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Abstract
A decade of aggressive researches on carbon nanotubes (CNTs) has paved way for extending these
unique nanomaterials into a wide range of applications. In the relatively new arena of
nanobiotechnology, a vast majority of applications are based on CNTs, ranging from miniaturized
biosensors to organ regeneration. Nevertheless, the complexity of biological systems poses a
significant challenge in developing CNT-based tissue engineering applications. This review focuses
on the recent developments of CNT-based tissue engineering, where the interaction between living
cells/tissues and the nanotubes have been transformed into a variety of novel techniques. This
integration has already resulted in a revaluation of tissue engineering and organ regeneration
techniques. Some of the new treatments that were not possible previously become reachable now.
Because of the advent of surface chemistry, the CNT’s biocompatibility has been significantly
improved, making it possible to serve as tissue scaffolding materials to enhance the organ
regeneration. The superior mechanic strength and chemical inert also makes it ideal for blood
compatible applications, especially for cardiopulmonary bypass surgery. The applications of CNTs
in these cardiovascular surgeries led to a remarkable improvement in mechanical strength of
implanted catheters and reduced thrombogenecity after surgery. Moreover, the functionalized CNTs
have been extensively explored for in vivo targeted drug or gene delivery, which could potentially
improve the efficiency of many cancer treatments. However, just like other nanomaterials, the
cytotoxicity of CNTs has not been well established. Hence, more extensive cytotoxic studies are
warranted while converting the hydrophobic CNTs into biocompatible nanomaterials.
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Introduction
Carbon nanotubes (CNTs) are the graphite sheets rolled into cylindrical tubes of nanoscale
diameter and length in nano or micro meter ranges. Based on the number of concentric cylinders
of graphite sheets, CNTs are categorized into single- or multi-walled. CNTs possess some
unique chemical, electrical, and mechanical properties. For example, they have a very high
ratio of surface area over volume because of their diameter in a nano-scale. This property is
attractive for biomedical applications, where a high aspect ratio is highly desired as more
biomolecules can be loaded onto the nanotubes and interact with cells and tissues. Moreover,
CNTs have a very high optical absorbance in the near-infrared (NIR) regime,1 allowing them
to be visualized through the infrared fluorescence microscopy imaging. CNTs can also act as
microwave absorbers,2 allowing microwave-based thermal drug release. In addition, CNTs
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are one of the strongest materials ever reported3 and also possess a very high thermal
conductivity.4

CNTs are synthesized mainly by three methods: arc-discharge,5,6 laser ablation,7 and chemical
vapor deposition (CVD).8 The first two methods utilize graphite rods as a source of carbon,
while hydrocarbons like methane and ethylene are used in CVD. As CNTs are highly
hydrophobic, the lack of solubility in physiological solutions is one of the main difficulties in
integrating them into biological systems. Hence, a number of methods have been developed
to solubilize CNTs through surface modification.9–11

Since its discovery in 1991,12 both single- and multi-walled CNTs (SWCNT and MWCNT)
have been exploited and evaluated for various applications. It has been of immense interest to
apply these nanotubes to improve human health and disease treatment because of their
aforementioned attractive chemical, electrical, and mechanical properties. Currently, the
majority of studies on CNT’s biological applications revolve around the biosensor development
in which the CNTs are integrated with biomolecules such as proteins, nucleic acids or
carbohydrates and used as a sensor for ultra-sensitive disease diagnosis. Detailed reviews on
these applications can be found elsewhere.13–16 However, of late, considerable efforts have
been made to utilize CNTs as biocompatible carriers or biomaterials for tissue regeneration
and in vivo gene and drug delivery (Figure 1). In such scenario, the CNTs are in constant
interaction with living cells and tissues. It is, therefore, important to document these
interactions so that new approaches and technologies can be developed and applied to medical
science and disease treatment. This review intends to update the most recent developments of
CNT-based tissue engineering. On the other hand, the interaction between CNTs and cells/
tissues can have adverse effect on the environment, which has called for a great awareness of
their potential risk to human health. Thus, the possible threats of CNTs to the living system
and environment are also discussed here briefly.

CNT-Mediated Tissue Scaffolding for Organ Regeneration
Constant searches for new materials with increased mechanical stability and chemical inertness
has resulted in the development of various biomaterials that are commercialized for clinical
applications. Following the same trend, CNT has been explored for growing a variety of tissues
or organs both in vitro and in vivo. We will discuss these perspectives in the following several
sections.

Biocompatibility of CNT
The proposed biomedical applications of the CNT range from implantable glucose sensors17
to artificial muscles.18 It has been shown that CNT can behave as actuators that can be
converted into fuel cells by which the energy required for pumping the blood through the heart
can be generated continuously.18 But, the most important parameter that must be determined
before exploring any in vivo applications of the CNT is its biocompatibility. Many studies have
been launched to characterize the CNT’s biocompatibility. Most of these studies were
performed in vitro. For example, Garibladi et al examined the cultivation of H9c2(2–1) cells,
a rat cardiac muscle cell line, in the presence of insoluble SWCNTs at a concentration of 0.2
mg/mL.19 They found that the cell viability is unaffected in short term (1–3 days), but a longer
incubation indicates a significant reduction in cell viability.

The effect of CNT on the formation of extracellular matrix (ECM) has also been characterized.
One of the major components of ECM is collagen. The collagen is produced initially as alpha
polypeptide chains and then is self-assembled into a triple helix.20 It possesses a high tensile
strength and can impart resistance to tensile and shear loads in tissues. Hence, collagen has
been widely used in the regenerative medicine. It can be assumed that the incorporation of
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CNT with collagen has the potential of improving the mechanical and electrical properties of
these biomaterials. Such improved properties are highly desired in various soft-and hard-tissue
applications, such as blood vessels or cartilages. Also, the presence of nanotubes can create an
electrically conductive matrix along with the cardiac muscle and neural tissues, where electrical
signals are propagated. Mac-Donald et al prepared CNT-collagen composite and examined its
biocompatibility.21 In their experiment, the single-walled carbon nanotubes (SWCNTs) were
functionalized to carry carboxyl group on both their tips and sidewalls by nitric and sulfuric
acid treatment. After functionalization, the nanotubes were mixed with rat aortic smooth
muscle cells in a suitable culture medium containing acid stabilized bovine collagen. SWCNT
concentrations from 0.2 to 2 wt % were used in these experiments. It was found that the presence
of SWCNTs do not alter the collagen gel formation. By confocal microscopy and vital staining
of the cells embedded within collagen constructs, it is confirmed that cell viability is uniformly
high throughout the collagen matrix and the cell morphology is unaffected by the presence of
CNT in the matrix. Though it is unknown how SWCNT interacts with collagens, this work
points toward developing a modified collagen matrix without any major effect on gel
compaction, cell viability, or cell proliferation. In yet another study, carboxyl functionalized
SWCNT were incorporated into alginate gel and subjected to in vivo biocompatibility studies
in rat by subcutaneous implantation. This study resulted in mild tissue response but no adverse
effects.22

A recent article highlighted the possible correlation between the CNT scaffolds and focal
adhesion kinase (FAK) expression by the cells controlling the cell viability when such scaffolds
are used for in vitro cell culture.23 It was found that the HeLa cells grown on multi-walled
carbon nanotubes (MWCNTs) or SWCNTs differ in their viability and the cell morphology.
For cells cultured on SWCNTs, they are wide-spread on the substrate and the FAK expression
is higher as compared with MWCNTs. FAK is a nonreceptor cytoplasmic tyrosine kinase
involved in signaling pathways and regulates cytoskeletal organization, cell adhesion,
migration, survival and proliferation.24 A further account of the in vivo cytotoxicity studies
of CNTs will be discussed later in this review.

CNT used as blood compatible biomaterials
Most of the currently available biomaterials that are in contact with blood are not blood-
compatible. Most often, nonspecific binding of certain plasma proteins on the surface of
biomaterial mediates thrombosis or blood clotting through a cascade of reactions.25 Usually,
when any material comes in contact with blood, the adsorption of plasma proteins occurs
nonspecifically and this adsorbed layer interacts with blood cells like platelets and red blood
cells (RBC) leading to intracellular signaling, platelet activation and blood clotting. Ideally,
the biomaterials used in blood should be chemically inert and should not promote any
thrombosis or blood clotting. CNT can be a potential material for these applications, as it is
chemically inert and able to tolerate weariness because of its incredible mechanical strength.
To explore the application of CNTs in blood, Meng et al investigated a possibility of the
integration of CNT into polyurethane.26 They found that both tensile strength and elongation
capability of the polyurethane can be enhanced significantly by co-precipitating MWCNTs
into the polyurethane matrix. In the modified matrix, the platelets showed relatively lower level
of adhesion owing to the presence of CNTs. Their experiment demonstrated that MWCNT-
polyurethane leads to a reduction in thrombosis and also, the hemolysis index, (a measure of
disruption of red blood cells).26 Hence, such a composite may be able to find its application
in cardiovascular surgery and in other blood contact environments.

With similar goals, Endo et al fabricated a nanocomposite-based micro catheter through melt
extrusion utilizing high-purity CNTs as filler and nylon as a matrix.27 In their experiment,
pellets of Nylon-12 and 10% (wt) MWCNTs were mixed using a conventional mixer,
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compounded into pieces and fed into a conventional twin-screw extruder in the temperature
range of 250–280°C to fabricate the micro catheter with diameters of few millimeters. CNTs
were observed to uniformly distribute in the matrix on the inner or outer surfaces of the catheter.
The elastic modulus of the micro catheter was increased by about 50% because of the
incorporation of MWCNT. It was found that the CNT-based catheter has a lower reactivity
with the blood and in vivo thrombus formation in artery was largely depressed. It was also
observed that comparative size of fibril and blood cell is smaller for the CNT-based catheter.
Thus, they confirmed that nanotube modified nylon biomaterial has improved mechanical
strength and reduced thrombogenicity (better antithrombotic property). These catheters will
be valuable for use in cardiopulmonary bypass, vascular dilating devices, intra-vascular
catheters, and during hemodialysis. However, the long-term efficacy of such modified catheters
after implantation is yet to be determined.

CNT for bone regeneration
Developing biocompatible scaffold materials that can support the growth and proliferation of
osteoblast and thereby increment to replace the bone tissues still remains as a major challenge
for biomedical engineers. Bone tissue is a natural composite of collagen fibers and
hydroxylapatite crystals. Osteoblasts proliferate on the bone surface and secrete matrix
proteins.28 They mineralize the matrix by producing hydroxylapatite. Currently, most artificial
bone scaffolds used in bone graft are made up of polymers and peptide fibers. However, these
materials have relatively low strength and are often susceptible to immune rejection. CNT can
be a promising material for casting bone scaffolds because of its high mechanical strength,
flexibility, elasticity, and low density. As aforementioned the CNT is one of the strongest
materials on the earth. If incorporated, they can improve the mechanical properties of the bone
scaffolds. In a scaffold used for bone graft, the growth of hydroxylapatite crystals depends on
the ability of the scaffold to attract calcium ions and initiate the crystallization process. The
idea was to inject the CNT into a bone fracture for supporting the growth of new tissues to heal
the fracture.29 This idea has been examined by Haddon’s group.29,30 They functionalized
SWCNTs with phosphonates. The poly amino benzene sulfonic acid (PABS) was deposited
as a film on solid substrate and CaCl2 and Na2HPO4 were added simultaneously on to it. This
resulted in the nucleation and crystallization of hydroxy apatite crystals on the SWCNTs. They
found that calcium ions were attracted to the nanotubes because of the negatively-charged
functional groups introduced on the CNT surface. They also tested the bone formation on CNTs
with different functional groups on its surface. These nanotubes included SWCNTs and
MWCNTs, acid-treated SWCNTs, and polyethylene glycol (PEG) or PABS coated SWCNTs.
The CNT is highly hydrophobic without any chemical modification. The acidic treatment
generates carboxyl groups on both the tips and sidewalls of the CNTs. To test the bone
formation on these nanotubes, the untreated nanotubes were dispersed in ethanol by sonication
and the treated nanotubes were dissolved in water. The dissolved or dispensed nanotubes were
then sprayed onto preheated glass cover slips. After air drying, these cover slips were sterilized
by UV irradiation. The cultivation of bone-forming cells, osteosarcoma ROS 17/2.8 on these
CNT modified cover slips revealed that surface-charged nanotubes inhibited the growth and
the proliferation of osteoblasts, whereas surface-neutralized nanotubes promotes the cell
growth and the formation of the mineralized bone. They also discovered that the presence of
CNTs in the scaffold improves the cell adhesion, which is crucial for cell growth, proliferation,
differentiation, and migration within the scaffold. Studies with CAL-72 osteoblast-like cells
demonstrated that the presence of vertically aligned CNTs in the scaffold significantly
influences cell growth, morphology, and orientation by steering toward a nanopatterning.31
Yet another method of nucleation and growth of hydroxylapatite by using MWCNT was
demonstrated by Liao et al.32 Developing strategies and studying the mechanism of
biomineralization with CNTs can aid in the advancement of nanocomposite production to be
used for hard tissue (bone/teeth) repair and replacement.
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Extensive studies on a CNT-reinforced porous polyurethane nanocomposite scaffold for
osteoblast growth and mineralization was performed by Jell et al.33 The matrix did not cause
any cytotoxicity on SaOS-2 osteoblast cells. Apart from improving the physical properties,
because of the changes in surface chemistries and nanoscale architectures, it was found that
there is an increased level of production of vascular endothelial growth factor—a potent
angiogenic factor— in proportion to the CNT loading in the scaffold. This also highlights on
the ability of CNT modified scaffolds to influence the cellular behavior.

Another application of CNTs in bone engineering is to enhance the mechanical properties of
some biomaterials that have been currently used in bone regeneration. For example, polymethyl
methacrylate (PMMA) is a common polymer material for bone cement and dental prostheses.
It has been found that the properties of bone cement can be improved remarkably by
incorporating CNTs into the PMMA polymer. Marrs et al have investigated the mechanical
properties of the MWCNT (0–10 wt %) incorporated PMMA cement.34 They found that the
incorporation of MWCNT favorably alters the static and fatigue mechanical properties of this
acrylic bone cement. They also discovered that the augmentation of the bone cement with the
nanotubes offers thermal benefits and improves the longevity of the implants. Usually, the
temperature in the bone-cement interface inside the body is elevated leading to hyperthermia
based destruction of bone adjacent to cement mantle.35 The presence of MWCNTs in the bone
cement can significantly reduce the high temperatures at cement-bone interfaces during in vivo
polymerization. This can be attributed to the high thermal conductivity of the carbon nanotubes.
34

It has also been found that the elevated surface roughness due to the presence of CNTs in the
bone cement may be responsible for the increase in the osteoblastic cell proliferation and
differentiation when they are cultured on polystyrene.36 A similar study to evaluate the effect
of CNTs in the matrices suggests that the surface roughness of the MWCNT-poly(carbonate)-
urethane constructs elevates with an increase at the CNT levels.37 This rising in the roughness
can lead to a higher adsorption of the proteins like fibronectin on the composite to enhance the
adhesion of cells onto the surface of the matrices.

Most of the aforementioned studies on bone regeneration were carried out utilizing in vitro cell
culture models. In vivo studies have also been performed to explore the effect of CNTs on bone
formation and the bone-tissue compatibility.38–40 For example, Usui et al. implanted
MWCNT particles into mouse skull subperiosteum and tibial bones.38 They found that the
MWCNTs did not cause any major inflammatory reaction. Moreover, incorporation of
recombinant human bone morphogenic protein-2 (rhBMP-2) with the MWCNTs implanted
into the bone can reportedly accelerate the new bone formation. This study also demonstrated
that the MWCNTs did not inhibit the bone repair in mouse and during the 4 weeks study period,
the nanotubes become integrated into the bone tissue, whereas, in the control mice implanted
with graphite particles, bone repair is completely inhibited, but the actual mechanisms leading
to such differences are yet to be investigated. Studies by Wang et al also demonstrated that the
biocompatibility of CNTs for bone regeneration.39 Their experimental results indicate that the
MWCNT-polycarbosilane composites instilled into rat femur leads to only an insignificant
inflammation in 4 weeks, and the newly formed bone is remodeled around the nanotubes.
Similarly, using MWCNT-chitosan composite scaffold, the evolution of the skeletal muscle
cell line C2C12 toward an osteoblastic lineage and the in vivo ectopic formation of bone tissue
in presence of rhBMP-2 (by implanting the CNT-based scaffolds adsorbed with rhBMP-2 in
muscle tissue) has been studied.40

CNT for neuron regeneration
Neuron regeneration after brain injury is considered to be a very difficult task.41 Reestablishing
intricate connection between neurons for brain signal pathways has been investigated
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aggressively. As CNTs are electrically conductive42 and possesses diameters less than 100 nm
and aspect ratio (height to diameter) close to that of nerve fibers,30 they are potential candidates
for neuron regrowth or remodeling. Mattson et al first reported the growth of neurons on 4-
hydroxynonenal (4-HNE) modified MWCNTs deposited on polyethylene amine coated cover
slips.43 They found that embryonic rat hippocampal neurons are able to attach to the nanotube’s
surface and the presence of 4-HNE promotes the neurite outgrowth and the neurite branching
as compared with the unmodified nanotubes which support only the neurite outgrowth. CNTs
thus open up the possibility of incorporating one or more bioactive molecules on their surface
to develop a regulated neuron network on selected matrices. In another study, Lovat et al
showed the possibility of using MWCNTs as potential devices to improve neural signal
transfer.44 These MWCNTs were functionalized with pyrrollidone groups on both tips and
sidewalls for improving the solubility. The functionalized nanotubes were dissolved in
dimethylformamide and deposited on the glass surface. After solvent evaporation, the
MWCNTs were defunctionalized by placing the glass in an oven at 350°C under nitrogen
atmosphere for 15 min. A stable layer of purified nonfunctionalized nanotubes is then obtained
by this procedure. Afterwards, the hippocampal neurons are inoculated and grow on the glass
surface and monitored for the occurrence of spontaneous post synaptic currents (PSC) by
single-cell patch-clamp recordings. It was found that the cultured neural network is
discontinuously distributed on dispersed nanotube film, and CNT substrates increase the
spontaneous synaptic activity and firing of hippocampal neurons, though there was not any
significant change in the action potential of these neuron cells.

In another study, Hu et al investigated the effect of CNT’s surface charge on the regulation of
neurite outgrowth, length and branching.45 They prepared the SWCNT graft copolymers by
reacting the carboxyl-functionalized CNTs with oxalyl chloride to form an acyl chloride
intermediate that was further reacted with branched polyethyleneimine (PEI), forming the graft
copolymer of SWCNT-PEI. This graft is positively charged at physiological pH. The modified
nanotubes can be readily dispersed in water by sonication and spray onto the glass cover slips
for growing neuron cells. This group tested the proliferation of hippocampal neuron cells on
the nanotube-coated glass cover slips and found that neurons grown on these cover slips show
more branched neurites as compared with the control substrates. The viability and long-term
growth of neuron cells on the CNT surface were also characterized and investigated using
NG1108-15 neuronal cells.46 The study suggests that neuron cells can maintain a high viability
on the surface of SWCNTs for 10 days.

Brain is composed of thousands of neuronal types inter-connected with specificity to form
precisely arranged neural circuits essential for normal function of the nervous system. But how
the neuronal circuits are established is still unclear. One of the methods to explore such neuronal
circuits is to employ the CNT as substrate to grow the neuron cells. A number of groups have
attempted to grow neurons on the solid substrates containing CNTs, but most of these works
do not highlight whether the neurons can be stimulated via CNTs. A recent study hinted a
possibility of stimulating single or multiple synaptic pathways in cultured neuron networks via
a CNT platform.47 These studies indicates that the currents elicited from neurons cultured on
the SWCNT surface behave similar to those grown on glass substrates, indicating no influence
of CNTs on the electro-physiological characteristics of the neuron cells. For example, on solid
substrates like quartz, CNTs can be patterned as islands using polydimethylsiloxane (PDMS)
stencil covering and CVD technology.48 On such substrates, the neurons can be self-wired
each other through axons and dendrites to form neural networks.49 It was found that neuron
cells, with an optimized cell seeding, can grow with a specific geometry on a quartz substrate
fabricated with CNT islands. It was also observed that compact connections among the pairs
of the neuron cell clusters occur spontaneously through a single, nonadherent straight bundle
composed of axons and dendrites. Even though some models were proposed for the stimulation
of the neuronal culture via the SWCNT layer on the glass substrate, the interpretative
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complications of the voltage-clamp data are still open for more aggressively designed
experiments and associated simulations.

Another approach to utilize CNTs for promoting the formation of neuron network is to directly
add CNTs to the cell culture medium. Ni et al. explored this possibility.50 To incorporate the
CNTs in the hippocampal neuronal cultures, open-end carboxyl functionalized SWCNTs were
modified with poly aminobezene sulphonic acid (PABA) or poly ethylene glycol (PEG). These
CNTs were then used to cast graft polymers. They found that although neuron cells grow well
in the presence of SWCNT, there is a decrease in the number of neuritis per neuron formed in
the culture. They also discovered that the SWCNT graft copolymers modulate the neurite
outgrowth by increasing their length. This point toward the fact that CNTs can be used at the
local site of nerve injury and enhance the outgrowth of selected neurites, thereby increasing
the neural network in the brain. Another study with CNT incorporated neuron cell culture was
reported by Matsumoto et al.51 Using MWCNTs coated with neurotrophin, they studied the
differentiation and survival of neurons on the CNTs. To use CNTs to enhance the neuron cell
growth and formation of neurites, they covalently immobilized neurotrophins like nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF) modified with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) on amine functionalized
MWCNTs. The neurite out-growth of embryonic chick Dorsal Root Ganglion neurons was
found to be promoted by the incorporation nanotubes in the neuron cell culture medium. These
results are very encouraging, as it may pave the way to achieve the goal of regenerating the
neural network in a certain pattern which can function as desired under in vivo conditions.

Apart from those cells mentioned earlier, attempts are also being made for directing the growth
of stem cells using substrates modified with CNTs. For example, differentiation of the mouse
neural stem cells (NSC) on SWCNT composite had been explored.52 Inclusion of SWCNT in
the composite imparts structural flexibility and chemical stability, without any adverse effect
on the differentiation of NSCs. Similarly, experiments with mesenchymal stem cells reveal
that CNT monolayer patterns on the solid substrates help in controlling the adhesion and shape
of the stem cells. A cysteamine self-assembled monolayer coated with SWCNT monolayer
exhibits about 60% increase in cell spreading as compared with the control which devoid of
the nanotubes.53 Apart from directed cell growth, such substrates could also find applications
in nanoscale biological or chemical sensors.

CNT as a Carrier for Selective Delivery of Biomolecules to Cells and Tissues
Another promising application of CNTs in tissue engineering is the development of new drug
and gene delivery systems. For example, cancer treatment represents an enormous challenge
for drug delivery in tissue engineering. Because most anti-cancer drugs are harmful to normal
tissues as well, it is highly desired to develop a targeted drug delivery system that can
distinguish a cancer cell from healthy cells while delivering the drugs.54 CNTs are excellent
candidates for developing such a system.

To use as a cargo for in vivo biomolecule delivery, the CNTs need to be chemically modified
so that the biomolecules of interest can be readily loaded inside or outside the tubes, which can
then be released from the tubes upon reaching the target cells or tissues. CNTs can be
functionalized in many different ways depending on their terminal applications. The
functionalization helps to integrate various biomolecules such as proteins, nucleic acids,
carbohydrates, and other organic chemicals to sidewalls or open-ends of the CNTs. The ability
to incorporate drugs or genes into functionalized CNTs demonstrates a new era in
pharmacotherapy for selective delivery of drugs or genes to cells and tissues.

Veetil and Ye Page 7

Biotechnol Prog. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CNT for gene delivery
The conventional gene delivery mainly depends on viral vectors. This approach can potentially
induce undesirable immune responses, inflammation and even oncogenic effects.55 Hence, a
variety of nonviral vectors such as liposomes, cationic lipids, polymers have been developed
to replace the viral vector-mediated gene delivery.56 CNT-mediated gene delivery is a
relatively new technique in this category. This approach relies on the interaction between CNTs
and nucleic acids. It has been shown that CNTs can interact directly with DNA through Van
der Waals and hydrophobic forces.57 A number of studies revealed that DNA can wrap around
the CNTs, and thereby assists in the dispersion of the nanotubes in a liquid phase.58,59 In
addition to this, various methods are reported to covalently attach either single or double
stranded DNA to the CNTs.60,61 The large surface area of the CNT allows more DNA to
associate tightly and condense with the nanotubes. Hence, the possibility of utilizing the CNTs
as biological cargos for gene delivery is under extensive investigations.

Different approaches have been attempted in CNT-based gene delivery. One was developed
by Singh et al.62 In their approach, both SWCNTs and MWCNTs were functionalized with
ammonium or lysine to carry positive charges on the surface of the nanotubes. The mixing of
the positively-charged CNTs with negatively-charged DNA can lead to the formation of DNA-
CNT complexes through the static electronic forces formed between them. The change in ion
strength that occurs when these complexes enter into the cells results in the release of DNAs
from the nanotubes and its translocation into nuclei for gene expression. Their experimental
results suggest that gene delivery made by MWCNT is more efficient than by SWCNT. They
found that the ammonia functionalized MWCNTs are able to transfect the cells with a higher
degree of DNA condensation as compared with SWCNT. Although in vitro transfection of
CNT-plasmid DNA was found to be successful, the determination of optimal transfection
conditions, the mechanism of cellular entry as well as the roles of charge density and tube
dimension in transfection efficiency are yet to be elucidated.

Cai et al63 developed another approach that utilizes vertically aligned CNTs for gene delivery.
Vertically aligned CNTs can be grown using the plasma-chemical vapor deposition (PCVD)
technique. These nanotubes are characterized by the presence of ferromagnetic catalytic nickel
particles on their tips and hence, are responsive to magnetic agitation. It has been shown that
the short nanotubes (<2 µm) with an aspect ratio of 2.9 are magnetically drivable, whereas the
longer ones (>15 µm) with an aspect ratio of 0.7 are nonresponsive. These nanotubes can be
covalently linked to DNA through EDC coupling mechanism, in which the carboxylic groups
formed on the functionalized nanotubes are used to react with primary amine groups in the
DNA efficiently. The EDC coupling creates a CNT-DNA complex in which the DNAs are
attached directly to the nanotube surface. To deliver these DNAs into cells such as mouse
cortical neuron cells, a rotating magnetic field was applied by placing a magnet beneath the
cell culture dishes or flasks, which helps to drive/spread the DNA-nanotube complexes toward
the magnet, allowing the tight contact of these complexes with the cells that are attached to the
bottom of the cell culture dishes. This technique is termed as nanospearing. It has been observed
that the use of rotating field of the magnet significantly improves the gene transfection
efficiency. Their experimental result indicates that an efficient DNA delivery can be achieved
to both dividing and nondividing cells. The nondividing cells such as neuron cells and primary
B cells are usually very hard to transfect. It has been found that the transduction efficiency of
this approach is quite comparable to those of viral-based techniques. It is also important to
assess the impact of CNT-based nanospearing on cellular homeostasis and cytotoxicity. They
further investigated the biocompatibilty of CNT nanospearing on primary B-cell culture.64
Carboxyl functionalized CNTs were conjugated with poly–L-Lysine and then incubated with
a plasmid DNA to condense with it. Upon subjecting to magnetic nanospearing, the gene was
expressed in the cells, whereas there was no detectable increase in cell size. Moreover, neither
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expression of specific surface markers like CD71 nor any other nonspecific activation of
primary B-lymphocytes can be observed in these cells. Therefore, magnetic nanospearing
approach provides an alternative way for gene delivery.

On the other hand, CNT-based RNA delivery has also been explored.65–67 Initial studies using
RNA polymer, i.e. poly(rU), revealed that RNA can bind to the CNT surface through the pi-
stacking and hydrophobic interactions much similar to the case of plasmid DNA.68,69 Thus,
RNA can be delivered into cells through their spontaneous absorption onto the CNT surface.
However, the success in RNA delivery requires a systematic study of targeting, delivery,
release and biological functions of the CNT-nucleic acid conjugate apart from the cytotoxic
studies. In this direction, Dai’s group performed gene silencing studies with CNT covalently
conjugated siRNA.66 To load RNA onto CNTs, the nanotubes are functionalized first by
adsorbing phospholipids (PLs) grafted onto amine-terminated polyethylene glycol (PEG; PL-
PEG2000-NH2). The CNT-RNA complexes can then be formed by conjugating the thiol-
modified siRNA to the amine groups of PEG on the sidewalls of CNTs through disulfide
linkages. It has been shown that the delivery of siRNA into cells can be achieved by simply
incubating the cells with the CNT-siRNA conjugates. This method resulted in RNA
transfection efficiency which is comparable with those of liposome-based RNA transfection
approaches. Experimental results further revealed that there was about 90% of gene silencing
in T-cells with 3 days of incubation with CNTs. The application of these CNT-siRNA
complexes in human primary cells (peripheral blood mononuclear cells) resulted in a 60% of
knock down.

Most gene delivery studies with CNT reported so far are based on in vitro cell cultures. A
summary of both in vivo and in vitro transfection studies with CNTs are reviewed recently by
Lacerda et al.70 Even though significant progresses have been made in the applicability of the
CNTs for in vitro gene transfection, the mechanism behind the DNA or RNA release from the
CNTs are yet to be elucidated, which considerably impairs the further improvement in gene
delivery efficiency by this method. Also, the application of CNTs for in vivo gene delivery has
not been extensively studied, partly owing to the toxicity and nonbiodegradability of the CNTs.
Furthermore, the elimination or exclusion of CNTs from the human bodies after administration
needs to be well established before they can be used for in vivo gene delivery.

CNT for protein transportation
The ability to transport a protein of interest into living cells is another important application
of CNTs in tissue engineering. In general, a protein of interest can either be spontaneously
adsorbed or covalently bound to the CNTs and such modified nanotubes can then serve as
transporters to deliver the protein into living cells. However, it is of particular importance that
the CNT-bound protein remains biologically active during its conjugation with nanotubes. This
has been extensively investigated. Pantarotto et al. have characterized the immunogenicity of
SWCNT bound peptides.71,72 They covalently coupled the peptide, a neutralizing B cell
epitope from the Foot Mouth Disease Virus, with amino-functionalized SWCNTs by
chemoselective ligation using N-succinimidyl 3-maleimidopropionate derivatization. The
intraperitoneal administration of CNT-bound epitope to the mice elicited a strong antibody
response against the peptide, whereas no antibody was produced against the CNT back-bone
alone. This experiment shows that the CNT-bound peptides retain their appropriate secondary
conformation necessary for eliciting an immune response. This study suggests a promising
utility of CNT for vaccine delivery and thus replacing or complementing the existing vaccine
carriers.

Moreover, CNT is found to facilitate the transportation of proteins into living cells. It has been
well documented that CNT-bound proteins tend to be internalized readily by cells through
endocytosis pathways. Kam et al have shown that CNT-bound proteins can traverse across the
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cell membrane and be internalized, whereas naked proteins cannot travel across effectively
into cells.73 They tested three different proteins: bovine serum albumin (66 kDa), proteinA
(42 kDa), and human immunoglobulin (150 kDa). These proteins were pre-labeled with
fluorescent dyes and were noncovalently attached to the carboxyl-functionalized SWCNT by
mixing the proteins with nanotubes. After protein attachment, the CNTs were added to the cell
culture medium. Both nonadhesive cells like HL-60 (human leukemia cell line) and Jurkat cells
and adhesive cells such as HeLa and NIH-3T3 were tested for CNT-based protein delivery.
This study revealed that the naked proteins in the medium are unable to traverse across the cell
membrane, whereas the CNT-bound proteins are readily internalized by the cells. Further tests
divulged that the cellular uptake and transportation of large conjugates such as the
immunoglobulin (150 kDa, 7–8 nm) was less efficient as compared with the smaller ones
having molecular weight less than 80 kDa. They also found that the internalization process
does not affect the cell viability and proliferation. By staining the cellular endosomal vesicle
compartments with the red FM-64 dyes, they showed that the CNT-protein conjugates are taken
up by the cells through endocytosis pathways. To intensify the endosomal release of CNT-
bound proteins, they used chloroquine. Chloroquine can increase the pH inside endosomes. It
can be added directly to the cell culture medium after exposing the cells to the CNT-bound
proteins. This leads to an osmotic shock resulting in swelling and rupture of endosomal
compartment. They observed a uniform distribution of fluorescent dye-labeled CNT-bound
proteins in the entire cytoplasm, whereas only few discrete spots were found inside the cells
in the absence of chloroquine.

The protein attachment and transport by CNTs were further studied by Dai’s group for selective
cancer cell destruction by hyperthermia therapy.74 As mentioned earlier, the SWCNT exhibits
a strong absorption in the near-infrared region (NIR) regime (>700 nm), whereas cells and
tissues are highly transparent in this range. Thus, continuous NIR irradiation of CNTs will
result in heating the cells if the CNTs are internalized inside the cells, resulting thermal
destruction of the cells. To selectively deliver the CNTs into cancer cells, SWCNTs were first
be functionalized with phospholipids and then antibodies against the folate receptors present
in the HeLa cells (human cervical cancer cells). It has been shown that the mixing of the
antibody-bound CNTs with cells can lead to the internalization of the CNTs exclusively to the
cancer cells. Upon exposure to continuous NIR radiation (808 nm laser), the cells are killed
because of the excessive local heating generated from a strong photo absorption of the
SWCNTs internalized in the cancer cells, whereas normal cells remain unaffected.74 Such a
strategy can be further modified for targeted delivery of chemotherapeutic drugs exclusively
to cancer cells by introducing tumor marker specific antibody and drug onto the CNTs.75
Extensive reviews on strategies and use of CNTs for cancer therapy as well as for other drug
design, discovery and delivery has been published recently.76–80

Monitoring CNT Within Living Cells and Tissues
The visualization of CNTs within living cells or tissues is crucial to understand their behavior
or their interaction with cells and tissues. To date, a variety of approaches have been developed.
Among these approaches, the use of a fluorescent dye shows tremendous merits, as it offers a
high contrast and specificity when microscopy is used for visualization. Direct visualization
of CNTs can be accomplished by the interaction of the hydrophobic sidewalls of the nanotubes
with long chained aliphatic fluorescent molecules81 so that a fluorescent dye can be conjugated
to the nanotubes. According to Didenko et al.’s study, individual SWCNT can be visualized
by fluorescent polymer wrapping, where the nanotubes are suspended in water with the help
of detergent such as sodium dodecylbenzene sulfonate (SDS) and labeled with poly
(vinylpyrrolidone)-1300 Alexa fluorescent dye conjugates.82 Similarly, SDS suspended
SWCNTs can be labeled with hydrophobic red fluorescent dye PHK26 and visualized through
the immunofluorescence microscopy.83
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On the other hand, the modification of the SWCNT’s surface by compounds like poly(10,11-
dihydro-10,11-disila-5,10,10,11,11-pentamethyl-5H-dibenz[b,f]azepine-2,8-diyl) will enable
the nanotubes to be distinctly visualized through immunofluorescence microscopy.84 Using
this approach Sirdeshmukh and Panchapakesan investigated the interaction between antibodies
and nanotubes.85 In their experiment, nanotubes are labeled with a fluorescent dye
(dihexyloxacarbocyanine iodide) by directly agitating SWCNTs with SDS and dye. Upon
excitation at 488 nm, the dye attached to the CNTs emits fluorescence to visualize the
nanotubes. The labeled nanotubes can be further mixed with polyclonal goat anti-mouse IgG
Alexa 546 conjugates (emitting at 543 nm). The co-localization of these two different
fluorescent dyes helps the visualization of the interaction between the nanotubes and the
antibodies. Fluorescein isothiocyanate (FITC) has also been adopted for labeling the CNTs to
determine the translocation of the nanotubes across the cell membrane.86 Quantum-dot (QD),
a relatively newer fluorescent nanomaterial, has also been explored for visualization of CNTs
within living cells. To attach the QDs to the CNTs, the QDs needs to be first functionalized
with mercaptoacetic acid, and then mix with SWCNT suspension in the presence of SDS.87
The functionalized QDs can arrange themselves on the sidewalls of SWCNTs by virtue of
electrostatic interaction between zinc ions in their shell and electronegative oxygen atoms/
anions in the sulfonate group of the surfactant, sodium-dodecyl-sulfonate, leading to the
fluorescence visualization of SWCNTs.

CNT can also be imaged through the NIR microscopy. As mentioned earlier, semiconducting
SWCNTs show a band gap fluorescence emission in the NIR region at wavelengths
characteristic to the specific structure.1 Hence, NIR microscopy can be used for monitoring
the appearance of the nanotubes within living cells. For example, the presence of CNTs in the
larvae of Drosophila melanogastrer (fruit flies) was determined by NIR imaging.88 One of
the major advantages of this technique is that the accumulations of nanotubes in the tissues can
be imaged nondestructively. For biomedical applications, methods relying on NIR spectrum
have advantages, because most cells and tissues are transparent in the NIR range and thus, offer
greater depth of light penetration and reduced background fluorescence.

Cytotoxicity of CNT
The cytotoxicity and long-term impact of CNTs on human health need to be characterized very
carefully before applying them in vivo. It has been well known that nanoparticles can create
reactive forms of oxygen that damages the cells. Cells can defend themselves by producing
anti-oxidants when they encounter low concentrations of nanoparticles. It has been shown that
cells can become inflamed or die when the concentrations of nanoparticles increase.89 More
detailed accounts on cytotoxicity and pathogenicity of nanoparticles have been reviewed
recently.89,90 Just like most other nanoparticles, CNTs also possess a small size and large
surface area. Therefore, it is likely that they will evoke the generation of reactive oxygen species
(ROS) when used in vivo.

Recently, a number of groups have come out with reports on CNT’s toxicity studies. These
studies were either performed under in vitro conditions with cell lines91–93 or in vivo with
animal models.88,94–96 Nevertheless, the results reported by these studies are contradictory
in nature, with some indicating CNTs are highly toxic and others showing lack of any toxic
effects. For example, Cheng et al. reported that cell exposure to SWCNTs could induce a
significant hatching delay of zera fish embryos.97 Another study shows that the treatment of
the HEK 293 cells with SWCNTs can lead to time and dose dependent reduction in cell
viability.98 Where as, experiments performed on the HL-60 cells revealed that SWCNTs up
to 25 µg/mL have no effect on cell proliferation and viability if the cells are exposed to CNTs
for a short time period such as 2 h.73 In vivo and in vitro studies by Muller et al. with epithelial
cells pointed out the possible adverse effects of MWCNTs.99 Some of the recent reviews have
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extensively discussed about the biocompatibility and toxicity of CNTs in particular.100,101
The discrepancy in the cytotoxicity/biocompatibility studies of CNTs can be due in part to
various factors such as the size, the nature (soluble or insoluble), and the way of
functionalization, the concentration and exposure time of CNTs used in vitro or in vivo.
Compared with the solubilized CNTs, the exposure to the hydrophobic CNTs are particularly
toxic to the cells and tissues. It was pointed out in the previous section that the CNTs are now
being used even along with various stem cells. Though successful stem cell differentiations
were reported, it is also interesting to note that severe DNA damages were observed in certain
stem cells. For example, studies by Zhu et al using MWCNTs on mouse embryonic stem cells
(ESC) revealed that the CNTs can accumulate and induce apoptosis and activate tumor
suppressor protein p53 within 2 h exposure.102 It was also observed that the MWCNTs can
increase the mutation frequency at least by twofolds in the mouse ESCs. Moreover, pharyngeal
aspiration of SWCNTs can induce robust acute inflammatory reaction with the very early onset
of a fibrinogenic response and formation of granulomas in mice, as reported by Shvedova et
al.95 Even after two months of aspiration, the presence of the nanotubes was observed in the
pulmonary granulamatous lesion. Salvador-Morales et al. further confirmed that both
SWCNTs and MWCNTs can activate the human serum complement system via classical
pathways.103 Yet another pulmonary toxicity study of CNTs in mouse model was reported by
Chou et al recently.104 In their study, it was found that intratracheal administration of 0.5 mg
of SWCNTs into 8 week old male ICR mice results in alveolar macrophage activation, various
chronic inflammatory responses and severe pulmonary granuloma formation. Activation of
transcription factors like NF-κβ as well as AP-1 were found in SWCNT treated macrophages,
resulting in oxidative stress and leading to associated innate and adaptive immune responses.

Another aspect of the CNT cytotoxicty studies involves examining the clearance of CNTs from
the body after their introduction. Studies have been performed using both soluble and insoluble
CNTs in moue models. Singh et al. investigated the tissue biodistribution and clearance of
soluble CNTs.96 They conjugated ammonium functionalized SWCNTs or MWCNTs with
radioactive metal Indium-111 (111In) using diethylene triamine pentaacetic acid (DTPA) as
chelating agent. The radioactively labeled CNTs were administered to the mice intravenously
and the presence of the CNTs in various organs/tissues was monitored by measuring the
radioactivity of the 111In. It was found that both SWCNTs and MWCNTs follow a rapid first
order clearance from the blood compartment through renal excretion route without any toxic
side effects or mortality. This study suggested that soluble CNTs are safe for use in vivo.
Another pilot toxicology study using functionalized SWCNT (noncovalently PEGylated
SWCNT as well as oxidized covalently PEGylated SWCNTs) injected into the blood stream
of mice did not indicate any evidence of acute or chronic toxicity over 4 months.105

It is true that drawing a general conclusion about the safe use of CNTs in vivo is difficult
because most studies are conducted based on varying concentrations and different conditions
leading to contradictory results.106 Obviously, the functionalization or solubilization of CNTs
cannot be a single and affirmative solution for preventing the CNT cytotoxicity. The presence
of modified CNTs can be hazardous in various routes. For example, a study conducted by
Roberts et al. using CNTs on Daphnia magna, an aquatic invertebrate used widely for
regulatory environmental testing, demonstrate that the CNTs can be modified during the
digestion process by the organism and rendered it insoluble back into the environment.107
This means that the nanotubes can be soluble and stable before they are taken up by organisms,
but their interaction with biological systems can quickly convert the nanotubes into an insoluble
form. Leaking of the nanotubes from implanted CNT-based sensors and scaffolds and its
accumulation in the body can have serious and wide spread adverse effects which have not
been characterized extensively so far. The modification of the CNT surface coating by Daphnia
magna reinstates the need for developing better methods for functionalization and
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solubilization of the CNTs. Otherwise the use of CNTs may result in unanticipated effects on
the tissue or organism exposed.

Remarks
The incredible pace of advancement of nanobiotechnology has created tremendous enthusiasm
among the academia and industries for the use of CNTs for tissue engineering applications.
However, the surface chemistry of CNTs and their reactivity with biological systems are yet
to be completely understood. For most technical applications, CNTs of high purity are required,
but contaminants in production and the batch to batch repeatability in a large-scale production
are still a big challenge in large scale CNT synthesis. The major contaminants along with CNTs
include amorphous or graphitic carbon, fullerenes and metal catalyst residues. Further-more,
because of their geometry and hydrophobic surface, CNTs have a tendency to form
agglomerates and thus usually exist in bundles, which needs to be isolated by different
treatments. Hence, the immediate studies must focus on its surface chemistry before CNTs can
become one of the major biomaterials for use in tissue engineering such as organ regeneration.
As aforementioned, the surface of CNTs is not active in chemistry and does not bear any
biological activity. Thus, CNT itself is not a biomaterial and cannot be used directly in tissue
engineering. Various surface modifications are required to make it biocompatible or supporting
cell or tissue growing. Although a variety of techniques have been developed as mentioned
earlier, it is still lacking of a standardized approach for surface modification. Furthermore, it
is highly desired to develop a simple approach to modify the CNT surface so that it can be
readily utilized in tissue engineering. Conventional purification methods adopt very harsh
conditions such as using strong acids or organic solvents. For example, strong acid treatment
is always used to create carboxyl groups on the surface of CNTs for further functionalization.
However, the location and number of carboxyl groups formed on the surface of CNTs after the
acidic treatment is always unknown and is hard to control. Also, the quality of the treatment
varies batch by batch. This brings lot of uncertainties in in-vivo applications. Thus, a
controllable approach needs to be established for surface modification of CNTs.

Moreover, various agents used to disperse CNTs are cytotoxic, making them less effective in
tissue engineering. Diverse purification strategies reported, but most of them change the surface
of the CNTs and hence, the way in which the biological system responds to its presence. It is
not only the surface modification, but trapping molecules inside the nanotubes also can change
the properties. Reports indicate that unpurified SWCNTs can stimulate the free radical
generation in human keratinocytes and bronchial epithelial cells108 whereas many reports with
MWCNTs and functionalized SWCNTs demonstrated that they can act as excellent free radical
scavengers.109 The existence of contaminants and dispersant agents complicates the
interpretation of results of toxicological studies on CNTs. So far no preclinical therapeutic
efficacy data exist for the use of CNTs to treat any disease. Because the research as well as our
knowledge on CNTs is on infancy, the existing hype around the CNTs can lead to unrealistic
hopes and misrepresentation. As there are various contradicting results reported on varying
experimental setups, the cytotoxic effects of nanotubes need to be studied in detail before the
technological advancement in tissue engineering/biomedical application of the nanotubes can
be commercialized.
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Notation
BDNF, brain-derived neurotrophic factor
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CNT, carbon nanotube
CVD, chemical vapor deposition
DTPA, diethylene triamine pentaacetic acid
ECM, extracellular matrix
EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
ESC, embryonic stem cell
FAK, focal adhesion kinase
FITC, Fluorescein isothiocyanate
MWCNT, multi-walled carbon nanotube
NGF, nerve growth factor
NIR, near-infrared
NSC, mouse neural stem cell
PABA, poly aminobezene sulphonic acid
PABS, poly amino benzene sulfonic acid
PCVD, plasma-chemical vapor deposition
PDMS, polydimethylsiloxane
PEG, polyethylene glycol
PEI, polyethyleneimine
PL, phospholipids
PMMA, polymethyl methacrylate
PSC, post synaptic currents
QD, Quantum-dot
RBC, red blood cell
ROS, reactive oxygen species
SDS, sodium dodecylbenzene sulfonate
SWCNT, single-walled carbon nanotube
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Figure 1.
A schematic diagram showing potential applications of CNTs in tissue engineering.

Veetil and Ye Page 20

Biotechnol Prog. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Veetil and Ye Page 21

Table 1
A Summary of the Representative In Vitro and In Vivo Studies Performed with Carbon Nanotubes

Application / Study Type of CNT Biological System Reference

Biocompatibility / cytotoxicity

In vivo, biodistribution and
clearance

SWCNT functionalized with
DTPA (soluble)

Mice, intravenously Singh et al.96

In vivo, biodistribution SWCNT (insoluble) Drosophila, oral administration Leeuw et al88

In vivo, pulmonary toxicity SWCNT (insoluble) Mice, intrapharangeal instillation Li et al.,94 Shvedova et al.
95

In vitro, complement
activation

SWCNT dispersed with
TritonX-100

Rabbit erythrocytes, human
serum/plasma

Salvador-Morales et al.103

In vitro, interaction with
mammalian cells

SWCNT Rat aortic smooth muscle cells,
Human epithelial like cell
(HeLa), Human leukemia cell line
(HL-60)

Raja et al.,92 Yehia et al.,
93 Cui et al.91

In vitro, issues with viability
assays

SWCNT (insoluble) Alveolar epithelial cell line,
alveolar macrophage cell line,
endothelial cell line

Worle-Knirsch et al.106

In vitro, neurite outgrowth SWCNT Functionalized with
PABS or PEG (soluble)

Rat hippocampal neuronal culture
in presence of media containing
CNTs

Ni et al.50

Scaffolds for tissue
engineering

In vitro, bone regeneration
biomaterial

SWCNT and MWCNT Rat Osteosarcoma cell line Zanello et al.30

Vertically aligned CNTs Human Osteosarcoma cell line
CAL-72

Giannona et al.31

In vitro, tissue engineering
scaffold

—COOH functionalized SWCNT
along with collagen

Rat aortic smooth muscle cells MacDonald et al.21

In vivo, tissue engineering
scaffold

—COOH functionalized SWCNT
with alginate

Rat, subcutaneous implantation Kawaguchi et al.22

In vitro, Neuron regeneration MWCNT (insoluble) and
MWCNT coated with 4-
hydroxynonenal

Primary hippocampal cell culture
from rat embryo

Mattson et al.43

MWCNT coated with
neutrotrophin

Chick embryonic DRG neuron Matsumoto et al.51

SWCNT functionalized with
polyethyleneimine

Rat hippocampal neuronal culture Hu et al.45

In vitro, neuronal electrical
signal transfer

SWCNT Rat hippocampal neuronal culture Mazzatenta et al.47

MWCNT functionalized Rat hippocampal neuronal culture Lovat et al.44

In vitro, blood compatible
biomaterial

MWCNT (insoluble) along with
polyurethane

Human platelet suspension Meng et al.26

In vivo, blood compatible
biomaterial

MWCNT along with Nylon Dog, subclavian artery and
subclavian vein

Endo et al.27

Gene delivery to tissues

In vitro, DNA delivery and
near infra red heating for cell
destruction

SWCNT, functionalized with
PEG and phospholipids (soluble)

HeLa cells Kam et al.74

In vitro, plasmid DNA
delivery by magnetic spearing

—COOH functionalized CNT Primary B-cells, Primary neurons Cai et al.63,64

In vivo, dsDNA —COOH functionalized SWCNT Mice tumor tissue Zhang et al.67

In vitro, RNA poly(rU) SWCNT Human breast cancer MCF7 cell
line

Lu et al.68

Biotechnol Prog. Author manuscript; available in PMC 2010 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Veetil and Ye Page 22

Application / Study Type of CNT Biological System Reference

In vivo, siRNA delivery for
suppressing tumor growth

Functionalized SWCNT Mice tumor tissue as well as in
vitro using tumor cell lines

Zhang et al67

Targeting and drug delivery to
tissues

In vivo, protein for
immunization (peptide from
foot and mouth disease virus)

SWCNT (soluble) Mice, intraperitoneal Pantarotto et al.72

In vitro, various sized proteins
like streptavidin, albumin,
immunoglobulin

—COOH functionalized SWCNT
(soluble)

Adhesive cell lines (HeLa,
NIH-3T3) and non adhesive cell
lines (HL-60, Jurkat) lines

Kam et al73

In vivo, protein (antibody) as
well as radiometalion chelates
for tumor cell targeting and
destruction

Functionalized SWCNT (soluble) Mice, intravenous McDevitt et al.75
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