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CARBON NANOTUBES: ADVANCEMENTS, 
PROPERTIES, AND PROMISING FUTURES 
 
Abstract  
 

Carbon nanotubes (CNTs) have acquired 
significant interest as drug delivery systems in 
healthcare due to their unique structural 
characteristics and physicochemical properties. One 
of the most significant benefits of using CNTs as 
drug carriers is their ability to enable targeted drug 
delivery through efficient cellular uptake 
mechanisms and improved drug delivery 
techniques. This makes CNTs a promising option 
for delivering drugs precisely where they are 
needed in the body. CNTs can either encapsulate 
drugs within their cores or firmly attach them to 
their surfaces, surpassing the constraints associated 
with traditional drug delivery approaches. The 
versatility of CNTs extends beyond drug delivery, 
with potential applications in various biomedical 
fields. These nanotubes hold promise in 
diagnostics, imaging, tissue engineering, and even 
gene therapy. However, a comprehensive 
understanding of CNT's biological behaviour and 
safety is necessary before their widespread clinical 
use. Research focusing on their interactions, 
toxicity, and environmental impact is crucial. CNTs 
have the potential to revolutionize drug delivery 
and find applications in various biomedical fields. 
This chapter provides insights into the structural 
characteristics, physicochemical properties, and 
biomedical applications of CNTs in drug delivery. 
Furthermore, this chapter underscores the 
importance of future research endeavors to advance 
CNT-based medicine. As scientists continuously 
explore the vast potential of CNTs, they hold the 
key to transforming various industries and driving 
significant progress in science and technology. 
Notably, this chapter delves into the potential of 
CNTs as cutting-edge drug delivery systems in 
healthcare. 
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Figure 1: Schematic Illustration of Biomedical Applications of Carbon Nanotubes
 
I. INTRODUCTION 

 
One of the most investigated forms of carbon is carbon nanotubes (CNTs). 

early 2000s, the utilization of
prominent following the advent of nanotechnology. 
wide variety of biological applications like drug delivery and biotechnology due to their 
distinctive structural characteristics and physicochemical properties. Their ability to 
effectively serve as potential carriers for innovative drug and gene delivery systems has 
attracted significant attention, primarily due to their remarkable characteristics. CNTs exhibit 
efficient uptake by various cell types through multiple mechanisms. 
 
 Furthermore, their capacity to encapsulate medicinal substances within their 
cylindrical cores or adhere them to their surfaces has paved the way for enhanced drug 
delivery techniques that transcend the limitations of conventional methods. As a result of 
their exceptional physical, chemical, and biological attributes, CNTs are highly suitable for 
numerous industrial and biomedical applications.
of the CNTs' biological characteristics, behaviour, and performance is necessary before they 
can be employed more widely to
CNTs should have well-characterized
when manufactured on a big scale
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Schematic Illustration of Biomedical Applications of Carbon Nanotubes

One of the most investigated forms of carbon is carbon nanotubes (CNTs). 
early 2000s, the utilization of CNTs as a drug delivery system in healthcare has been 
prominent following the advent of nanotechnology. They are excellent candidates for use in a 
wide variety of biological applications like drug delivery and biotechnology due to their 

characteristics and physicochemical properties. Their ability to 
effectively serve as potential carriers for innovative drug and gene delivery systems has 
attracted significant attention, primarily due to their remarkable characteristics. CNTs exhibit 

cient uptake by various cell types through multiple mechanisms. [1] 

Furthermore, their capacity to encapsulate medicinal substances within their 
cylindrical cores or adhere them to their surfaces has paved the way for enhanced drug 

that transcend the limitations of conventional methods. As a result of 
their exceptional physical, chemical, and biological attributes, CNTs are highly suitable for 

industrial and biomedical applications. However, a comprehensive understanding 
the CNTs' biological characteristics, behaviour, and performance is necessary before they 

can be employed more widely to find their way into clinical applications.
characterized biological as well as environmental

when manufactured on a big scale. 
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Schematic Illustration of Biomedical Applications of Carbon Nanotubes 

One of the most investigated forms of carbon is carbon nanotubes (CNTs). Since the 
as a drug delivery system in healthcare has been 

They are excellent candidates for use in a 
wide variety of biological applications like drug delivery and biotechnology due to their 

characteristics and physicochemical properties. Their ability to 
effectively serve as potential carriers for innovative drug and gene delivery systems has 
attracted significant attention, primarily due to their remarkable characteristics. CNTs exhibit 

Furthermore, their capacity to encapsulate medicinal substances within their 
cylindrical cores or adhere them to their surfaces has paved the way for enhanced drug 

that transcend the limitations of conventional methods. As a result of 
their exceptional physical, chemical, and biological attributes, CNTs are highly suitable for 

However, a comprehensive understanding 
the CNTs' biological characteristics, behaviour, and performance is necessary before they 

find their way into clinical applications.[2] Additionally, 
as well as environmental safety aspects 
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II. STRUCTURE AND CLASSIFICATION OF CARBON NANOTUBES
 
Multiple forms of carbon allotropes have been studied and recognized, including the 

notable example of graphene. Graphene 
arranged in a two-dimensional honeycomb lattice structure. Further, one or more graphene 
sheets are folded in a cylindrical form to 
carbon nanotubes and carbon nanofibers.
comprised of carbon atoms with a graphitic structure along their long axis, making them one
dimensional materials. CNTs are broadly classified 
nanotubes (SWCNTs) and Multiwalled carbon nanotubes (MWCNTs)

 
1. SWCNTs are cylindrical structures composed of a single layer of graphene rolled into a 

seamless tube. They exhibit a unique one
forming strong covalent bonds in a hexagonal pattern. SWCNTs can have various 
diameters and lengths, typically in the 
diameter.  
 

2. MWCNTs can have different numbers of layers, ranging from a fe
layers, giving them a tube
synthesis. MWCNTs generally have larger diameters than SWCNTs up to 100nm. 
Double-walled carbon nanotubes (DWCNTs) consist of two layers of gra
nested concentrically. They have a tube
inner tube separated by a van der Waals gap layer

 

Figure 2: Schematic Representation of 

III.  PROPERTIES[6], [7] 
 

1. Chemical Characteristics
is chemically stable. Furthermore, because of its high biocompatibility, chemical 
inertness, and comprehensive antibacterial and antifungal properties, 
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STRUCTURE AND CLASSIFICATION OF CARBON NANOTUBES

Multiple forms of carbon allotropes have been studied and recognized, including the 
notable example of graphene. Graphene is a monolayer of carbon atoms 

dimensional honeycomb lattice structure. Further, one or more graphene 
sheets are folded in a cylindrical form to make Single-walled carbon nanotubes, Multiwalled 
carbon nanotubes and carbon nanofibers.[3] Carbon nanotubes are needle
comprised of carbon atoms with a graphitic structure along their long axis, making them one

CNTs are broadly classified into two types: Single
nanotubes (SWCNTs) and Multiwalled carbon nanotubes (MWCNTs).  

are cylindrical structures composed of a single layer of graphene rolled into a 
seamless tube. They exhibit a unique one-dimensional structure, with the
forming strong covalent bonds in a hexagonal pattern. SWCNTs can have various 
diameters and lengths, typically in the 0.4 – 2.0 nm range. Single-walled possess smaller 

can have different numbers of layers, ranging from a few to several tens of 
layers, giving them a tube-within-a-tube structure. This may not require a catalyst for the 

MWCNTs generally have larger diameters than SWCNTs up to 100nm. 
walled carbon nanotubes (DWCNTs) consist of two layers of gra

nested concentrically. They have a tube-within-a-tube structure, with an outer tube and an 
van der Waals gap layer.[4], [5] 

Schematic Representation of a graphene sheet rolled up to form SWCNTs and 
MWCNTs 

 

Characteristics: CNTs have chemical characteristics similar to carbon, which 
is chemically stable. Furthermore, because of its high biocompatibility, chemical 
inertness, and comprehensive antibacterial and antifungal properties, it holds the capacity 
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STRUCTURE AND CLASSIFICATION OF CARBON NANOTUBES 

Multiple forms of carbon allotropes have been studied and recognized, including the 
is a monolayer of carbon atoms meticulously 

dimensional honeycomb lattice structure. Further, one or more graphene 
walled carbon nanotubes, Multiwalled 

are needle-shaped structures 
comprised of carbon atoms with a graphitic structure along their long axis, making them one-

two types: Single-walled carbon 

are cylindrical structures composed of a single layer of graphene rolled into a 
dimensional structure, with the carbon atoms 

forming strong covalent bonds in a hexagonal pattern. SWCNTs can have various 
walled possess smaller 

w to several tens of 
tube structure. This may not require a catalyst for the 

MWCNTs generally have larger diameters than SWCNTs up to 100nm. 
walled carbon nanotubes (DWCNTs) consist of two layers of graphene tubes 

tube structure, with an outer tube and an 

 
a graphene sheet rolled up to form SWCNTs and 

have chemical characteristics similar to carbon, which 
is chemically stable. Furthermore, because of its high biocompatibility, chemical 

it holds the capacity 
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to find utility across a diverse array of innovative applications, such as different types of 
bio-sensors, the delivery of pharmaceuticals, and advancements in gene therapy. 

 
2. Physical Characteristics: CNTs have many interesting physical properties that have 

caught the attention of scientists all over the world. CNTs possess varying lengths, 
ranging from nanometres allowing for customization to suit specific applications. Carbon 
nanotubes have excellent tensile strength, less weight, and many other great physical 
properties.  

 
3. Thermal Stability: CNTs are considered to be excellent thermal conductors since they 

can endure high temperatures. They are estimated to have thermal stability of up to 7500 
C in the air. Carbon nanotubes transfer 15 times more watts per minute than copper 
cables. 
 

IV.  SYNTHESIS OF CNTs 
 
There are two key distinctions between the production of SWCNTs and MWCNTs. 

Firstly, the production of SWCNTs requires the presence of a catalyst, whereas MWCNTs can 
be produced without one. Secondly, the production process for SWCNTs is more complex 
and results in lower purity compared to MWCNTs. [8]There are five primary 
techniquesusuallyemployed in the fabrication of CNTs: 

 
 Carbon Arc-Discharge Method 
 Laser ablation Method 
 Chemical Vapour deposition  
 Spray pyrolysis Method 
 Flame Synthesis Method[9] 

 
The carbon arc-discharge technique is widely used technique for producing CNTs. It 

involves passing a high current through carbon electrodes in an inert gas environment. The 
resulting intense heat vaporizes a carbon source, typically graphite, leading to the formation 
of CNTs. This method is particularly effective in producing large quantities of MWCNTs. 

 
The laser ablation technique involves using a high-energy laser to vaporize a target 

material, which then condenses to form CNTs. This method is capable of producing high-
quality SWCNTs and can also be adapted for MWCNT production.[4] 

 
In Chemical Vapour Deposition (CVD) a carbon-containing gas is introduced into a 

high-temperature chamber where it decomposes and forms carbon atoms. These atoms then 
grow into CNTs on a substrate with the assistance of a catalyst. CVD allows for control over 
growth parameters and can produce high-quality CNTs in both single-walled and multi-
walled forms.  

 
In the spray pyrolysis technique, a precursor solution is atomized into fine droplets 

and heated to high temperatures, causing the precursor to decompose and form solid particles. 
These particles, including CNTs, are collected on a substrate or filter. The spray pyrolysis 
method offers scalability, uniform deposition, and control over material composition, making 
it suitable for large-scale CNT production and another nanomaterial synthesis. [10] 
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The flame synthesis method involves introducing a hydrocarbon gas into a flame or 
combustion zone, where the high temperatures cause the gas to decompose into car
atoms. These atoms then aggregate and form CNTs as they cool down. The method allows for 
large-scale production of CNTs and offers control over their properties through reaction 
parameter adjustments.  

 
After synthesis, to purify newly produced CNTs de

carbon, and metals, the following techniques are commonly employed: acid refluxing, 
sonication with surfactant assistance, or air oxidation. These methods help refine and remove 
impurities from the CNTs to enhance their qua

 

Figure 3: Schematic Process of Synthesis of Carbon Nanotubes

V. BIOMEDICAL APPLICATIONS OF CARBON NANOTUBES
 

CNTs have fascinated
unique properties. They offer 
capability, and the ability to target specific cells through functionalization. 
CNTs is facilitated by their inherent physicochemical features, including significant optical 
absorption in the near-infrared range, Raman scattering, and 
These characteristics make 
particularly in cancer therapy.
immunotherapy, gene therapy, and cancer treatment. Testing novel materials and various cell 
lines is crucial for advancing research in cancer treatment using CNTs.
 
1. Drug Delivery: Low selectivity and short

lethal problems with the administration of medication, making efficient drug 
administration essential in the medical industry. Biocompatibility and optimal size for 
medication and gene delivery are investigated
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The flame synthesis method involves introducing a hydrocarbon gas into a flame or 
combustion zone, where the high temperatures cause the gas to decompose into car
atoms. These atoms then aggregate and form CNTs as they cool down. The method allows for 

scale production of CNTs and offers control over their properties through reaction 

After synthesis, to purify newly produced CNTs derived from fullerenes, amorphous 
carbon, and metals, the following techniques are commonly employed: acid refluxing, 
sonication with surfactant assistance, or air oxidation. These methods help refine and remove 
impurities from the CNTs to enhance their quality and properties.[11] 

Schematic Process of Synthesis of Carbon Nanotubes
 

BIOMEDICAL APPLICATIONS OF CARBON NANOTUBES 

fascinated significant attention in biomedical applications 
unique properties. They offer benefits namely high cell internalization, potent drug

, and the ability to target specific cells through functionalization. 
CNTs is facilitated by their inherent physicochemical features, including significant optical 

infrared range, Raman scattering, and also optoacoustic
make CNTs promising candidates for drug delivery applications, 

particularly in cancer therapy.[12] Recent studies have focused on utilizing CNTs for 
immunotherapy, gene therapy, and cancer treatment. Testing novel materials and various cell 
lines is crucial for advancing research in cancer treatment using CNTs. 

Low selectivity and short half-lives may lead to difficulties and even 
lethal problems with the administration of medication, making efficient drug 
administration essential in the medical industry. Biocompatibility and optimal size for 
medication and gene delivery are investigated in CNTs. 
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The flame synthesis method involves introducing a hydrocarbon gas into a flame or 
combustion zone, where the high temperatures cause the gas to decompose into carbon 
atoms. These atoms then aggregate and form CNTs as they cool down. The method allows for 

scale production of CNTs and offers control over their properties through reaction 

rived from fullerenes, amorphous 
carbon, and metals, the following techniques are commonly employed: acid refluxing, 
sonication with surfactant assistance, or air oxidation. These methods help refine and remove 

 
Schematic Process of Synthesis of Carbon Nanotubes 

significant attention in biomedical applications owing to their 
potent drug-carrying 

, and the ability to target specific cells through functionalization. in-vivo use of 
CNTs is facilitated by their inherent physicochemical features, including significant optical 

also optoacousticcapabilities. 
CNTs promising candidates for drug delivery applications, 

Recent studies have focused on utilizing CNTs for 
immunotherapy, gene therapy, and cancer treatment. Testing novel materials and various cell 

lives may lead to difficulties and even 
lethal problems with the administration of medication, making efficient drug 
administration essential in the medical industry. Biocompatibility and optimal size for 
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Figure 4: Possible targets for therapeutic intervention aimed at eliminating cancer cells 
(CCs) are distinctive surface markers specific to CCs. By attaching targeting molecules to 
nanoparticles designed for drug delivery, it becomes feasible
These molecules possess the capability to selectively bind to the markers exclusively 
present on CCs. Following binding, both intrinsic and extrinsic factors could trigger the 
release of the drug 

 
Oxidized CNTs are preferred a

groups, easy functionalization, and reduced metal impurities, making them more efficient 
at crossing cellular barriers. Long hydrophilic polymers like PAA, chitosan, and PEG are 
commonly used for drug deliver
targeting through enhanced permeability and retention.
dual targeting, which involves combining passive and active strategies, is frequently 
employed. Incorporating folic acid (FA), which is acknowledged for its binding with the 
overexpressed FA receptor on numerous human tumor cells, serves as an effective tactic 
to enhance the internalization of drug
functionalized with FA and enveloped in hydrophilic polymers have been shown to 
successfully enter cancer cells via an energy
facilitated by the FA receptor.

 
An additional plausible targeting approach entails incorporating paramagneti

particles capable of guiding the motion of CNTs within an externally applied magnetic 
field. This method was previously utilized in a similar manner, involving the loading of 
CNTs with magnetic particles that contained 
along with quantum dots for the purpose of imaging.
used, such as the blending of reactive and aggressive techniques.
gene delivery Regardless of the functional groups t
have the ability to penetrate cells, enabling the delivery of genes, proteins, and 
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Possible targets for therapeutic intervention aimed at eliminating cancer cells 

(CCs) are distinctive surface markers specific to CCs. By attaching targeting molecules to 
nanoparticles designed for drug delivery, it becomes feasible to achieve active targeting. 
These molecules possess the capability to selectively bind to the markers exclusively 
present on CCs. Following binding, both intrinsic and extrinsic factors could trigger the 

Oxidized CNTs are preferred as drug vehicles due to their surface carboxylic 
groups, easy functionalization, and reduced metal impurities, making them more efficient 
at crossing cellular barriers. Long hydrophilic polymers like PAA, chitosan, and PEG are 
commonly used for drug delivery to tumors due to their biocompatibility and passive 
targeting through enhanced permeability and retention.[1]Nevertheless, the approach of 
dual targeting, which involves combining passive and active strategies, is frequently 

folic acid (FA), which is acknowledged for its binding with the 
overexpressed FA receptor on numerous human tumor cells, serves as an effective tactic 
to enhance the internalization of drug-loaded carbon nanotubes (CNTs) into cells. CNTs 

h FA and enveloped in hydrophilic polymers have been shown to 
successfully enter cancer cells via an energy-dependent, endocytotic mechanism 
facilitated by the FA receptor.[13] 

An additional plausible targeting approach entails incorporating paramagneti
particles capable of guiding the motion of CNTs within an externally applied magnetic 

This method was previously utilized in a similar manner, involving the loading of 
CNTs with magnetic particles that contained transferring to facilitate cellular uptake, 
along with quantum dots for the purpose of imaging. However, dual targeting is often 
used, such as the blending of reactive and aggressive techniques.[14]
gene delivery Regardless of the functional groups they may have on their surface, CNTs 
have the ability to penetrate cells, enabling the delivery of genes, proteins, and 
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to achieve active targeting. 
These molecules possess the capability to selectively bind to the markers exclusively 
present on CCs. Following binding, both intrinsic and extrinsic factors could trigger the 

s drug vehicles due to their surface carboxylic 
groups, easy functionalization, and reduced metal impurities, making them more efficient 
at crossing cellular barriers. Long hydrophilic polymers like PAA, chitosan, and PEG are 

due to their biocompatibility and passive 
Nevertheless, the approach of 

dual targeting, which involves combining passive and active strategies, is frequently 
folic acid (FA), which is acknowledged for its binding with the 

overexpressed FA receptor on numerous human tumor cells, serves as an effective tactic 
loaded carbon nanotubes (CNTs) into cells. CNTs 

h FA and enveloped in hydrophilic polymers have been shown to 
dependent, endocytotic mechanism 

An additional plausible targeting approach entails incorporating paramagnetic 
particles capable of guiding the motion of CNTs within an externally applied magnetic 

This method was previously utilized in a similar manner, involving the loading of 
to facilitate cellular uptake, 

However, dual targeting is often 
[14] Gene therapy or 

hey may have on their surface, CNTs 
have the ability to penetrate cells, enabling the delivery of genes, proteins, and 
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intracellular medicines. Because short interfering RNA (siRNA) is delivered into the 
cytoplasm, this is particularly interesting for the development of gene silencing 
treatments.[15] 

 
2. Gene Therapy or Gene Delivery: Regardless of the functional groups they may have on 

their surface, CNTs have the ability to penetrate cells, enabling the delivery of genes, 
proteins, and intracellular medicines. Because short interfering RNA (siRNA) is delivered 
into the cytoplasm, this is particularly interesting for the development of gene silencing 
treatments.[7] 

 
3. Biosensors: Some CNT-based enzyme biosensors, although mostly designed to detect an 

enzyme's substrate, have been developed to identify substances that inhibit the enzyme's 
catalytic activity. An instance of this is the creation of a biosensor for detecting metal 
ions. Researchers combined horseradish peroxidase (HRP) with maize stem and 
MWCNTs to form a composite material. When exposed to certain metal ions like lead and 
copper, the biosensor's HRP component is inhibited from reducing peroxide, allowing the 
amperometric detection of these metal ions at low concentrations. This innovation 
extends applications to environmental monitoring, quality control, and sensitive metal 
analysisThe presence of metal ions disrupts HRP's ability to reduce peroxide, allowing for 
the amperometric identification of lead and copper ions at concentrations measured in 
grams per liter (g/L). [16] 

 
4. Medical Imaging: SWNTs offer enhanced near-infrared II fluorescence imaging with 

improved tissue penetration and spatial resolution. Resonance-based Raman imaging 
several organizations have also investigated biological samples' in vitro and in vivo 
imaging using SWNTs' Raman scattering. CNTs have a high NIR absorbance that may be 
exploited for photoacoustic imaging. By adding organic dyes or covering them with gold 
shells, CNTs' photoacoustic signals can be significantly improved. [17]CNTs may also be 
used as a T2-contrast agent in magnetic resonance (MR) imaging by using metal 
nanoparticle contaminants linked to nanotubes. Additionally, various organizations have 
creatednuclear imaging using functionalized CNTs that are tagged with radioactive 
isotopes. CNTs have a lot of promise as novel imaging probes for biological multimodal 
imaging.[18] 

 
5. Tissue Engineering: Nanobiotechnology uses CNTs for applications in biosensors and 

organ regeneration. Nevertheless, creating CNT-based tissue engineering applications is 
very difficult because of the intricacy of biological systems. This study focuses on the 
most recent advancements in CNT-based tissue engineering, where a number of cutting-
edge methods have been developed from the interaction of live cells and tissues with 
nanotubes. [19]Techniques for tissue engineering and organ regeneration have already 
been reevaluated as a consequence of this combination. CNT-based tissue engineering 
faces challenges due to biological system complexity, but surface chemistry improves 
biocompatibility, enabling new treatments and tissue scaffolding materials for organ 
regeneration. It is appropriate for applications requiring blood compatibility because of its 
high mechanical strength and chemical inertness, particularly for cardiopulmonary bypass 
operations. The use of CNTs in these cardiovascular operations significantly increased the 
mechanical properties of the implantable stents and decreased postoperative 
thrombogenicity.[20] 
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VI.  CONCLUSION AND FUTURE PERSPECTIVES 
 
In summary, CNTs possess unique properties that make them highly suitable for a 

wide range of biomedical applications, including drug delivery, gene therapy, biosensing, 
medical imaging, and tissue engineering. Their advantages, such as high cell internalization, 
potent drug-carrying capability, and the ability to target specific cells, hold great potential for 
improving therapeutic outcomes. However, toxicity, scalability, and characterization 
challenges must be addressed to ensure the safe and effective use of CNTs in biomedical 
applications. Ongoing research aims to overcome these challenges and optimize the synthesis 
methods of CNTs. Additionally, the thermal stability and conductivity of CNTs make them 
attractive for heat transfer applications, opening new possibilities in areas such as electronics 
and energy storage systems. 

 
Looking toward the future, researchers are actively working on advancing drug 

delivery systems by enhancing the targeting capabilities and controlled release of therapeutic 
agents using CNTs. Gene therapy is another area where CNTs show promise, with efforts 
focused on improving gene delivery efficiency and ensuring safety. In bioimaging and 
biosensing, the sensitivity and resolution of CNT-based techniques are being improved to 
enable early disease detection and precise monitoring of biological processes. CNTs also hold 
significant potential in tissue engineering, where researchers are developing scaffolds with 
enhanced properties to promote tissue regeneration and the growth of functional tissues and 
organs. 

 
Overall, the future of CNTs in biomedical applications looks promising, with ongoing 

research and development drives innovations in gene therapy, drug delivery, biosensing, 
tissue engineering, bioimaging, and regenerative medicine. Continued efforts in these areas 
hold the potential to revolutionize healthcare, leading to innovative solutions and improved 
patient outcomes. 

 
VII. ABBREVIATIONS 
 

 CNT :  Carbon Nanotubes 
 SWCNTs :  Single-walled carbon nanotubes 
 MWCNTs :  Multiwalled carbon nanotubes 
 DWCNTs :  Double-walled carbon nanotubes 
 CVD :  Chemical Vapour Deposition 
 CCs  :  Cancer Cells 
 SiRNA : Small interfering Ribonucleic acid 
 PAA : Polyacrylic acid 
 PEG : Poly Ethylene Glycol 
 HRP : Horseradish Peroxidase 
 MR  : Magnetic Resonance 
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