Carbon nanotube Bio-conjugate: Applications
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Abstract
A novel family of nanowires is carbon nanotubes (CNTs), which exhibit metallic or semi conductive characteristics depending on the folding modes of the nanotube walls. Diverse approaches to separate conductive and semi conductive CNTs have been created, and synthetic methods to chemically alter the side walls or tube ends with molecular or bimolecular components have been documented. Customizing hybrid systems made of CNTs and biomolecules (proteins, DNA and other biomolecule) has grown quickly and received a lot of research attention. The utilization of hybrid systems as active field-effect transistors or biosensor devices (enzyme electrodes, immunosensors, or DNA sensors) is made possible by the immobilization of biomaterials with CNTs. Moreover, the combination of CNTs with biomolecules has made it possible to create intricate nanostructures and Nano circuit with regulated characteristics and functions. This chapter focuses on application of CNT Bio-conjugate in different field.
Keywords- carbon nanotube, bioconjugate, biosensor, vaccine, gene, Immunosensors.
.
Introduction
Rapid advancements in nanotechnology and Nano science have sparked a scientific revolution that includes the synthesis of Nano scale materials, imaging of nanostructures, and the construction of useful Nano scale devices[1][2]. The finding unique optical[3], photo physical[1], electrical[4], catalytic[5][6], and photo physical properties of nanoparticles or nanorods made of semiconductors (such as CdS, TiO2, CdSe) or metals (such as Ag, Au, or Cu). Nanoscale building blocks have been established for the creation of useful nanostructures and gadgets[2].
The creation of two-dimensional or three-dimensional composite nanostructures on surfaces has been made possible by the chemical functionalization of nanoparticles or nanorods[1]. Functional devices have been disclosed, including single-electron transistors[7][8], nanoparticle-based switches, systems with tunable electro chemiluminescence [9]or enhanced photo electrochemistry, and specialized sensors[1][10]. The utilization of hybrid biomaterial-nanoparticle systems for biosensor, bioelectronics, and circuitry applications has significantly advanced within these broader operations, and these initiatives have spawned the quickly emerging fields of Nano bioelectronics and Nano-biotechnology[11].For instance, the development of electrochemical or optical biosensors has resulted from the combination of metallic nanoparticles with enzymes[12],nucleic acids[13][14]or antigens/antibodies[15][16].
Nanostructures with higher complexity and hierarchical functionality have been assembled by altering nanowires or nanotubes[17].Carbon nanotubes [18](CNTs) were found shortly after the successful laboratory production of full-erenes [19], and since they have received significant theoretical and experimental interest. One-dimensional molecular wires with a diameter of about 0.2 nm, single-walled carbon nanotubes (SWCNTs)[18] exhibit special structural features and distinctive electronic properties that have drawn attention to their potential use as active components in solid-state optoelectronics[20]and Nano electronics[21][22][23][24].
Over the past few years, various techniques for creating, isolating, and purifying CNTs have been developed[25][26][27][28].By using ultrasonic agitation to break up CNTs into smaller pieces in concentrated acid mixtures, chromatography can separate the fragmented CNTs into tubes with specific length distributions. Aligned CNT assemblies with adjustable length and density have been produced. Chemical techniques have been developed to adjust the electronic characteristics of nanotubes. The assembly of CNTs in devices is made possible by the selective functionalization of SWCNTs (e.g., with thiol groups) and their attachment to preorganized surfaces (e.g., gold). Most importantly, low-resistance contacts between CNTs and other electronic components are made possible. With these methods in hand, CNTs ought to find use in the development and utilization of novel Nano scale devices like biosensors, fuel cells, and molecular electronics. Although the delocalized p-system of nanotubes will inevitably change as a result of graphitic sidewall functionalization, this can still provide a practical and controllable method of tethering molecular species [29]. Additionally, biomaterial-functionalized CNTs are anticipated for use in biomedical applications[20].Functionalized CNTs can accumulate in the cytoplasm, penetrate the nucleus, and cross cell membranes without causing cytotoxicity [30]. CNTs may therefore serve as carriers for delivering other bioactive components into cells. In fact, cells have been immunized and their ability to produce antibodies has been enhanced by the efficient delivery of biomolecules into cells[31].The use of SWCNTs as atomic force microscopy (AFM) imaging tips of bio macromolecules, including antibodies, DNA, and b-amyloid protofibrils has been reported in groundbreaking studies[32]. 
Biomaterials, such as proteins, enzymes, antibodies, or DNA, can be combined with CNTs to create new hybrid systems that combine their conductive or semi conductive properties with their catalytic or recognition abilities. New bioelectronics systems such as biosensors, field-effect transistors, or template nanocircuitry could result from this. Numerous difficult problems are involved in the development of this research topic, including the synthesis of site-specific and structurally defined biomaterial–CNT hybrids, enhanced techniques for the separation and characterization of conductive and semi conductive CNTs, the ordered and controlled assembly of addressable biomaterial–CNT systems on surfaces, and the development of microscopic imaging techniques to characterize the structures and functions of the Nano scale development.
Properties of Carbon Nano Tube 
Researchers from various fields have been inspired to conduct extensive research on CNTs because of their many magnificent properties such as mechanical[33][34], electrical[35], thermal[36], chemical, and biological aspects[37]. When one single layer of graphite is wrapped around itself and the resulting edge is joined, a single-walled carbon nanotube (SWCNT) is created. Based on their diameters and helical arrangement, SWCNTs can either be metallic or semiconducting. The band structure of a two-dimensional graphite sheet (Fig 1) and periodic boundary conditions along the circumference direction determine whether a SWCNT is metallic or semiconducting. 
Fig.1 Single Walled (SWCNT) and Multiwall carbon Nanotubes (MWCNT).

With several graphitic layers encircling a central tubule of nanometric diameter and spaced apart by roughly 3.4–3.6A, CNTs can have multiple walls. Multiwalled carbon nanotubes (MWCNTs), which were historically the first to be discovered[18][38], have a more complex structure than SWCNTs, and as a result, they are typically used as a bulk material in applications where the ordered structuring of the systems is less important. Because of their exceptional structural fluidity and flexibility, CNTs can be bent, collapsed, or deformed into a variety of shapes, including buckles, rings, or fullerene onions. This allows the nanostructures to have a wide range of shape-controlled physical properties. In addition to them, the small size of nanotubes results in numerous unique advantages.
Functionalization of CNTs
On the surfaces of CNTs, functional groups are created through functionalization. These functional groups (Fig.2) contribute to a reduction in the long-range van der Waals forces of attraction, increase the interaction between the CNTs and the matrix or solvent, and produce a homogeneous dispersion or cause the solubilization of the CNTs[39][40]. 
As a result, functionalization increases the reactivity and solubility of CNTs and opens up possibilities for additional chemical modifications like ion adsorption, metal deposition, grafting reactions, etc. The functional groups can also be used as anchor groups to bind two moieties together and to derivatives compounds further through chemical interactions with other functional groups. Numerous modeling studies have been conducted to predict the characteristics of functionalized CNTs and their effects on other biomolecules, taking into account the benefits that functionalization of CNTs offers[41][42].Functionalized CNTs has immense application medical science, drug delivery, electrochemistry, water treatment  etc.[43][44][45][46][47].



Fig.2 Functionalization of Carbon Nanotubes (CNTs)


Applications of CNT Bio conjugate:
Functionalization make CNTs water soluble as a result Biomolecule like protein, enzyme, DNA, peptides etc. can be conjugated to the carbon nanotubes. Herein we are going to see the different application of CNT bio conjugate. 
Vaccine Delivery
Covalently linked Peptide-carbon nanotubes (NTs) have been synthesized using two alternative approaches, based on fragment condensation and selective chemical ligation. Single-walled nanotubes (SWNTs) were covalently attached to a model pentapeptide and an antigenic epitope from the foot-and-mouth disease virus (FMDV) (Fig. 3). With the aid of 2D NMR spectroscopy and transmission electron microscopy, a thorough structural characterization has been completed. The FMDV peptide Carbon NT conjugate's antigenicity was then demonstrated via an ELISA test and a surface plasmon resonance study. Both studies results indicated that the peptide linked to the NT support adopted the proper secondary conformation required for antibody recognition. Moreover, an in vivo investigation has demonstrated that the FMDV peptide-NT is similarly immunogenic.
Fig.3 Synthesis of Peptide carbon nanotube by a) Peptide fragment condensation b) Chemo selective ligation


This research highlights the potential diagnostic use of peptide-carbon NT conjugates and opens the door to their use in vaccine administration. It can be said that functionalized carbon NTs make excellent scaffolds for the multivalent presentation of compounds that are used to control ligand-receptor interactions[48].


Genomic Research/DNA Analysis
Using azide units as photoactive components, the sidewalls of vertically oriented MWCNTs have been functionalized with nucleic acids (Fig.4). The photo adduct was created when the azidothymidine photochemically (UV irradiation) interacted with MWCNTs arranged in a straight line on a solid substrate. Following the conventional DNA synthesis of the oligonucleotides on the MWCNT sidewalls, the nucleic acid was deprotected to produce the DNA-modified MWCNTs. In principle, this technique allows for the photolithographic patterning of various DNA sequences on the CNTs as well as the creation of novel DNA chips for genomic study or DNA analysis[49].
Fig.4 In situ DNA synthesis on sidewalls of carbon nanotubes photoetched with azidothymidine



Biosensors
1] Glucose Sensor
GOx was cross-linked with a CNT/Pt.-nanoparticle hybrid layer or covalently connected to carboxylic groups at the ends of short CNTs using carbodiimide coupling to produce amperometric glucose sensors based on H2O2 sensing [50][51] Coaxial nanowires with an ultrathin layer of polypyrrole coated on aligned carbon nanotubes in a concentric layer have served as a template for the construction of glucose sensors that contain a significant amount of GOx that has been electrochemically trapped[52]. The covalent attachment of the SWCNTs to the electrode surfaces has enabled the oriented assembly of short SWCNTs normal to the electrode surfaces[53][54][55].The association of redox-active components to the carbon nanotubes and the examination of charge transport through the SWCNT are made possible by the structural alignment of the SWCNTs. Recent advances in the structural alignment of enzymes on the ends of SWCNTs organized as an array on a conductive surface have made it possible to directly electrically connect redox enzymes, such as glucose oxidase and electrodes[56]. Covalently joining SWCNTs with carboxylic acid functionalization to a gold electrode with cystamine monolayer functionalization allowed researchers to create an array of perpendicularly oriented SWCNTs on a gold electrode. The carboxylic groups at the free ends of the standing SWCNTs were covalently coupled to the amino-derivative of the FAD cofactor (flavin adenine dinucleotide; 10). Experiments using cyclic voltammetry showed that the FAD units were electrically connected to the electrode surface. A quasireversible cyclic voltammogram with E0 = -0.45 V versus saturated calomel electrode (SCE) at pH 7.4 is shown by the FAD units connected to the SWCNTs. The FAD redox-wave and quartz crystal microbalance (QCM) experiments' coulometric assays revealed that the average FAD surface coverage was approximately 1.5 x 10-10 mol cm-2. Then, the FAD units connected to the ends of the standing SWCNTs were reconstituted with apo-glucose oxidase (apo-GOx) (Fig.5). AFM measurements confirmed the apo-GOx's reconstitution on the functionalized electrode surface.
Fig.5 Assembly of SWCNT electrically connected Glucose Oxidase electrode

For systems that use shorter SWCNTs as connectors, the electron transfer barrier between the FAD-center and the electrode is lower. The results unmistakably show that electrons are transported through the SWCNT along a distance of 220 nm from the active center to the electrode, despite the fact that the mechanism of SWCNT-length controlled electrical contacting of the enzyme redox center and the electrode is currently not fully understood.


2]Oganophosphrous Sensor
Amperometric detection of organophosphorus pesticides and neurotoxins was performed using screen-printed biosensors based on co-immobilized acetylcholinesterase (AChE), choline oxidase(CHO), and CNTs[57] (Fig.6).
 Fig. 6 Immobilization of Enzyme (CHO/AChE) on Carbon Nanotube Electrode


The primary reaction involves the biocatalytic acetylcholinesterase hydrolysis of acetylcholine and the formation of choline. The secondary reaction involves the oxidation of in situ generated choline with oxygen by biocatalytic choline oxidase and the concomitant formation of H2O2. The latter product was electro catalytically analyzed using a CNT-modified electrode. The first-order reaction was inhibited in the presence of organophosphorus pesticides or nerve agents, leading to attenuation of the electrochemical signal and allowing quantitative analysis. 
3]Anticancer drug Biosensor
The ability to identify various anti-cancer drugs(Cyclophosphamide) using a biosensor based on cytochrome P450 (CYP1A2, CYP2B6, and CYP3A4) and carbon nanotubes has been demonstrated by C. B Rossi etal [58] (Fig.7), offering a creative solution for point-of-care drug monitoring. 
2e-
Fig. 7 Drug detection mechanism promoted by Carbon Nano Tubes

The findings indicate sensitivities between 8 and 925 nA/M. They could carry out a selective electrochemical detection of drugs in their therapeutic window thanks to these high sensitivities. They demonstrated how proteins organize themselves into a monolayer on the surface of carbon nanotubes, and they used Monte Carlo simulations and SEM analysis to confirm this behavior. The lack of specificity for a single substrate typical of cytochrome P450 can be overcome by the use of three different CYP isoforms to provide specific drug detection. They conduct a preliminary investigation in this work in preparation for the implementation of an array-sensor based on cytochrome P450. The main objective was to show that the sensor was suitable for detecting anti-cancer medications in human serum within the pharmacological range. Additionally, they show that simultaneous detection of two drugs is possible when the correct enzyme probe is chosen based on the drugs to be detected.
DNA sensing
CNTs are incredibly desirable for electrochemical sensors due to their distinctive electrical, chemical, and mechanical capabilities. The majority of the research on CNT sensing has been on how surface-confined CNTs might encourage the electron-transfer processes needed for bio catalytic devices. In present new bio affinity tests, CNTs play a dual amplification function in both the recognition and transduction activities, serving as carriers for various enzyme tags and for collecting the reaction product (Fig.8).

Fig. 8 A) Electrochemical DNA sensing and B) Immunosensing using the alkaline phosphatase-functionalized CNTs as the bio catalytic amplifying tags. 

 Using the enzyme tracer alkaline phosphatase (ALP), these novel support and pre-concentration activities of CNTs are demonstrated. These functions are a reflection of their enormous specific surface area (15). This combining of various CNT-derived amplification methods yields the lowest detection limit for electrical DNA detection that has been recorded to date[59].
 As carriers for numerous enzyme tags and for accumulating the α-naphthol product of the enzymatic reaction, CNT played a dual amplification role in both the recognition and transduction events in these procedures. The estimated coverage for each CNT (i.e., binding event) was 9600 enzyme molecules. With the ability to detect DNA and proteins down to 1.3 and 160 zmol, respectively, in 25- to 50μL samples, this CNT-derived double-step amplification pathway (of both the recognition and transduction events) shows great promise for PCR-free DNA analysis.  

Immunosensors
J.F Russling etal. recently fabricated multi-label CNT bioconjugates for electrochemical immunosensors. CNTs were covalently conjugated to secondary antibodies (Ab2) for prostate specific antigen (PSA) along with multiple horseradish peroxidase (HRP) labels.[60].
Fig. 9 Schematic of Immunosensor after treating with HRP-CNT-Ab2 to obtain amplification. 


These Ab2-CNT-HRP nanoparticles were used with single-wall carbon nanotube (SWNT) forest platforms [55] in sandwich immunoassays for prostate cancer biomarker PSA in human serum and tissue lysates (Fig 9). Capture antibodies (Ab1) were attached to the SWNT forests to bind PSA in the sample. The Ab2-CNT-HRP bio conjugates were then added to bind to the antigen on the sensor surface, and PSA was detected by the amperometric signal generated from enzyme-catalyzed electrochemical reduction of hydrogen peroxide by the HRP. This amplification procedure provided detection of PSA in undiluted calf serum at a detection limit of ~4 pg mL−1 (100 aM) PSA. Quantitative detection of PSA in lysates of approximately 1000 prostate cancer cells was also demonstrated.

Therapy
Utilizing oxidized SWCNT functionalized with epidermal growth factor (EGF) and the anticancer medication cisplatin, targeted drug delivery was also demonstrated in vivo[62]. 
Fig.10 (A) Schematic of chemical reactions used to attach EGF, cisplatin, and Qdots onto carboxylated SWNTs using EDC as the coupling agent. (B) Schematic showing SWNT bundles bioconjugated with EGF and cisplatin targeting the cell surface receptor EGFR on a single HNSCC cell.
A
B

The EGF-SWCNT conjugated nanoparticles targeted the overexpressed EGF receptors on the tumor cells after being injected into mice with head and neck squamous carcinoma tumors, resulting in slowed tumor growth (Fig.10).
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