore size distribution. The total
BET surface area and average pore diameter for MoO;@RGO
(Figure 4 (inset)) were found to be 2.58 X 10* m* g”' and 8.4
nm. The surface area in this hybrid was found to be 14 times
greater than that of pristine MoO; (17.19 m* g™!) and the pore
size was enhanced 4 times.”® The estimated pore volume from
the adsorbed nitrogen gas at a relative pressure (P/P,) of 0.994
at temperature of 77.35 K was found to be 8.78 X 107" cc g™".
The results of this study revealed that anchoring of MoO,
nanorods onto a 2D RGO substrate resulted in the improved
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Figure 6. (a) Effect of pH, (b) incubation time study of BSA/anti-HER-2/APTES/MoO;@RGO/ITO immunoelectrode.

surface area, leading to mesoporous structure. This enhance-
ment in the surface area resulted in the mesoporic behavior of
this nanohybrid accelerated the charge transfer and increased
the loading of the biomolecules."’

FT-IR Studies. The Fourier transform infrared spectra (FT-
IR) of APTES/MoO;@RGO/ITO and anti-HER-2/APTES/
MoO;@ RGO were obtained in the range, 400—4000 cm™
(Figure S1). The peak present in curves a and b seen at around
1110 cm™" was attributed to the Si—O bonding of the APTES
with the synthesized MoO;@RGO. The peaks present at 780
and 990 cm™ for the as-prepared APTES/MoO;@RGO were
assigned to asymmetric and symmetric stretching of Mo—O of
MoO;.* The peak found at 990 cm™ was due to the terminal
Mo=0 bond in the orthorhombic phase, indicating good
correlation with XRD data.” The peak seen at 870 cm ™! was due
to the Mo—O—Mo vibrations of Mo®, indicating good
agreement with XPS studies. Further, in curve b, —OH and
—N-—H stretching vibrations of water molecules are depicted by
the band present at 3300 cm™". The peak seen at 1527 cm™
corresponded to the amide II band and —C=O stretching
formed between the NH, present on the APTES/MoO;@ RGO
and the —COOH group of the anti-HER-2, confirming the
attachment of antibodies to the functionalized nanohybrid.'®'”

XPS Studies. The XPS studies were conducted to investigate
the composition and valence states of the elements present in
the MoO3;@RGO, APTES/MoO;@RGO/ITO, and anti-HER-
2/APTES/MoO;@RGO/ITO. The survey scan spectrum
(Figure S4) confirmed the presence of C 1s (284.5), N 15(399.6
€V), 015 (530.5eV), Si 2p (102.0 eV), and Mo 3d (232.0eV) at
their respective binding energies. All the obtained spectra were
adjusted to C 1s peak at 284.5 eV. The XPS spectra of the
elements Mo 3d, O 1s, C 1s, N 1s, and Si 2p were deconvoluted
to their corresponding binding energies, as shown in Figure Sa—
h. The C 1s spectra of RGO in MoO;@RGO/ITO was
deconvoluted to four distinct peaks (Figure Sa), each
corresponding to the presence of functional groups ie. at
284.5 eV (C=C) of carbon sp?, C—C at 285.3 eV, —C—0 at
286.1 eV of epoxy/hydroxyl, and —O—C=0 at 288.1 eV of
carboxylates."’ The Mo 3d spectrum (Figure Sb) exhibited two
spin—orbit peaks at 232.5 and 235.6 eV relating to Mo 3d;, and
Mo 3d;, in the +6 state with the spin—orbital splitting at 3.1
eV.”” After functionalization with the APTES, the peaks were
found to shift to 231.7 and 234.8 eV, corresponding to the Mo
3dy/, and Mo 3ds/, in the +5-state attributed to the surface
oxidation (Figure Se). Figure Sc shows the presence of O 1s
before salinization with APTES. The deconvoluted peaks at
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530.1 and 531.4 eV corresponded to oxygen linked to
molybdenum (—O—Mo—) and oxygen double bonded to
carbon (—O==C), respectively."' In the case of the APTES/
MoO;@RGO/ITO (Figure Sd—f), the presence of Si 2p and N
1s confirmed the salinization. The N 1s peaks observed after
APTES treatment were deconvoluted into two peaks at 398.6
and 401.9 eV corresponding to —N—CH and —NH®,
respectively (Figure Sd). Further, the spectra of Si 2p (Figure
5f) was deconvoluted to their respective binding energies. The
peaks seen at 101.3, 102.1, and 103.2 eV corresponded to —Si—
C—, Si—(0)—Mo, and —Si—O—."* The contribution of these
peaks confirmed amine functionalization of the synthesized
MoO;@RGO nanohybrid with APTES. Further, the deconvo-
luted peak of O 1s in the range 529—531 eV was observed post-
APTES functionalization at 529.4, 530.9, and 531.9 eV.** The
highest peak found at 529.4 eV was assigned to the formation of
—Si—O—Mo bond in the (Figure Sg) MoO;@RGO nano-
hybrid. Figure Sh, I shows the deconvoluted peaks of C 1sand N
1s post immobilization with anti-HER-2 immobilized onto
APTES/MoO;@RGO/ITO electrode. The C 1s peaks were
deconvoluted to three peaks at 283.4, 285.0, and 287.1 V. The
peak at 287.1 corresponded to carbon linked to the amide bond
formation (—N—C=0). Further, the deconvoluted peaks of N
1s appearing at 398.0, 399, and 400.7 eV corresponded to the
nitr0§en of the amide bond formed between —N=C—0 (400.7
V)"’ and primary amine (~NH,) of antibody (399.0 eV). The
results of these XPS studies confirmed the modification of
electrodes at every step.

Electrochemical Studies. Electrochemical characteristics
were determined via cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electron impedance spectroscopy
(EIS) during the fabrication of HER-2 immunosensor. The PBS
(50 mM, pH 7.0) consisting of S mM Fe (CN)4*~
(ferrocyanide), 5 mM of Fe (CN)4 *~ (ferricyanide) and 0.9%
NaCl as a redox mediator was used throughout the experiments,
for monitoring electron transfer between the fabricated
electrodes and the electrolyte. The electrons generated during
the electrochemical reaction were facilitated via the Fe (IIT) /Fe
(IV) redox agent resulting in a current signal revealing the
unique role of the fabricated electrode. This redox couple
exhibited a heterogeneous one-electron transfer (n = 1). DPV
was utilized for measuring the response of the immunosensor
because it generated a peak about the faradic current only.

Effect of pH. Extreme pH is known to induce conforma-
tional changes in the biomolecule leading to the hindered
antibody and antigen interaction.** Thus, prior to the
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electrochemical experiments effect of pH was determined to
explore the electrochemical response of the anti-HER-2 present
in the fabricated immunoelectrode. Here, the PBS (50 mM,
0.9% NaCl) of different pH (6.0—8.0) containing S mM of [(Fe
(CN)4)] */# ions using DPV. These results showed that with
increasing pH, the magnitude of current response of the
immunosensor increased and the maximum peak current
response was obtained at pH 7.0 (Figure 6a). This increase in
current was due to the fact that, at neutral pH, the anti-HER-2
existed in its natural form and exhibited the highest activity.
Nevertheless, in case of an increase or decrease beyond pH 7.0
the biomolecules tended to denature and lose their natural
activity because of interaction between H* or OH™ ions present
in the buffer.”* Thus, pH 7.0 was used throughout the
electrochemical experiments.

Incubation Studies. The duration of the time of interaction
of antigen and antibody was investigated via the DPV technique.
Here, the interaction time between the HER-2 antigen and anti-
HER-2 present in BSA/anti-HER-2/APTES/nMoQ;/ITO
electrode was recorded via the DPV technique at regular
intervals of 25 min with a fixed antigen concentration (1
ngmL™"). The obtained results (Figure 6b) clearly showed that
15 min was the maximum time required for complete
interaction, after which the current response abruptly changed.

Scan Rate Studies. The cyclic voltammetry studies were
performed to investigate the interfacial kinetics and the redox
property of the modified electrodes. Figures S2 and S3 shows the
cyclic voltammograms recorded for APTES/MoO;@RGO/
ITO and BSA/anti-HER-2/APTES/MoO;@RGO/ITO elec-
trodes at varying scan rate from 40 to 160 mVs™". In both the
electrodes, with the increasing scan rate, a positive shift of the
oxidation peak and a negative shift of the reduction peak was
observed.”® Moreover, the peak-to-peak separation voltage of
electrodes increased and shifted toward the higher potential side
at increasing scan rates, resulting in reversible electron transfer
kinetics of the electrode.”’ According to the Randle—Sevick
equation, a linear relation was observed with the magnitude of
peak currents of both the electrodes vs square root of scan rate
(v"/?) (inset i of Figures S2 and $3). This result indicated that
the reaction was governed by diffusion assisted electron
transfer*® mechanism and calculated using the linear curve
fitting given by (eqs 1—4)

La(APTES /MoO3 @RGO/1TO)) = [6 X 107°(s/mV)

+ 14 X 1074(scan rate[mV/s])‘/Z] R* = 0.996

,SD =16x10"° (1)
Lc(apTES /MoO3 @RGO/1TO)) = [—413 X 107(s/mV)

— 1.5 X 10 *(scan rate[mV/s])"/*] R* = 0.996

,SD=58x10" 2)
Ta((BSA/anti~HER -2/ APTES /MoO3@RGO /ITO)

=[52 % 107%(s/mV) + 7.7 x 1077

(scan rate[mV/s])"/?] R* = 0.996, SD = 7.3 X 10°°

(3)
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Ipc(BSA/;\nu—HER—Z/APTES/MDD}@RGOITO)
= [—4.14 X 10°(s/mV) — 1.34
X 10™*(scan rate[mV/s])"/*] R* = 0.997, SD
=34x10" 4)

The value of AEp was found to be linear with increasing scan
rate indicating that the kinetics showed quasi-reversible
behavior suggesting that the rate of mass transport was almost
e‘)l‘iil to the rate of electron transfer (Figures S2 and S3, inset
1).

Electrode Studies. Electrode studies were performed to
monitor the effect of modification of the electrode at the various
steps. Figure 7 shows the DPV response of (i) ITO, (ii) APTES/

Current (mA)

-0.02 T T T T T T
“potentlal (v)"?  *°

Figure 7. Electrochemical peak response obtained via DPV at each step
of electrode modification.

MoO,/ITO, (iii) APTES/RGO/ITO, (iv) APTES/MoO,@
RGO/ITO, (v) anti-HER-2/APTES/MoO;@RGO/ITO, and
(vi) BSA/anti-HER-2/APTES/MoO;@RGO/ITO electrodes
at a scan rate of S0 mVs™ in the potential range —0.2 to +0.6 V.
The magnitude of electrochemical current for the bare
hydrolyzed ITO was found to be ~0.13 mA. The magnitude
of the peak current obtained for the APTES/MoQO;/ITO and
APTES/RGO/ITO electrode was found to be 0.11 and 0.12
mA, respectively. After electrophoretic deposition of the
APTES/MoO;@RGO onto the hydrolyzed ITO electrode,
the magnitude of electrochemical current was found to increase
by about 1.6 times ~0.22 mA, with respect to MoO; and RGO
respectively. It could be due to grafting of 1D MoOj; nanorods
onto the 2D RGO sheets leading to better electron conduction
pathway for transfer from bulk electrolyte solution toward the
ITO electrode.® In addition to this, the presence of edgelike
defective sites in RGO nanosheets accelerated the charge
transfer process at the electrode solution interface.”’ In an earlier
study, Huang et al. demonstrated the synthesis of NiO/RGO
composite toward the high-performance glucose biosensing.**
Here the incorporation of NiO into the RGO matrix resulted in
the enhancement of electrochemical current. Kumar et al.
observed that the incorporation of the zirconium oxide onto
reduced graphene oxide, led to its enhanced electrochemical
properties and faster and reversible redox reactivity.'® As
anticipated, after the modification of APTES/MoO;@RGO/
ITO surface with anti-HER-2, the peak current (0.19 mA)
slightly decreased . The presence of the macromolecular layer of
antibodies on the nanohybrid matrix exhibited insulating
characteristics and acted as a hindrance to the fast electron
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transfer kinectics.”®> These studies also confirmed the attach-
ment of antibodies on this mesoporous composite, leading to
reduced electron transfer.”* The peak current (0.145 mA)
further decreased after BSA immobilization onto the anti-HER-
2/APTES/MoO;@RGO/ITO, confirming the blocking of the
non-specific binding site at the electrode surface.

The variation in diffusion coefficient (D) determined using
Randle—Sevick at each modification step (ITO, APTES/
MoO;/ITO, APTES/RGO/ITO, APTES/MoO;@RGO/
ITO, anti-HER-2/APTES/MoO;@RGO/ITO, and BSA/anti-
HER-2/APTES/MoO@RGO/ITO electrodes) at the inter-
face of the redox species [(Fe (CN) 4)] */* followed eq 5:

5 /2 2
I, = (2.69 x 10%)n*?AD" V' )

Where I, is the peak current of immunoelectrode, D is the
diffusion coefficient, n is the number of electrons (1) transferred,
Cis the concentration of redox species (5X 107> mol cm™2), A is
the active surface area of the electrode (0.25 cm?), and v is the
scan rate (S0 mV/s). The D value (Table 1) is found to be

Table 1. Diffusion Coefficient of the Modified Electrodes

diffusion coefficient

electrode (em?s71)*
1TO 3.06 x 1072
APTES/MoO;/ITO 1.96 x 10712
APTES/RGO/ITO 2.56 X 107
APTES/MoO;@RGO/ITO 8.06 x 10712
anti-HER-2/APTES/MoO;@RGO/ITO 59x 1072
BSA/anti-HER-2/APTES/MoO,@RGO/ 43%x 107"

ITO
“I, = (269 X 10°)n*2AD"2Cu! 2,

highest in the case of APTES/MoO;@RGO/ITO, i.e., 8.06 X
107"2 cm® s/, depicting the mesoporous behavior of MoO,@
RGO, due to the high aspect ratio of one-dimensional MoO; and
the RGO substrate that promoted better electron conduction
path from the electrolyte. However, after anti-HER-2 immobi-
lization onto APTES/MoO;@RGO surface, the D value
decreased to 5.9 X 107> cm® s™" and 4.3 X 107 ecm* s~ for
BSA/anti-HER-2/APTES/MoO;@RGO/ITO indicated the
presence of anti-HER-2 and BSA that exhibited the insulating
behavior which further slowed the diffusion process.”® Further,
the HET rate was determined from the EIS studies (Figure 8a).
The HET was found to be the highest (3 X 1077 cm s™") in case
of the APTES/MoO;@RGO/ITO with respect to APTES/
MoO;/ITO (1.9 10 7" cm s™') and APTES/RGO/ITO (2.3 X
10 77 cm s™!) (see the Supporting Information).

Detection of Breast Cancer Biomarker. Under optimal
conditions, BSA/anti-HER-2/APTES/MoO;@RGO/ITO im-
munoelectrode was employed to detect the different levels of
HER-2 using a three-electrode setup with PBS buffer (50 mM,
0.9% NaCl) containing [Fe (CN),]*~/#~ (5 mM) (Figure 8b). It
was observed that the observed anodic peak current decreased
linearly with increasing concentration of HER-2 at a potential of
0.19 V. This decrease in current was attributed to the formation
of the antigen—antibody complex layer at the APTES/MoO;@
RGO/ITO surface. At each concentration, the formed layer
blocked the movement of electrons in and out of the surface
leading to the hindered transport of generated electrons from
the redox couple toward the electrode.

A calibration plot of the current values (mA) and the
logarithm of HER-2 concentration (ngmL™") is shown in Figure
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8c. All the experiments were repeated in triplicates at each
concentration (1 = 3). An excellent linear relation was obtained
in the detection range (0.001—500 ng mL™") with the linear
equation (eq 6)

I=1321uAmLng 'em™ + 1.30 x 107"

log[concentration of HER — 2(ngmL™")] (6)

Further, the sensitivity of the fabricated immunoelectrode
evaluated from the slope/surface area was found as 13 uA mL
ng~'cm™ with a regression coefficient of 0.98. The limit of
detection of this immunosensor was calculated to be 0.00 1 ng
mL™"in solution using the standard equation (eq S3 in the
Supporting Information). The magnitude of sensitivity
improved and enhanced linear range was attributed to the
mesoporic behavior due to the high surface area, as confirmed by
BET studies) of the nanohybrid resulting in enhanced electronic
and electrochemical properties. Here, the 2D substrate (RGO)
that acted as efficient electron promoter (and 1D MoOj further
increased the loading capacity of biomolecules that enhanced
the chances of a greater antigen and antibody interactions.”® The
characteristic parameters of the MoO;@RGO nanohybrid based
HER-2 biosensor were compared with the other HER-2 based
sensors’" (Table 2). It may be noted that the MoO;@RGO
nanohybrid, when used as an immobilization matrix, exhibited a
wider linear range and better LOD when compared with results
reported in literature for other HER-2 biosensors including
immunosensors, aptasensors, and sandwich assays.

Control and Selectivity Studies. The electrochemical
response of the APTES/MoO,@RGO/ITO electrode toward
HER-2 as a control study was performed in the same range
(0.001-500 ngmL™") under similar conditions (Figure 9a). The
results revealed that no significant changes in the magnitude of
the peak current were found toward increasing concentration of
HER-2 suggesting that the sensor response was entirely due to
the immunoreactions between antigens and antibodies only.””
Further to investigate the cross-reactivity of the immunosensor,
the sensor response toward the potential serum interferents such
as CEA (4—16 ngmL™"), glucose (10 mg mL™"), CYFRA-21—1
(4 ng mL™"), and cTnl (0.19 ng mL™") was determined
considering their levels in serum (Figure 9b). The fabricated
immunoelectrode was examined initially in the presence of 1 ng
mL™" of HER-2 (30 uL). Gradually, we introduced 30 yL each
of glucose, cTnl, CYFRA-21—1and CEA one by one in the same
solution and recorded the current response. The variation in the
current response was found to be less than 5% in the presence of
the potential interferents indicating good selectivity of the
sensor. The selectivity coefficient coefficient for each interferent
was determined to be ~1 calculated using eq 9:

L+
ToL (9)

Where Ic,; is the current value of immunosensor in the presence
of the interference and Ic in the absence exhibiting negligible
change in the response.

Regeneration, Reproducibility, and Stability Studies.
Regeneration of the fabricated immunosensor was evaluated
after complete anti-HER-2 and HER-2 interaction (Figure S5a).
This immunosensor was exposed to the drastic acidic/alkaline
environment (p 2.5, DI and HCl for 90 s) followed by washing
with PBS. The DPV peak response obtained after and before the
regeneration (triplicates) exhibited a maximum change of 2.5%
after fourth regeneration cycle and to 3.5% after the fifth cycle.

sC
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Figure 8. (a) EIS studies of APTES/RGO/ITO, APTES/MoO,/ITO, and APTES/MoO;@RGO/ITO (b) HER-2 sensing via DPV in the range
(0.001-500 ng mL™"), (c) calibration plot of log of HER-2 concentration vs current.

Table 2. Comparison of the Fabricated Immunosensor for Breast Cancer Detection with Existing Literature

bio linear detection range
analyte detection techniques label (ngmL™")
HER-2  surface acoustic wave no 13—-20
electrochemical yes 0-15
field effect transistor based no 6.86—68.6 X 107
immunosensor.
electrochemical no 0.1 pg mL ~" to 10
sandwich immunoassay yes 15—-150
electrochemical no 10-110
Non-Faradic impedance no 02-2
spectroscopy
Capacitive Aptasensor o 02-2
electrochemical aptasensor no 0.5-2/2-75
electrochemical no 2.5-110
impedimetric no 0.01-200
electrochemical sandwich yes (5—20)/ (20-200)
immunoassay
electrochemical aptasensor — no 1-100
sandwich assay
electrochemical immunosensor no 0.001-500

limit of detection (ng response time
mL™") sensitivity (min) refs
57
6ngmL™" 60 *
12X 1073(% change/ 0.1 ngmL™" 40 >
mol)
1.117 # 0.008 yA mL ng™' 20 @
44 o
74 o
60% 107 7
02 63
022 0.14 A mL ng™" 60 o
247 0.904 A mL™" ng cm™ 20 »
0.01 493.63 Qng™' mL™! em™ 15 o
4 65
1 60 o
0.001 13 pA mL™" ng cm™ 15 this

work

However, after the sixth cycle, only 85% of the current was
retained. Thus, the developed immunosensor could be reutilized
efficiently for 4 times only. Further,reproducibility was
investigated by detecting HER-2 (1 ng mL ') using five

different electrodes under similar conditions with the same
surface area (Figure SSb). The relative standard deviation (%
RSD) was calculated to be less than 10% stating a good precision
and high reproducibility.
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Figure 9. (a) Effect of HER-2 concentration on APTES/MoO;@RGO/ITO (control study). (b) Effect of different interferents on BSA/anti-HER-2/

APTES/MoO;@RGO/ITO immunosensor.

Storage stability of the immunosesnors is a key factor for its
commercial and clinical adaptability.The stability of the
fabricated immunoelectrode was determined by DPV (BSA/
anti-HER-2/APTES/MoO;@RGO/ITO) at regular intervals
for 10 weeks followed by storing at 4 °C when not in use (Figure
$6). The results revealed that the immunosensor retained 98.5%
of the biomolecular current response up to first 4 weeks, 94.8%
of the activity until 9 weeks.Thereafter, the response degraded
(~90%), indicating that immunosesnsor was stable for 9 weeks
only, when kept at 4 °C.

Real Sample Analysis. The electrochemical response of the
fabricated immunosensor (BSA/anti-HER-2/APTES/MoO3@
RGO/ITO) toward the different concentration of serum (n = 5)
samples was recorded (Figure S7) and correlated with those
obtained using ELISA. A reasonable correlation was determined
between the current obtained in both samples (standard and
real) with an acceptable % RSD (Table S1). The results revealed
that the developed immunosensor could significantly and
accurately detect HER-2 in the clinical samples.

Bl CONCLUSIONS

We have fabricated an efficient, rapid, label-free, sensitive
immunosensor using a (MoO;@RGO) nanohybrid platform for
breast cancer detection. The 1D MoOj has been anchored on to
the 2D substrate (RGO) via one-pot low-temperature hydro-
thermal synthesis and further functionalized using APTES. The
specific surface area of this nanohybrid has been determined
from BET analysis to be 2.58 X 10? m* g™" with a pore size (8.4
nm) indicating the presence of mesoporous behavior with 14
folds enhancement of the surface area. The mesoporic behavior
and increased functional groups (APTES/MoO;@RGO) in this
biosensor have resulted in excellent stability and reusability. This
nanohybrid based sensor has shown improved parameters i.e
higher diffusion coefficient; enhanced heterogeneous electron
transfers and improved biomolecular loading resulting in
broader linear detection range (0.001—500 ng mL™"), better
sensitivity (13 uA mL ng~'cm™) and high selectivity. The
remarkable lower limit of detection 0.001 ng mL™" has revealed
that this sensor can detect even minute concentration of HER-2
biomolecules. in the physiological range. This immunosensor
may work as a diagnostic tool for monitoring of HER-2 with
accuracy. Efforts should be made toward the application of this
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immune-electrode for detection of other potential biomarkers
relating to diagnosis of the other diseases.
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