















Characterization of Carbon Nanotubes: Properties and Applications





ABSTRACT 

Due to their small size and ability to pass through blood vessels and enter the cell wall, carbon nanotubes are technological innovations for the medical industry. The bionanotube can be changed between two states by adjusting its electrical charge. The bionanotube's ends open when a negative charge is applied, and they close when a positive charge is provided. Because of this characteristic, they can be used in a variety of medical applications, such as genetic engineering, where specific gene sequences can be transferred to the appropriate location by means of the DNA macromolecule, or the delivery of certain medications to specific locations, such cancer cells.
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1. INTRODUCTION 

Carbon nanotubes are microscopic structures similar to graphite – a film of atoms arranged in a honeycomb pattern. They have been considered a wonder material since their discovery in the early 1990s. The tip of a pencil contains entire stacks of these microscopic films. Carbon nanotubes are formed when these carbon films are rolled up into cylinders. To give a graphic picture of these nanotubes, we could point out that they have a diameter 50,000 times smaller than a human hair.
Carbon nanotubes (CNTs) are allelotropic forms of carbon with a cylindrical nanostructure. They have been constructed with a length-to-diameter ratio of 132,00,000:1, much higher than that of other materials. These molecules have unusual properties that are useful in nanotechnology, electronics, optics and other fields of materials science and technology. In particular, due to their extraordinary thermal conductivity and electrical and mechanical properties, carbon nanotubes are used as additives in various material structures. For example, we can find them in baseball bats, golf clubs, certain car parts and in Damascus steel [1-8].
Nanotubes are members of the structural family of fullerenes; Fullerenes are carbon molecules in the form of a hollow sphere, ellipsoid, tube or other shapes. Spherical fullerenes are also called bucky balls. In 1985, two scientists in England made spheres of 60 carbon atoms, which resembled the Dome designed by architect Buckminster Fuller. They called them "buckminsterfullerenes," but everyone calls them buckyballs. They are six times lighter and a hundred times stronger than the best steel. Buckyballs can be packed into cylinders called "nanotubes." Nanotubes are made into fibers, which can be incorporated into various materials, which become incredibly strong (figure 1).



Fig.1 Carbon nanotubes

2. Carbon nanotubes. General.

Classification of CNTs

Classification by the number of graphite sheets (graphenes) involved in the CNT structure

a. Single-walled carbon nanotubes (SWCNTs) - consist of a single graphite sheet rolled up into a cylindrical tube with a half-fullerene at the end.


Fig.2. Schematic representation of SWCNT

b. Double-walled carbon nanotubes (DWCNT) - are in the form of two concentric cylinders.

c. Multi-walled carbon nanotubes (MWCNT) - can be viewed as a collection of several concentric tubes arranged like a "Russian doll". This arrangement is ensured by the presence of Waals forces.



Fig.3. Schematic representation of MWCNT



CNTs have dimensions in the nanometric range, with a diameter ranging from 0.4-2 nm (SWCNT) to 2-100 nm (MWCNT) and a length ranging from 20-1000 nm.
The high electron density created by the aromatic structure allows these nanomaterials to be easily observed. SWCNTs tend to agglomerate (form a bundle) due to strong van der Waals interactions, while MWCNTs are mainly considered monodisperse (isolated entities).


 

       SWCNT                                                                                MWCNT 

Fig.4. TEM images of SWCNT (left)-1μm and MWCNT (right)


 Classification by CNT chirality

Depending on the chirality of CNT (the way the graphite sheet is wound), they can be:
-Metallic CNT
-Semiconductor CNT
-Zigzag structure
-Armchair structure
-Chirality-dependent structure



Fig.5 Zigzag structure (the axis along which the graphite sheet is wound)


Fig.6. "Armchair" structure

3. Carbon nanotubes. Properties.

In the last 20 years, nanoscale materials have attracted attention due to their physicochemical properties. The particular electrical, optical and chemical properties of nanomaterials originate from quantum confinement effects. In this context, special attention has been paid to the synthesis of semiconductor materials based on elements of groups II B-VI A, for which applications have been reported in the field of display screens, markers for biology/medicine, lasers, solar cells, field effect transistors, optical sensors, etc. Semiconductor nanoparticles exhibit interesting size-dependent properties, leading to unique electronic and optical characteristics. Functionalization of semiconductor nanoparticles with organic or biomolecular systems leads to hybrid materials with new physical properties.

3.1. Mechanical properties:

The mechanical properties of CNTs have been extensively studied, both using experimental techniques and computational means. The fiber-like structure, low density, high aspect ratio and excellent mechanical properties make CNTs attractive for polymer reinforcement. Exceptionally high axial strength.

3.2. Electrical properties:

- one-dimensional conductors
Electrical conductivity. The possibility of using CNTs as conductive fillers in polymer composites has already been reported in the literature. Due to their large surface area, CNTs constitute interesting media
for storing electrical energy.

3.3. Thermal properties:

- high thermal conductivity, theoretical values ​​are in the range of 2800-6000 W/mK
- high specific heat (they can be used as additives in adhesives and heated pipes).

4. Synthesis of carbon nanotubes

Currently, carbon nanotubes can be obtained mainly by three methods, namely:
• Chemical vapor deposition (CVD) method
• Arc discharge method
• Laser ablation method
Methods involving the use of the gas phase are characterized by a limited degree of impurities, these methods having the potential to be applied to obtain carbon nanotubes on a larger scale.

4.1. Chemical Vapor Deposition Method

In the case of the CVD method, carbon nanotubes are synthesized using hydrocarbons such as methane, ethylene or acetylene as raw materials.
Hydrocarbons are decomposed into free radicals at temperatures between 550-750 0C. These reactive species diffuse onto the heated substrate on which the catalyst is deposited (transitional material of the Ni, Fe, Co type).
The principle of the method involves passing hydrocarbons through a tubular reactor heated at temperatures high enough to decompose hydrocarbons and in the presence of a catalyst. Carbon nanotubes grow on the catalyst and are collected after the system has cooled to room temperature.
In the case of liquid hydrocarbons such as benzene, alcohols, etc., these are preheated and the resulting vapors are transported by an inert gas into the reactor where the CNT synthesis takes place.
The vaporization of solid hydrocarbons such as naphthalene can be achieved by initially heating them in another reactor at lower temperatures than in the reactor where the CNT synthesis takes place.
The catalyst used can be solid, liquid or gaseous.
The synthesis of CNTs using the CVD method is influenced by a series of parameters such as the nature of the hydrocarbon, the type of catalyst and the growth temperature. For the synthesis of MWCNTs, acetylene is mainly used as raw materials. Optimization of the CNT growth conditions is achieved by heating the substrate to 600 0C. The density and growth rate of CNTs improve as the temperature increases.








Fig.7. Schematic representation of the installation used to obtain carbon nanotubes by the CVD method (1-hydrocarbons, 2- reactor, 3- catalyst, 4- temperature controller and 5- bubbler)


Advantages of the CVD method

-the method allows control of the CNT diameter and the CNT growth rate;
-good alignment;

Disadvantages of the CVD method

-high density of defects in the MWCNT structure compared to the other two methods.
-the tensile strength of CNT is inferior to those obtained by the electric arc discharge method;
-presence of secondary products such as amorphous carbon, metal particles, etc.

4.2. Laser ablation method

The principle of the method consists in using a laser beam to vaporize a mixture of graphite and metal catalyst maintained in a controlled atmosphere of inert gas, at a temperature of 1200°C.
The main parameters of this method are:
• Amount and type of catalyst
• Laser power and wavelength
• Temperature
• Pressure
• Type of inert gas



















Fig.8. Schematic description of the laser ablation installation
The product obtained by these methods is represented by a mixture of carbon nanotubes with different diameters, lengths, chiralities and different concentrations of impurities (mainly amorphous carbon and catalyst particles).
Advantages
-the method allows the growth of SWCNTs with a controlled diameter that depends on the reaction temperature
Disadvantages
-the presence of secondary products such as amorphous carbon, graphite particles, metal particles.
4.3. Electric arc discharge method
This method allows the production of MWCNTs if applied in the absence of a catalyst or the synthesis of single-walled nanotubes in the presence of a catalyst.
The principle of the method involves the use of two graphite electrodes, an anode and a cathode, maintained in a vacuum chamber and inert atmosphere. The presence of inert gas favors the increase in the rate of carbon deposition. Initially, the electrodes are maintained independently, to be subsequently connected by means of a helium atmosphere and an electric current, which is applied until a stable electric arc is obtained. The carbon, which evaporates from the anode, is deposited at the cathode, where it gradually accumulates, giving rise to a solid growth on the outside, but which on the inside contains nanotubes and other carbon particles.
The most important parameters of this method are:
• Control of the electric arc
• Optimal selection of the inert gas pressure in the chamber where the electrodes are located

Fig.9 Schematic description of the installation used in the electric arc discharge method (1-anode, 2-cathode)

Advantages
- Single-layer and multilayer nanotubes can be obtained very easily
- Single-layer nanotubes can have small structural defects
- Multi-layer nanotubes can be obtained without a catalyst
- It is a cheap method and it is possible to obtain in open air
- The method allows the growth of SWCNTs with a controlled diameter that depends on the reaction temperature

Disadvantages

- Tubes tend to be short, with random dimensions and directions
- Sometimes they need a rather expensive purification process
- Presence of by-products such as amorphous carbon, graphite particles, metal particles

5. CNT purification

CNTs synthesized by the aforementioned methods inevitably contain impurities such as graphite, amorphous carbon, metal catalyst particles, fullerenes.
The main purification methods include:
-oxidation
-acid treatment
-functionalization
-ultrasonication
-microfiltration
-magnetic separation
-chromatographic techniques
These CNT purification methods can be classified into three categories, namely chemical, physical and a combination of the two.

5.1. Chemical purification method

a) Oxidation
The principle of the method consists in selective oxidation, so carbon-based impurities are oxidized at a higher rate than CNTs. This method allows the removal of amorphous carbon and metal particles. This purification method will always influence the CNT structure due to the oxidation processes that occur. The efficiency of this method depends on a number of factors such as metal content, oxidation time, oxidation environment, oxidizing agents and temperature.
The main disadvantage of oxidative treatment is that not only the impurities are oxidized. During the oxidation process, the surface of the CNTs is also attacked, thus affecting their properties.

b) Acid treatment
Generally, acid treatment is used to remove metal catalysts. In the first step, the metal surface must be exposed to the oxidation or sonication process and then the acid treatment.

c) Functionalization – CNT surface modification
This method is based on obtaining a different solubility in common solvents. By functionalizing CNTs with different groups or chains, they become more soluble than impurities and thus can be separated by classical methods (ex-filtration) from insoluble impurities such as metals.

5.2. Physical purification method

The separation of CNTs from the impurities present by this method is based on the differences between magnetic properties, physical size, density, etc. In general, this method allows the removal of carbon nanospheres, graphite sheets, CNTs with different diameter/length ratios.
The morphology and physical properties of CNTs such as size, density, magnetic properties, solubility are different from those of the impurities present. These differences allow the separation of CNTs from the impurities present by using certain physical techniques such as filtration, chromatography, centrifugation, ultrasonication at high temperatures (1400-2800oC). The strength of these separation methods is based on the fact that they are non-destructive methods that do not involve oxidative treatment. Most of these methods involve the existence of a liquid medium that requires a sample preparation in order to achieve good dispersibility in the respective solution. In order to ensure this, most of the time sonication or the presence of surfactants are used.

Advantages of the method

-does not involve oxidation processes and therefore the destruction of CNTs is prevented

Disadvantages of the method

-time-consuming and inefficient method

d) Ultrasonication
In this method, the particles are separated due to ultrasonic vibrations. Agglomerates of different nanoparticles under the action of ultrasound will disperse. The separation of nanoparticles is strongly dependent on the type of surfactant and solvent used.

e) Magnetic purification
This method allows the removal of ferromagnetic particles (catalysts). The CNT suspension is mixed with inorganic nanoparticles (ZrO2, CaCO3) in an ultrasonic bath. The nanoparticles are captured using magnets.

f) Microfiltration
Microfiltration is based on the difference in particle sizes in the mixture. CNTs and a small amount of carbon nanoparticles are retained on the filter. The other types of nanoparticles (metallic catalysts, fullerenes) pass through the filter.

g) Combined purification method
This method combines the advantages of the physical method with those of the chemical method, leading to the obtaining of CNTs of advanced purity.

6. Interactions and functionalization of CNTs with biomolecules

In recent years, CNTs have been intensively researched in order to expand their applications in the biological and biomedical fields due to their unique physical properties, dimensions, shape and structure.
Functionalization of CNTs with biomolecules such as nucleic acids, proteins or synthetic polymers represents a developing direction in the field of bionanotechnology. Interactions of CNTs with biological molecules such as lipids, DNA and proteins determine an efficient dispersion of CNTs in water.
SWCNTs are materials with a strong optical absorption in NIR (Near Infrared) and therefore can be used in photothermal therapy of cancer. In contrast to SWCNTs, the use of MWCNTs in biology or the medical field is different due to the difference in structure, size, they are recommended as a platform for the release of biomolecules such as DNA.
The main applications of CNTs in the biomedical field include sensors for the detection of biomolecules (DNA, proteins), contrast agents, controlled drug release systems, supports for cell growth.

The functionalization of CNTs is a critical step that influences their use in cutting-edge fields such as biology or the medical field.

For biomedical applications, it is necessary to modify the chemistry of the CNT surface. Surface modification through the so-called functionalization is necessary to ensure biocompatibility and a low level of toxicity in biomedical applications.
CNTs present potential applications in the biomedical field. One of the major requirements that CNTs must meet in order to be used in the biomedical field (in order to increase biocompatibility) refers to their solubility/dispersion in water. In this regard, a series of dispersion methods have been developed that involve the chemical modification of CNTs.
There are two main methods underlying the formation of CNT-biomolecule complexes, namely:
-noncovalent method;
-covalent method;

6.1. Noncovalent method

The noncovalent method is a strategy used to increase the solubility of CNTs. This method allows the conjugation of CNTs with different molecules without affecting their electronic structure and properties [2]. In the case of this method, the interactions between the CNT surface and the hydrophobic domains of amphiphilic molecules are exploited.

6.2. Covalent method

The covalent method involves modifying the CNT surface (walls), thus causing a change in the electronic structure (localization of electrons in the defect area). Covalent functionalization involves the formation of chemical bonds between the CNT walls and the molecules involved in the reaction. This modification of the CNT causes a radical change in the physical properties of the CNT.

a) Noncovalent biofunctionalization

Non-covalent biofunctionalization is of particular importance in ensuring the biocompatibility of CNTs and thus expanding the applications of these nanomaterials in the biomedical field.
Typically, this method of modifying the CNT surface involves hydrophobic interactions or p-p interactions and thus no changes in the conjugated electronic structure occur. The non-covalent method involves coating CNTs with a variety of functionalizing agents such as surfactants (anionic, cationic, nonionic), polymers, polynuclear aromatic compounds and various biomolecules.
For example, SWCNT dispersion can be ensured by using surfactants such as sodium dodecyl sulfate, but the amount of CNT dispersed in the presence of this surfactant is generally small (below 5%). A non-covalent functionalization of CNTs with applications in the biomedical field must meet the following requirements:
1. the molecules covering the CNT surface must be biocompatible and non-toxic;
2. the CNT coating layer must be sufficiently stable in biological solutions characterized by a high concentration of salts
3. the molecules used to modify the CNT surface must have a very low critical micelle concentration (CMC)
4. the molecules covering the CNT surface must have in their structure functional groups available for bioconjugation with various biomolecules so as to lead to the obtaining of bioconjugated systems with different biological applications.
These conditions were met by the non-covalent functionalization of CNT with phospholipids treated with polyethylene glycol. Phospholipids are the majority components of the cell membrane and therefore their use is approved in the biological field. The phospholipid chains are anchored on the CNT surface while the hydrophilic PEG chains are oriented in the aqueous phase. Through such a modification, CNTs become biocompatible, water-soluble and stable in various biological solutions.


Fig.10 SWCNT coated with phospholipids treated with linear PEG (l-PEG) and branched PEG (br-PEG)

Numerous proteins and lipids, including enzymes, peptides and nucleic acids, are strongly adsorbed on the CNT surface.

These interactions between CNTs and biologically active molecules determine a more efficient solubilization of CNTs than in the case of using surfactants and polymers. In a similar manner to that of surfactants, biological molecules that possess both hydrophilic and hydrophobic units in their structure determine a solubilization of CNTs in aqueous media.
For example, MWCNTs form a stable dispersion in water after their interaction with certain lipid derivatives that have between 12-18 carbon atoms in the main chain and polar groups located at the ends of the chain.
Another method of non-covalent biofunctionalization involves the attachment of proteins to CNTs in the presence of surfactants (Triton X-100, Triton X-405) or polymers.
Proteins can be immobilized on SWCNTs by following the following steps. In the first step, the irreversible adsorption of an organic/polymeric compound (1-pyrenebutanoic acid succinimidyl ester- 1PBA) on the hydrophobic (graphene) surface of CNTs occurs. In the next step, the protein is covalently attached to the functional group (succinimidyl) existing in 1-PBA through a nucleophilic substitution of the amine group existing in the protein chain.

b) Covalent biofunctionalization

Covalent functionalization of CNTs is a promising alternative to expand the applications of CNTs in the biomedical field.
Depending on the location of the functional groups present in CNTs, there are two strategies used for the covalent functionalization of biomolecules:
1. functionalization of groups present in CNT defects
2. functionalization of sidewalls

7. Applications of biofunctionalized CNTs
















Fig.11. Applications of biofunctionalized CNTs
Carbon nanotubes are considered the most promising technological inventions for the medical field, which, due to their very small size, can move freely through blood vessels, even inside the cell wall.
8. Bionanotubes
Researchers at the University of California have created "smart" bionanotubes, which can be used to "transport" drugs or genes directly to the desired location in the cell. The interaction between microtubules and positively charged lipid membranes was studied and it was discovered that, under certain conditions, they self-assemble on the microtubule. The bionanotube thus obtained is made up of three layers. By controlling the electrical charge of the bionanotube, it can be switched between two states. If a negative charge is applied, the ends of the bionanotube open, and if a positive charge is applied, the ends close. This quality makes them useful for a number of medical applications, ranging from transporting certain drugs to the desired location (for example, to cancer cells) or in genetic engineering (in this case, certain gene sequences can be transported to the desired location on the DNA macromolecule).










Fig.12. Bionanotubes

9. Is the cure for cancer in carbon nanotubes?

In humanity's war on cancer, a new weapon has emerged: carbon nanotubes, which, when heated with near-infrared light, burn away cancer cells in the body.
Developed by researchers at the University of Texas Southwestern Medical Center, these nanotubes are stronger than steel and can be attached to antibodies that seek out cancer cells. Light rays are then projected, heating the tubes until the cancer is destroyed. (Kanzius Therapy)
Initial studies on animal and human cells showed 100% destruction of cancer cells within 48 hours, while not attacking healthy cells at all.
















10. Carbon nanotubes for brain injuries

Due to their electrical conductivity, carbon nanotubes can form very strong bonds with the cell membranes of neurons and can thus heal injuries caused by, for example, stroke.

In the laboratory, researchers have managed to increase brain excitability by connecting carbon nanotubes that have the ability to conduct electricity and thus create artificial neurological connections that lead to the healing of brain injuries.

11. CNT toxicity

A question that has been partially answered is related to the impact of CNT on health

This question has led to the emergence of numerous researches on determining the biocompatibility and toxicity of CNT. The conclusion of these studies demonstrated that CNT toxicity is a complex issue that depends on numerous factors such as the type of CNT, the synthesis method, the purity of CNT, the type of agent used to modify the CNT surface, the density of functional groups existing on the CNT surface, the solubility in water, the degree of dispersion, the type and concentration of impurities (metallic impurities such as iron, nickel). Also, the dimensions (length, diameter) of CNT influence their cytotoxicity. For example, CNT with a length of 825 nm can cause the appearance of strong inflammations.
Organic functionalization of CNT by oxidation using strong acids in order to introduce hydroxyl or carboxyl groups determines a higher toxicity of oxidized CNTs compared to virgin ones.
A comparative study targeting CNT toxicity demonstrated that the type of nanotube has a significant influence on cytotoxicity. Thus, unfunctionalized MWCNTs present a lower toxicity than oxidized MWCNTs. SWCNT also presents the greatest toxic effect followed by MWCNT, quartz and fullerenes. Numerous experiments carried out on animals have demonstrated a possible toxicity of CNT. Also, the conjugated CNT-bioactive peptides systems can cross cell membranes and accumulate in the cytoplasm. When their concentration in cells exceeds 10mM then they manifest a cytotoxic effect.
So far the results are still contradictory. Knowledge in the field of nanotoxicology has been enriched but not enough to completely understand the impact of CNT on health and therefore additional studies are needed in this regard.

12. Conclusions

The microscopic characteristics of carbon nanotubes transform them into very interesting materials for technological applications and in a direct way for those who believe in the evolution of miniaturized systems.
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