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ARTICLE INFO Abstract

The author envisions carbon nanotube-based molecular nanotechnology’s role 
in developing advanced multifunctional materials and molecular-scale electronic and 
computing devices, sensors, actuators and machines. Then, he briefly reviews and 
provides recent examples of applications of carbon nanotubes in cancer research and 
therapy. 
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Mini Review

During the second half of the 20th century, a microelectronics 
revolution moved us from vacuum tube electronic computers to 
silicon based integrated electronic devices. As the 21st century 
began this revolution of scaling, which has traditionally followed 
Moore’s law, is facing major obstacles. To move forward, the science 
and technology community has tentatively moved from microdevice 
technology to the emerging field widely known as nanotechnology. 
The science and technology of nanoscale materials, devices, and 
applications in areas such as computers, sensors, actuators, and 
machines fall within the realm of nanotechnology. For the purposes 
of this article, we consider atoms and molecules (or extended 
atomic or molecular structures) to be the basic units or building 
blocks of fabricating future generations of electronics, materials, 
devices, and applications. At nanometer-length scales, many diverse 
fields and their associated technologies start to merge because the 
material properties are derived from the molecular building blocks. 

The molecularly perfect structure that produces exceptionally 
strong structural and mechanical behavior in one class of system 
applications can also produce the exotic electronic and chemical 
behavior in another class.

The role of modern computational techniques has become 
critically important in nanotechnology development. The length 
and time scales of nanoscale systems and phenomenon have shrunk  

 
to where we can directly address them with computer simulations 
and theoretical modeling with high accuracy. The rapidly increasing 
computing power used for large-scale and high-fidelity simulations 
make it increasingly possible for nanoscale simulations to be 
also predictive. Thus, modern nanotechnology is emerging as a 
fundamental engineering analysis tool for novel nanodevice design 
in the way that continuum finite-element analysis has been used for 
designing and analyzing most engineering systems. 

This article’s main objective is to introduce the underlying 
molecular-scale building blocks fullerenes and carbon nanotube-
based molecular materials in all four basic core areas (functional 
or smart materials, nanoscale electronics, molecular-scale sensors 
and actuators, and molecular machines or motors with synthetic 
materials) of nanotechnology which create the many applications 
possible in the future in vastly different areas. Here, carbon 
nanotubes, CNTs, and fullerenes as building blocks are described, as 
well as some of their physical, chemical, mechanical and electronic 
properties, which render them useful for cancer therapy, and other 
domains of pharmaceutical and medical research.

Nanotubes and Fullerenes 

Fullerenes are close-caged molecules containing only hexagonal 
and pentagonal interatomic bonding networks. Nanotubes are large 
linear fullerenes with aspect ratios as large as 1000 to 100000. 
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Since their discovery about 30 years ago [1], researchers have 
extensively investigated carbon nanotubes (and many derivatives 
of fullerenes, such as nano cones, nano springs, and nanotrusses) 
theoretically and experimentally. Although many nanoscale 
fullerene materials (which consist entirely of carbon atoms) occur 
regularly in experiments, controlled production of many fullerenes 
and nanotubes with well-defined characteristics has not occurred. 
A single-wall carbon nanotube (SWNT) is basically a rolled-up shell 
of graphene sheet made of benzene-type hexagonal carbon rings 
[1]. Half-fullerenes cap the shell’s ends. Unlike graphene, fullerenes 
consist of a combination of hexagons and pentagons to satisfy the 
Euler rule that governs the number of pentagons in any closed-cage 
structure. Multiwall nanotubes (MWNT’s) are more common and 
can be produced in bulk with current experimental techniques. 

An MWNT is a rolled-up stack of graphene sheets in concentric 
SWNT’s, again with the ends capped by half-fullerenes. The 
nomenclature (n, m) used to identify each SWNT refers to integer 
indices of two graphene unit lattice vectors corresponding to a 
nanotube’s wrapping index, known as the chiral vector. Chiral 
vectors determine the directions along which the graphene sheets 
are rolled to form shell structures and are perpendicular to the 
tube axis vectors [1]. Nanotubes of type (n, n), are commonly called 
Armchair Nanotubes because of their \_/-\_/ shape perpendicular 
to the tube axis. They have a symmetry along the tube axis with a 
short unit cell (0.25 nm) that can be repeated to make the entire 
section of a long nanotube. Nanotubes of type (n, 0) are called 
Zigzag Nanotubes because of their /\/\/ shape -- they have a short 
unit cell (0.43 nm) along the tube axis. All remaining nanotubes are 
called Chiral Nanotubes and have longer unit cell sizes along the 
tube axis. Details of the symmetry properties of the nanotubes and 
how to roll a sheet to make nanotubes of different chirality’s appear 
elsewhere [1].

SWNT’s and MWNT’s are interesting nanoscale materials for 
these reasons:

•	 An SWNT can be either metallic or semiconducting, 
depending on its chiral vector (n, m). The rule is that when the 
difference n-m is a multiple of three, a metallic nanotube is obtained. 
If the difference is not a multiple of three, a semiconducting 
nanotube is obtained. We can connect nanotubes with different 
chirality’s to create nanotube heterojunctions; these junctions form 
a variety of nanoscale molecular electronic device components. 

•	 SWNT’s and MWNT’s have good electromechanically 
properties because the 2D arrangement of carbon atoms in a 
graphene lattice allows large out-of-plane distortions, while the 
strength of carbon-carbon in-plane bonds keeps the graphene sheet 
exceptionally strong against any in-plane fracture or distortion. All 
distortions induced in a simulation or observed in a static snapshot 
of an experiment appear to indicate high elasticity of the nanotubes 
and point toward their possible use as a lightweight, highly elastic, 
strong fibrous material.

•	 Because nanotubes are hollow, tubular, caged molecules, 
they can act as lightweight, large-surface-area packing material 
for gas storage and hydrocarbon fuel storage devices, as well as 
nanoscale containers for molecular drug delivery and casting 
structures for making nanowires and nanocapsulates.

These three qualities suggest a variety of possible applications. 
The nanotube heterojunctions with electronic switching properties 
could influence the next generation of computer component 
development. Nanotubes with exceptionally stiff and strong 
mechanical properties can help us make lightweight structural 
components. Nanotubes as capsules can help us store and carry 
hydrogen and other hydrocarbon-based fuel in automobiles or 
aboard spacecraft. Carbon-based materials are ideally suitable 
as molecular-level building blocks for nanoscale system design, 
fabrication, and applications. From a structural or functional 
materials perspective, carbon is the only element that exists in a 
variety of shapes and forms with varying physical and chemical 
properties. All basic shapes and forms needed to build any complex 
molecular-scale architecture are already available with carbon. 

Kinetics of Carbon Nanotubes

Carbon nanotubes can be produced small enough to pass 
through holes in tumors or to transport DNA, because their high 
surface ratio to volume ratio provides a good platform for efficient 
transportation of chemicals and for the reactions needed for ultra-
sensitive glucose detection [2,3]. Their very small size and their 
ability to contain chemicals also contribute to their properties 
as drug carriers and/or drug delivery, which are very relevant in 
cancer research and therapy. As drug carriers, the administration, 
absorption, and transportation of CNTs must be considered for 
obtaining the desired treatment effects. The studied routes of CNT 
administration include oral and injections such as subcutaneous 
injection, abdominal injection, and intravenous injection. There 
are different ways of absorption and transportation when CNT’s 
are administered by different routes. The absorbed CNT’s are 
transported from the administration sites to the effect-relevant 
sites by blood or lymphatic circulation. After administration, 
absorption is the first key step for drug carriers to complete their 
drug- delivering mission. 

Studies have suggested that CNTs themselves are capable 
of being absorbed. It has also been established that physically 
shortened CNTs that are orally administered can be absorbed 
through the columnar cells of intestinal mucous membrane, where 
this was confirmed by transmission electron microscopy [4,5]. 
Distribution indicates the sites or places the absorbed CNTs can 
arrive and exist, of great importance in clinical pharmacology and 
toxicology of CNTs as drug carriers. There have been experiments 
to investigate in vivo and ex vivo biodistributions, as well as tumor 
targeting ability of radiolabeled SWCNTs (diameter, approximately 
1 to 5 nm, length, approximately 100 to 300 nm) noncovalently 
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functionalizes with phospholipids (PL)-PEG in mice using positron 
emission tomography and Raman spectroscopy, respectively. It 
was interesting to note that the PEG chain lengths determine the 
biodistribution and circulation of CNTs. Note that PEG stands for 
polyethylene glycol. 

The nonbiodegradability in the body and non-eliminability 
from the body raise questions on the possibility of their successful 
use in clinical practice, factors which have always been a concern. 
Functionalized SWCNTs seem to be metabolizable in the animal 
body. For example, SWCNTs with carboxylate surfaces have 
demonstrated their unique ability to undergo 90-day degradation 
in a phagolysosome simulant, resulting in shortening of length and 
accumulation of ultrafine solid carbonaceous debris. Unmodified, 
ozonized, aryl sulfonated SWCNTs exhibit no degradation under 
similar conditions. The observed metabolism phenomenon may 
be accredited to the unique chemistry of acid carboxylation, which, 
in addition to introduction the reactive, modifiable COOH groups 
onto CNT surfaces, also induces collateral damage to the tubular 
graphemic backbone in the form of neighboring active sites that 
provide points of attack for further oxidative degradation [6,7]. 

Opening Filling and Capping CNTs

As mentioned previously, carbon nanotubes are end capped and 
thus for drug loading there are essentially two approaches which 
include the filling of carbon nanotubes during synthesis or after 
synthesis. Adding the contents of the nanotubes in-situ tends to be 
a less efficient approach, producing a yield of around 10% whereas 
the post-synthesis process can be better controlled and yields 
of ~ 50% on the material that is to be inserted into the CNT. The 
criteria include melting temperature, reactiveness, surface tension 
and sensitivity of the material. Post-synthesis production of CNTs 
implies that the ends must be opened. This can be accomplished 
by passing electric currents through the CNT, through attacking the 
CNT with acid which corrodes the angled parts of the tube the most 
(i.e. the ends), or by oxidization using carbon dioxide [8-10]. There 
are two ways to include foreign particles in CNTs. One category is 
decoration, which is the process of bonding a functional group to 
CNTs [11,12].

This is difficult as carbon is rather inert, so oxidization is used 
to produce a more reactive attachment surface. The functional 
group is either bonded to the inside or outside of the walls. The 
most common mechanism for filling CNTs is capillarity. The limiting 
factor in capillarity is the diameter of the CNT and the surface 
tension of the material (the threshold material surface tension is 
approximately 200mN/m). However, hydrophobic and Van der 
Waals forces also play a role in aqueous solutions. For chemicals 
with higher surface tensions it is possible to lower this tension by 
creating a suitable composite, which can be chemically reduced to 
the original substance once the CNT has been filled. The CNTs are 
washed using a solution which has been chosen to offer only limited 
solubility to the impregnating fluid and thus can dissolve only 

deposits left outside the CNT. After filling, the CNTs are capped by 
passing a current which fuses the ends closed [13,14]. The loading 
of CNTs remains an area requiring further research and more 
frequently mathematical methods are used rather than laboratory 
experiments due to the comparatively lower cost [15,16].

CNTs Functionalization 

Functionalization helps in making CNTs more soluble than the 
impurities by attaching other groups to the tubes and this will make 
it easy to separate from insoluble impurities, such as metal, this is 
usually done using filtration [17-19]. Functionalization technique 
also leaves the CNT structure intact and makes them soluble for 
chromatographic size separation. For recovery of the purified CNTs, 
the functional groups can be simply removed by thermal treatment, 
such as annealing [20-23]. 

Targeting Methods 

Previous attempts at antibody-mediated drug delivery have 
been largely unsuccessful due to the loss of specificity of the 
antibodies on binding with drug molecules. It was found that using 
nanotubes to support antibodies did not change their properties and 
so did not inhibit their targeting abilities. Targeting methods such 
as active or passive targeting are a direct result of functionalization. 
Passive targeting is a result of inertness and physical size of the 
macromolecule, “hiding” it from the immune system. CNTs must 
be nanosized to prevent cellular opsonization (the susceptibility 
of the macromolecule to ingestion by phagocytes resulting in its 
destruction) by the innate immune system but also functionalized 
with molecules/polymer chains such as PEG which do not promote 
an adaptive immune response. The CNT must also be of sufficient 
size to utilize the EPR effects and so a trade-off is required. PEG 
is useful in determining the degree of optimal functionalization 
as it is an easily controllable variable. This passive targeting can 
cause problems; microspheres can lead to chemo embolism-type 
problems in the lymphatic nodes. 

For such cases, functionalization with nanomagnetic particles 
(e.g. iron oxide) and placing of a magnet at the desired location for 
extended periods of time allows for drug release over an extended 
period. Active targeting requires functionalization with tumor-
specific binding sites to selectively bind to tumor cells. Many cells 
of various cancers are known to over press certain receptors such 
as brain tumors receptors [24-26]. 

Applications of CNTs as Drug Carriers

Anticancer Molecules

It is well known that cancer cells overexpress folic acid (FA) 
receptors, and several research groups have designed nanocarriers 
with engineered surfaces to which FA derivates can be attached. 
Moreover, no spherical nanocarriers (e.g., CNTs) have been reported 
to be retained in the lymph nodes for longer periods of time 
compared to spherical nanocarriers [27] (e.g., liposomes). Thus, 
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CNTs might be used for targeting lymph node cancers as shown 
by various investigators. In these studies, magnetic nanoparticles 
containing the anticancer cisplatin were entrapped into folic-acid-
functionalized MWNTs. An external magnet was employed to drag 
the nanotubes to the lymph nodes where the drug was shown to be 
released over several days and the tumor to be selectively inhibited. 
In a recent study [28] loaded the anticancer molecule gemcitabine 
into magnetic MWNTs and, using mice, they reported high activity 
against lymph node metastasis when the formulation was injected 
subcutaneously [28]. In another study, the poorly water-soluble 
anticancer calprotectin has been loaded into polyvinyl alcohol 
functionalized MWNTs and reported to be potentially effective in 
treatment of breast and skin cancers [29]. 

Lymphatic System

Many cancers metastasize through the lymphatic canal. Drug 
delivery systems targeted to the lymphatic system can block the 
metastasis of cancers effectively. Using radical polymerization, 
polyacrylic acid (PAA) can be extended onto CNTs, making them 
highly hydrophilic. Through coprecipitation, Fe3O4 based magnetic 
nanoparticles can be adsorbed on the PAA-CNT surface. Through 
the interaction with COOH groups of grafted PAA, the nanoparticles 
can be stabilized from clustering. By stirring the solution 
containing PAA-CNT, Fe3O4 -based magnetic nanoparticles, and 
gemcitabine for 24 h, gemcitabine was loaded into the nano system 
with a loading efficiency of 62%. It was found that CNTs were seen 
only in the local lymphatic nodes and were absent in the major 
organs, such as liver, kidney, heart, spleen, and lungs, after 3 h of 
subcutaneous injection. Without the help in addition to covalent 
attachment, anticancer drugs can also attach to the surface of the 
CNT by noncovalent bonding. 

This involves physical conjugation of the drug to CNT via π-π 
stacking, hydrophobic interaction, or electrostatic adsorption. 
Although covalent attachment is a very feasible procedure, it has 
been suggested that this may cause chemical changes in anticancer 
drugs, implying that their efficacy can potentially be altered [30]. 
However, one of the disadvantages of noncovalent bonding is the 
lack of efficient attachment, potentially resulting in release of 
the drug before it reaches its site of action [31,32]. An example 
of noncovalent attachment of an anticancer drug in this context 
is the attachment of doxorubicin to MWCNTs. In one experiment, 
MWCNTs were dispersed in 1% Pluronic® F127 solution until a 
final MWCNT concentration of 1 mg/mL was formed. The solution 
was then bath-sonicated for 30 minutes. Increasing concentrations 
of Pluronic-MWCNTs (10, 20, and 40 µg/mL) were then reacted 
with doxorubicin 20 µg/mL. 

The interaction between the MWCNTs and doxorubicin was 
studied using luminescence spectrometry. The results showed that 
the fluorescence intensity of doxorubicin decreased with increasing 
concentrations of MWCNT. This suggests that as the concentration 
of the MWCNT increases, more platforms become available for 

noncovalent interaction of doxorubicin with the surface of the 
MWCNT. In another experiment, pegylated CNTs were reacted with 
doxorubicin, resulting in doxorubicin becoming loaded onto the 
PEG that was covering the surfaces of the CNTs. It was suggested 
that, due to the aromatic nature of doxorubicin, noncovalent 
binding of this molecule onto the surface of the CNT was most likely 
because of π-π stacking and hydrophobic interactions [33].

Blood-Brain Barrier

The location of the drug to be delivered by the CNT can be 
internal or external. Internalization or encapsulation relies on Van 
der Waals forces for insertion into the CNT and is best used for 
drugs that are sensitive to external environments and easily broken 
down [34]. In the case of drug transport at the blood-brain barrier, 
BBB, the physiological function of the BBB is to maintain brain 
homeostasis by selectively transporting nutrients and beneficial 
endogenous substances into the brain and excluding toxic metabolic 
or xenobiotics from the brain. The pivotal component of the BBB 
is a monolayer of brain capillary endothelial cells fused by tight 
junctions. Other components of the BBB including the astrocytic 
foot process, pericytes and perivascular macrophages within a basal 
lamina regulate and further strengthen the BBB [35,36]. In addition 
to tight junctions, the absence of fenestrations also contributes to 
the barrier property of brain endothelial cells. 

Furthermore, in contrast to vascular endothelial cells in other 
tissues, the low activity of pinocytosis and vesicular traffic further 
limits non-specific trans-endothelial transport with the exception 
of small lipid-soluble molecules [37]. Transport mechanisms at 
the BBB can be divided into two categories: passive diffusion and 
endogenous carrier-mediated transport. Passive diffusion is a 
process whereby drugs or endogenous substances travel across 
the BBB dependent upon along a concentration gradient from 
blood to brain, and the physicochemical properties of the drug. 
Qualitatively, drugs that passively diffuse through the BBB are 
generally lipophilic, often related to the octanol/water partition 
coefficient, and have a molecular weight of less than 400-500 Da. 
Numerous quantitative relationships have been cast to correlate 
BBB penetration to lipophilicity and molecular weight as well as 
other chemical structural features [37-39].

Concluding Remarks

Much of the recent progress in modern nanotechnology is in 
the experimental biomolecular motor’s arena. Researchers have 
gained significant understanding about how the natural biological 
motor systems work and how to create interfaces of nanoscale 
biomolecular motors with synthetic materials in solution-phase 
environments [40]. Means to power these machines through 
biomimetic physical and chemical phenomenon are also under 
investigation. Ultimately, we might see nanoscale synthetic 
machines and motors that are powered and controlled through 
external laser, electric, or magnetic fields and that could operate 
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in chemical solution phases or inert gas environments [41,42]. A 
final issue concerns building the world atom-by-atom from the 
bottom up-the holy grail of molecular technology. Experimentally, 
certain areas could contribute significantly toward advances in this 
direction. These areas are nanomanipulation and control of atomic-
and-molecular-level entities on solid, 3D surfaces and self-assembly 
of molecular-scale materials where chemical and topological 
structural forces can guide chunks of nanoscale materials toward 
larger functional materials structures. Advanced nanotechnology 
can and does contribute significantly to this by simulating the 
assembly of building-block materials. 

One such contribution is concerned with the review reported 
here on carbon nanotubes and their application to carbon research 
and therapy, which depends enormously of the unique advantages 
of CNTs. In addition to their properties such as large aspect ratio and 
ability to pass through cellular membranes and so on the reason why 
these nanoparticles are marked out as distinctive is because they 
are compatible with the whole notion of multiple functionalization, 
which other delivery systems benefit very little from. In other 
words, CNTs could be decorated with various compounds each 
of which exhibits a different role: targeting agents to reduce side 
effects, drugs to provide therapeutic effects, stealth agents to avoid 
the immune system, and diagnostic agents to monitor the location 
of delivery system. In concert with the direction that drug delivery 
is headed, this notion is certainly of paramount significance as the 
drug delivery systems are ultimately sought to accomplish far more 
than spraying therapeutic agents to tissues. 

An exceptional as they look to be, the (bio)chemistry of CNTs 
raise some serious concern, as well. The fundamental problem we 
face is their nonbiodegradable quality. Unlike liposomes, they are 
not disposable and hence the biological fate of drug delivery systems 
after releasing drugs in cells remains a little ambiguous. Also, there 
is no consensus on their toxic effects, which may vary depending on 
the study and the material utilized. (vide supra). Hence, extensive 
studies on their toxicology profile and their synthesis is a must for 
us to fully comprehend how these materials behave in biological 
media. When viewed from this perspective, these disadvantages 
appear to outweigh all the previously mentioned profits and hold 
up the commercialization of CNTs-based systems. In short, what 
we accomplished so far with these nanostructures is a huge step 
forward, considering what is summarized in this article. However, 
there is still a long way to go before making some tailored drugs 
delivery systems out of CNTs. 
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