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Abstract
Due to their electrical, chemical, mechanical and thermal properties, carbon nanotubes are one of
the most promising materials for the electronics, computer and aerospace industries. Here, we discuss
their properties in the context of future applications in biotechnology and biomedicine. The
purification and chemical modification of carbon nanotubes with organic, polymeric and biological
molecules are discussed. Additionally we review their uses in biosensors, assembly of structures and
devices, scanning probe microscopy and as substrates for neuronal growth. We note that additional
toxicity studies of carbon nanotubes are necessary so that exposure guidelines and safety regulations
can be established in a timely manner.
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Although nanomaterials have existed in nature long before mankind was able to identify forms
at the nanoscale level, advances in synthetic chemistry have been one of the driving forces in
the development of a biological nanotechnology. Nanomaterials have been designed for a
variety of biomedical and biotechnological applications, including bone growth,1 enzyme
encapsulation,2 biosensors3, 4 and as vesicles for DNA delivery into living cells.5, 6 Whereas
nanotechnology may provide novel materials which can result in revolutionary new structures
and devices, biotechnology already offers extremely sophisticated tools to precisely position
molecules and assemble hierarchal structures and devices. The application of the principles of
biology to nanotechnology provides a valuable route for further miniaturization and
performance improvement of artificial devices. The feasibility of the bottom-up approach
which is based on molecular recognition and self-assembly properties of proteins has already
been proved in many inorganic-organic hybrid systems and devices. Nanodevices with
biorecognition properties provide tools at a scale, which offers a tremendous opportunity to
study biochemical processes and to manipulate living cells at the single molecule level. The
synergetic future of nano- and bio-technologies holds great promise for further advancement
in tissue engineering, prostheses, genomics, pharmacogenomics, drug delivery, surgery and
general medicine.
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Ever since Edison discovered that carbon changes its resistance with pressure and a carbon
filament glows when an electric current is passed through it, the unique properties of carbon
have intrigued scientists. After more than a century of interest, carbon has found its apogee in
the fullerenes and carbon nanotubes (CNTs)—arguably the most promising of all
nanomaterials. Because of their unique quasi one-dimensional structure and fascinating
mechanical and electronic properties, CNTs have captured the attention of physicists, chemists
and materials scientists. Biology and medicine are rapidly emerging as new areas for the
application of CNTs.

This review highlights two aspects of the interaction between biology and CNTs: the use of
biological principles for manipulation and self-assembly of functional structures and devices
based on CNTs, and the utilization of modified CNTs to manipulate and study living cells.

1. CARBON NANOTUBES—TYPES AND STRUCTURES
The first published observation of carbon nanotubes in 19917 stimulated significant interest
and research, leading to rapid progress in the field. Carbon nanotubes occur as two types: multi-
walled carbon nanotubes (MWNTs) and single-walled carbon nanotubes8 (SWNTs), as
illustrated in Figure 1. MWNTs consist of several coaxial cylinders, each made of a single
graphene sheet surrounding a hollow core. The most common techniques for their production
are electric arc9 and chemical vapor deposition (CVD).10, 11 The growth of MWNTs may
require a catalyst. The outer diameter of MWNTs ranges from 2 to 100 nm, while the inner
diameter is in the range of 1–3 nm, and their length is 1 to several μm.12

SWNTs consist of a single graphene cylinder and their diameter varies between 0.4 and 2 nm.
8, 13, 14 SWNTs usually occur as hexagonal close-packed bundles in which the nanotubes are
held together by van der Walls forces. SWNTs are produced by electric arc,15 laser ablation,
16 CVD17–19 and gas-phase catalytic processes (HiPco).20 Their growth requires a metal
catalyst, usually Fe, Ni, Co, Y or Mo. The hexagonal lattice structure of CNTs, gives rise to
three types of SWNTs. Based on the unit cell of a CNT (Fig. 2) it is possible to identify armchair
nanotubes, formed when n = m and the chiral angle is 30°; zig-zag nanotubes, formed when
either n or m are zero and the chiral angle is 0°; and chiral tubes, with chiral angles intermediate
between 0° and 30°. SWNTs are either metallic or semiconducting depending on their diameter
and helicity.21–23 All armchair nanotubes are metallic, while zig-zag and chiral nanotubes can
be metallic or semiconducting. As a result of the quantum confinement of electrons in the radial
direction, the continuous density of states in graphite splits into a number of sharp peaks (van
Hove singularities) that appear at energies that depend on the inverse of the nanotube diameter.
24, 25 Electronic transitions between these singularities give rise to distinct features in the
optical absorption spectra, which have been widely used to study the electronic structure of
SWNTs,25–29 and have been shown to provide a diagnostic tool for the study of the effect of
chemistry on the electronic structure of as-prepared and chemically modified SWNTs.30, 31

2. PURIFICATION OF SWNTs
The realization of the intrinsic properties of carbon nano-tubes requires access to high purity
SWNT material. As-prepared SWNTs typically contain ~30 % by weight metal catalyst,
together with a substantial fraction of carbonaceous impurities which usually consist of
amorphous carbon and nanoparticles. Many purification procedures have been reported (see,
16, 32–37 and references therein), and these strategies involve some combination of the
following steps: gas or vapor-phase oxidation, wet chemical oxidation, centrifugation, filtration
or chromatography. A common purification procedure is based on nitric acid reflux, which
was designed for the removal of the metal catalyst (Fig. 3),36 but also serves to incorporate
carboxylic acid groups into the SWNTs that can be used for further functionalization.26, 36–41
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Significant efforts have been devoted to the development of analytical tools for the evaluation
of the quality of SWNT materials based on techniques such as Raman spectroscopy,42–45 thin
film near-infrared (NIR) spectroscopy,25, 46–49 thermogravimetric analysis (TGA),42, 43, 50

and combinations of these analytical methods.51 Recently a method based on solution-phase
NIR spectroscopy has been proposed as an unambiguous measure of the quantitative purity of
SWNTs.48 Because semiconducting (S) and metallic (M) CNTs exhibit characteristic interband
transitions in the NIR region of the electromagnetic spectrum (Fig. 4), it is possible to relate
this spectral signature to the relative carbonaceous SWNT purity (for details see48). In
combination with a determination of metal content by TGA, this allows a full analysis of the
composition of SWNT samples.

3. CHEMICAL MODIFICATION OF CARBON NANOTUBES
The chemical inertness of CNTs hampers their processability and this has impeded the full
realization of their potential. Chemical functionalization of CNTs has been shown to impart
solubility in a variety of solvents, to modify their electronic properties and to cause significant
de-bundling.

The chemical reactivity of CNTs arises from the curvature induced strain due to misalignment
of the π-orbitals of adjacent conjugated carbon atoms and an increase in the pyramidalization
angle.53 The induced strain is higher at the carbon atoms that comprise the nanotube caps
because they are curved in two-dimensions, and therefore the caps are more reactive than the
sidewalls. Hence, treatment in strong oxidizing agents such as HNO3 or H2SO4 preferentially
disrupts the aromatic ring structure at the caps of CNTs and introduces carboxylic acid groups
which can undergo further chemical reactions.36, 53, 54 Thus, refluxing arc discharge produces
SWNTs in nitric acid typically leaving 3–6% carboxylic acid functionalities as determined by
acid-base titrations;40, 41 such acid functionalized SWNTs are often denoted as SWNT-COOH.
An important step in the chemistry of SWNTs is the solubilization of CNTs, achieved by
covalently linking long-chain hydrocarbons to the open ends of SWNTs (Fig. 5).26 When
SWNTs-COOH are treated with thionyl chloride (SOCl2) to form the acyl chloride (SWNT-
COCl),38 and then reacted with octadecylamine (ODA) to give SWNT-CONH(CH2)17CH3,
the material proves to be soluble in a number of common organic solvents,26 allowing the study
of SWNT chemistry in the solution phase, and the characterization of the SWNTs by solution
spectroscopy.26, 29, 30, 55

Numerous amidation and esterification reactions of oxidized SWNTs have now been reported.
56–60 However, the use of CNTs in biological applications has been severely hampered by the
insolubility of SWNTs in water; in order to study CNTs in the presence of live cells the use of
an aqueous medium is essential. It has been shown that it is possible to solubilize carbon
nanotubes in aqueous solutions by covalently attaching water soluble linear polymers.59 By
applying the preceding functionalization scheme, poly-m-aminobenzene sulphonic acid
(PABS), has been covalently linked to SWNTs to form a water soluble nanotube-graft
copolymer (Fig. 6),61 which could be used for future biological applications.

In addition to the chemistry that occurs at the oxidized open ends of SWNTs, it is also possible
to react the sidewall carbon atoms with highly reactive reagents, such as carbenes,26, 31, 62

fluorine,63, 64 aryl radicals65, 66 and azomethine ylides.67, 68 Furthermore, the surface
chemistry developed for SWNTs has been applied to MWNTs in specific cases. For example,
MWNTs chemically modified by the covalent attachment of PABS have been studied as a
substrate for neuronal growth (discussed below).
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4. MODIFICATION OF CARBON NANOTUBES WITH BIOLOGICAL
MOLECULES

Both non-covalent and covalent strategies have been explored to engineer the interface between
biological molecules and SWNTs with the goal of preserving the functional properties of the
biomolecules. A non-covalent approach has been developed which involves the bi-functional
molecule 1-pyrenebutanoic acid succinimidyl ester, which irreversibly adsorbs on the
hydrophobic graphene surface of the SWNTs via a π-stacking interaction.69 This approach
allows subsequent protein attachment through a nucleophilic substitution reaction of
succinimidyl by an amine group of the protein, and imparts specific biological recognition
properties to the carbon nanotubes.

The covalent linking of CNTs to proteins70 and DNA71, 72 has been achieved with carbodiimide
chemistry. Typically, the covalent binding of proteins, including enzymes and antibodies,
utilizes the diimide-activated amidation of carboxylic acid-functionalized carbon nanotubes as
illustrated in Scheme 1.70–73 A fiber composed of SWNTs was functionalized with bovine
serum albumin (BSA) and the functionalization was confirmed by indirect immunochemistry
as follows. The assembled BSA-functionalized SWNT fiber was incubated with an antibody
raised against BSA in order to provide a specific antibody-antigen interaction. After washing,
the primary antibody was tagged with a secondary, fluorescently (FITC)-conjugated, antibody.
This complex allowed visualization of the fiber by fluorescent microscopy (Fig. 7). Similarly,
it is possible to link amine-terminated DNA to the carboxylic acid functional groups of CNTs
using amidation reactions (Scheme 1; paths a–b). Alternatively, DNA can be covalently linked
to amine-terminated SWNTs by using cross linking with succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) to produce maleimide groups which are then further
reacted with thiol-terminated DNA (Scheme 1; path c).75

The high specificity of the biotin-avidin/streptavidin interaction (Ka = 1015 M−1) and the
numerous applications of the biotin-streptavidin complex in biological sciences have lead to
widespread interest in the use of these biomolecules with CNTs. Indeed, both biotin and
streptavidin have been immobilized on SWNTs;76–78 the biotin-streptavidin binding was
detected electronically in a SWNT field-effect transistor (FET)79 and by an
electrochemiluminescent technique.77 Exploitation of the specificity of biotin-streptavidin
binding for the assembly of functionalized CNTs into novel architectures holds promise for
the development of advanced devices and molecular electronics (discussed below).

5. DISPERSION AND SEPARATION OF SWNTs USING DNA
All known synthetic methods produce SWNTs of varying length and diameter, and as a mixture
of metals and semiconductors that are usually hexagonally packed in bundles. The current
inability to separate individual SWNTs by length, diameter or electronic properties represents
the main obstacle to their application in electronics,80 field emission displays81 and
nanosensors.82, 83 The chemical modifications discussed earlier can assist in dissolving and
de-bundling SWNTs. Recent reports suggest that DNA complexation could offer a solution to
the dispersion and de-bundling of SWNTs and their separation by electronic structure.76, 84,
85 Sonication of bundled SWNTs in the presence of an aqueous solution of single stranded
DNA resulted in a stable dispersion.76, 84 Molecular modeling studies suggested that the DNA
helically wraps individual SWNTs and effectively competes with the binding of SWNTs to
neighboring tubes thereby dispersing individual SWNTs. It is proposed that a π-stacking
interaction between the bases within the DNA and the sidewall of the SWNT is responsible
for the binding. This interaction results in the helical wrapping of DNA so that its hydrophilic
sugar-phosphate groups are exposed to the solution (Fig. 8a). The phosphate groups on a
SWNT-DNA hybrid provide a negative charge density on the surface of the CNT leading to
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separation and solubilization of the individual nanotubes in water. This dissolution process
enables the fractional separation of DNA-metallic SWNTs from DNA-semiconducting
SWNTs using ion-exchange liquid chromatography (Fig. 8b). Thus, this process relies on DNA
to disperse individual SWNTs and to provide differentiation of these macromolecules based
on their electronic structure.

6. MODIFIED CARBON NANOTUBES FOR BIOSENSORS
While current biosensing techniques are highly sensitive and specific, they are difficult to
miniaturize. SWNT-based biosensors lend themselves to miniaturization because of the small
size and structural properties of carbon nanotubes. With SWNTs every carbon atom lies on the
surface, thereby achieving a large area to volume ratio for interactions with molecules of
interest. Additionally, due to their unique electronic structure and ballistic conductance,
SWNTs can be used for the electrical detection of binding events thereby providing a very
straightforward means of biosensing. Several groups have already demonstrated the use of
SWNTs as versatile biosensors.79, 86–88 SWNTs have shown to exhibit a significant
conductance change in response to the presence of small biomolecules and proteins.79, 86–88

The adsorption of cytochrome c, a redox catalyst in the respiratory chain of mitochondria, has
been detected in situ using a SWNT device.88 Biotin-modified SWNTs have been used to
electronically detect biotin-streptavidin binding.79 It has been demonstrated that the binding
of streptavidin to biotin-functionalized SWNTs results in a reduced conductance of the carbon
nanotubes. Although the mechanism of chemical sensing exhibited by SWNTs has not been
unequivocally identified, it seems probable that the resistance changes experienced by these
devices originate from the doping of the carbon nanotubes as a result of charge transfer
processes that are associated with interactions between the SWNTs and the analyte.
Nevertheless, the interpretation of the electrical responses in thin film devices is complicated
by the nature of carbon nanotube networks which are a mixture of bundled semiconducting
and metallic SWNTs. In some cases the conductance change originates from electronic effects
occurring at the metal-nanotube contacts during adsorption.89 Despite the absence of a
definitive understanding of the sensing mechanism, remarkable achievements in electrical
biosensing have been reported. Covalent coupling of the alkaline phosphatase (ALP) enzyme
to CNTs has lead to the highest sensitivity (detection limit of 1 pg L−1) reported thus far for
electrical detection of DNA (Fig. 9).90 This CNT-ALP-linked assay can be modified for antigen
detection by using specific antibody-antigen recognition. Thus, it could provide a fast and
simple solution for molecular diagnosis in pathologies where molecular markers exist, such as
DNA or protein.

Demand for the reliable monitoring of blood glucose has stimulated research on the
development of biosensors based on CNTs. The voltametric behavior of oxidized SWNTs with
physically adsorbed glucose oxidase has been investigated.73 The magnitude of the catalytic
response to the addition of β-D-glucose was 10-fold greater than that observed with a glassy
carbon electrode. Further improvements in sensitivity and temporal resolution were made by
using glucose oxidase-functionalized individual SWNTs in a FET configuration which allowed
for the measurement of enzymatic activity at the level of a single molecule.86 The individual
SWNT-FET device involves a complex CVD production technique and may prove more useful
if FET devices could be fabricated from thin films of SWNTs.91 The preparation of optically
transparent conductive SWNT films92 provides an opportunity for optical, in addition to
electrical, studies of biochemical compounds and processes using SWNTs. Meanwhile,
selective and sensitive detection of glucose has also been achieved by CNT nanoelectrode
assemblies.93 The high performance of this biosensor is due to the specific configuration of
the nanoelectrode assemblies. Overlap of the diffusion layers between adjacent electrodes is
prevented because the spacing between the nanoelectrodes is many times greater than diameter
of the nanotubes. This brings about a linear response of the biosensor to concentrations of
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glucose up to 30 mM with a detection limit as low as 0.08 mM. In addition, the electrochemical
analysis for glucose remains effective even in the presence of acetaminophen, uric acid and
ascorbic acid which often interfere with the detection of glucose. Thus, such devices are
expected to find application for the detection of glucose in a variety of biological fluids (saliva,
sweat, urine and serum).

The ability of SWNTs to interact with and therefore sense biological molecules was used in
studies of the electrochemical properties of biologically relevant molecules, such as hydrogen
peroxide,94, 95 reduced β-nicotinamide adenine dinucleotide (NADH),94 and dopamine,96

where the CNTs showed superior performance in comparison with conventional carbon
electrodes. Their electrocatalytic properties and small size make them ideal for achieving direct
electron transfer to proteins, as demonstrated with microperoxidase MP-11.97

In order to extend the usefulness of CNT-based devices for biosensing, various strategies for
the fabrication of nanoelectrode arrays have been proposed. It has been possible to
mechanically strengthen a MWNT array grown by CVD with a spin-on-glass film.98 Acid
oxidation of the nanotubes allows further functionalization of the open ends with nucleic acids
by using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and sulfo-N-
hydroxysuccinimide (NHS; Scheme 1). In a related study, a MWNT nanoelectrode array has
been prepared by a bottom-up approach99 in which aligned MWNTs have been encapsulated
with SiO2 using a tetraethoxy silane CVD process, followed by chemical polishing and
covalent linking of primary amine terminated oligonucleotides.99 The combination of such
electrodes with the  mediated glucose oxidation method allows the hybridization of
less than a few attomoles of oligonucleotide to be detected.

Carbon fiber microelectrodes combined with amperometric measurements were used to detect
oxidizable secretory products or transmitters100, 101 such as dopamine and serotonin, and also
non-oxidizable transmitters, such as glutamate, when the carbon fibers were enzymatically
functionalized.102, 103 Such developments suggest future directions for carbon nanotube-based
devices. Recently, a nanofabricated carbon-based detector (NACAD) has been constructed,
capable of measuring the secretion from a single secretory vesicle (the spherical structure that
stores transmitters).104 The future applications of this device are not confined to the
investigation of intracellular organelles, but could provide similar measurements of whole cells
or specific regions of a cell. One possibility would be to build individually addressable arrays
of miniaturized NACADs, where each detector would be an individual SWNT which is wired
to allow the continuous monitoring of the electrical status of every SWNT in the array (Fig.
10). Since the growth of neurons on CNTs has already been demonstrated (see below),105,
106 it would be possible to position a neuronal cell on top of such an array and as these cells
release transmitters in specific regions, namely the presynaptic terminals, create a two-
dimensional map of transmitter release at a single synaptic terminal by sensing and measuring
transmitter release through a dense array of SWNTs. This experiment provides the logical
extension of the original NACAD experiments by application of nano-materials and
technologies.

7. CARBON NANOTUBES AS MOLECULAR CARRIERS
The diversity of available chemistries and cell-penetrating structures107, 108 makes CNTs
viable candidates as carriers for the delivery of drugs, DNA, proteins and other molecular
probes into mammalian cells. One of the prerequisites for such a task is the ability of the carrier
to bind to biologically relevant molecules. Early experimental studies regarding interactions
between MWNTs and proteins revealed the self-organization of streptavidin molecules and
the growth of its helical crystals on the nanotube surface.109 Similarly, DNA molecules may
be adsorbed on MWNTs,109–111 and small protein molecules, such as cytochrome c and β-
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Lactase I, can be inserted within the interior cavity of open carbon nanotubes.112 As an
alternative to the binding of molecules to the outside of the CNTs, it would be convenient to
fill the interior cavity of tubes, whose open ends might be capped to generate a nanopill
containing a drug for delivery to the cell. Towards that end, a template method has been used
to synthesize nano test tubes, which are nanotubes with one end closed and the other open.
113 Such an approach might be construed as a first step toward the development of a nanopill,
in which the substance to be delivered is introduced into the interior of the nanotube and then
bottled by resealing the open end.

An important issue in intracellular drug delivery is the poor permeability of the plasma
membrane to many drugs. Thus, various carriers, including polyethylene glycol, peptides and
lipids, have been developed to facilitate the cellular entry of drugs.6 Recently, the feasibility
of using SWNTs for intracellular drug delivery has been demonstrated.107, 108 Water soluble
SWNTs were functionalized with a fluorescent probe, FITC, to allow tracking of SWNTs.
107 When murine and human fibroblast cell lines were exposed to SWNT-FITC, the nanotubes
could be shown to accumulate within the cells. Similarly, SWNTs, covalently functionalized
with biotin and reacted with streptavidin, were internalized within human promyelocytic
leukemia (H60) cells, human T cells, Chinese hamster ovary (CHO) and 3T3 fibroblast cell
lines.108 While the mechanism of the CNT cell entry remains undefined, these experiments
suggest the viability of CNTs as carriers for delivering relatively large molecules to mammalian
cells.

8. ASSEMBLY OF FUNCTIONAL STRUCTURES AND DEVICES BASED ON
CARBON NANOTUBES

A variety of organized nanotube architectures have been fabricated using CVD. Recently,
freestanding monolithic macroscopic cylinders with radially aligned MWNTs have been
demonstrated as membranes for filtration of bacterial contaminants such as Escherichia coli
and nanometer sized poliovirus from water.114 The self-assembly principles of biology offer
an alternative route for constructing nanoscale devices based on CNTs. The major obstacles
to the biological assembly of CNTs arise from difficulties in their manipulation, dispersion
and separation. Biomolecules, specifically DNA76, 84 peptides115, 116 and phospholipids,117

have been suggested to be superior in their ability to disperse CNTs in comparison with
surfactants, which are currently widely used for this purpose.

The ability of peptides to assemble structures based on CNTs has been demonstrated.116, 118

Amphiphilic α-helical 29 residue peptides de-bundle and stabilize individual SWNTs, while
the controlled assembly of the nanotubes into macromolecular structures can be achieved by
making use of specific peptide-peptide interactions.116 About 25% of the dispersed SWNTs
have been found to form X, Y and intraloop junctions.116 The self-assembling ability of this
amphiphilic α-helix into more complex structures has been demonstrated,118 where head-to-
tail stacking of the helices through H-bonding results in wrapping of the SWNTs along their
entire length and leads to the formation of an extensive network of microfibrils. The size and
morphology of the fibrils can be controlled by the environment; increasing the concentration
of NaCl increases the size of the fibrils, whereas the solvent dimethylformamide has been found
to produce ribbon-like structures.

A novel bottom-up approach for the fabrication of FETs, based on individual SWNTs, that
uses DNA mediated self assembly and homologous genetic recombination has been developed
(Fig. 11).78 In this approach, a semiconducting SWNT was localized at a desired address on a
DNA scaffold molecule, using homologous recombination by the RecA protein from
Escherichia coli bacteria. DNA metallization led to the formation of wires that electrically
contact the SWNTs. This approach could be generalized to form functional circuits on a
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scaffold DNA network and numerous molecular devices could be localized simultaneously at
different addresses on the network, interconnected by DNA-templated wires. The realization
of DNA-assisted assembly of SWNT-FETs highlights the power of self-assembly techniques
for the construction of CNT-based electronics.

9. STRUCTURAL AND FUNCTIONAL IMAGING USING SWNT SCANNING
PROBE TIPS

Atomic force microscopy (AFM) is commonly used to study surface topography at nanoscale
resolution by monitoring the response of a cantilever, that senses the force between the tip and
the sample, as the tip is scanned over the surface.119 As a result of their high aspect ratio,
strength and chemical versatility, CNTs can be used to improve upon standard AFM tips in
several ways, most obviously by improving the AFM resolution by decreasing the scanning
tip size. The smallest standard AFM probes have tips with radial curvatures of about 5–10 nm,
while the use of a SWNT can reduce the tip diameter to 1–2 nm. Several other properties of
carbon nanotubes make them useful AFM probes:120 they are extremely stiff (Young’s
modulus ~ 1 TPa), they undergo elastic deformation, and by using metal-catalyzed CVD
techniques, individual SWNTs can be reliably grown on commercially available AFM tips.
121–124

Such carbon nanotube probes can provide enhanced imaging in diverse areas, but are
particularly suited to the field of biology. The use of SWNT probes improved the imaging
resolution of small proteins, such as antibodies,121, 123 and in DNA analysis.120, 125 The logical
final step in the development of SWNT AFM tips will be the extension of these techniques
into medicine and the widespread availability of nanosurgery, which involves the manipulation
of single cells or cell structures; as we show below, AFM has already been used in applications
which are highly relevant to nanosurgery.

Macroscale manipulations are readily performed with standard AFM probes, such as the
peeling or removing of an entire cell from a substrate.126, 127 Smaller scale manipulations such
as the dissection of a hole in a cell membrane128 or removing specific organelles would benefit
greatly from the much finer CNT-based probes. In Figure 12 we show nanosurgery performed
on the processes (neurites) extending out of the body of a live neuron, that was acquired by
AFM using a force of 12 nN with a standard silicon nitride probe: 200 μm wide type, tip
curvature of ~40 nm, and opening angle of ~70° (provided by Digital Instruments, Santa
Barbara, CA).127 Images (a) and (b) in Figure 12 show the effect of increasing the force exerted
by the tip to 72 nN within the region of the neurite containing a varicosity. This resulted in the
excision of a portion of the neurite, as revealed by a subsequent image which was acquired at
12 nN (Fig. 12b). By using a fine SWNT tip as a nanoscalpel, a much more delicate excision
could be made which could make feasible operations that require the severance of a specific
neurite branch from a neuron or the selective removal of a specific organelle from a cell. It
may also turn out that the SWNT would bend, disabling such hypothetical procedures.

Another advantage of CNT AFM probes is that they can be easily functionalized, and the range
of chemical groups that can be added specifically to the tip of a CNT make them an ideal high
resolution probe for mapping chemical domains by using chemical force microscopy.129 Thus
probes can be developed to sense polarity, pH and many other chemical characteristics of the
sample by adding different residues to the nanotube, as shown by studies using CNT AFM tips
patterned with terminal carboxylic groups in which it was possible to chemically map the
substrate by using tapping mode AFM (Fig. 13).130 An interesting extension of this work would
be to apply CNTs to AFM probes to create a scanning biomolecule sensor capable of detecting
the spatio-temporal location of a specific molecule. In this approach the temporal resolution
would only be limited by the scanning speed and biosensor properties, while the spatial
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resolution would be limited by the diameter of the CNT. For example, nanotubes capable of
sensing glucose131, 132 or neurotransmitters could be used to scan for the uptake and release
of these compounds from specific cells under various stimuli. In fact SWNTs have been used
for direct visualization of individual DNA molecules and this method has been implemented
for determination of haplotypes on UGT1A7,130 a gene suggested to be a cancer risk factor.
The use of SWNTs as a tip gives a resolution of approximately 10 bases, which enables direct
reading of DNA sequences, and it is clear that the utilization of SWNT tips to haplotyping
could be applied to the understanding and diagnosis of genetic diseases.

10. MODIFICATION OF CARBON NANOTUBES FOR NEURONAL GROWTH
The first use of carbon nanotubes in contact with living cells made use of carbon nanotubes as
a substrate for neuronal growth.105 In this work, cultured hippocampal neurons were grown
on MWNTs deposited on polyethyleneimine-coated coverslips, and scanning electron
microscopy was used to identify the morphological changes of neuron growth brought about
by the presence of the MWNTs. The neuronal bodies were found to adhere to the surface of
the MWNTs with their neurites extending through the bed of CNTs and elaborating into many
small branches. The neurons remained alive on the nanotubes for at least 11 days, and it was
shown that the physisorption of 4-hydroxynonenal on the MWNTs enhanced both neurite
outgrowth and branching.

In a recent study using hippocampal neuronal cultures neuronal growth was systematically
controlled by functionalizing MWNTs with different chemicals,106 using a methodology that
was comparable to the original study.105 The work was further extended by characterizing the
morphological features of live (rather than fixed) neurons (Fig. 14) by labeling the neurons
with the fluorescent dye calcein, that stains only live cells (vital stain), and then visualizing
the sample with a fluorescent microscope. The study covered three types of chemically
modified MWNTs, prepared by covalently conjugating CNTs with functionalities designed to
carry negative, neutral or positive charges at physiological pH. By using these CNTs as the
scaffold for neuron growth, it was found that the neurons grown on positively charged MWNTs
showed more numerous growth cones, longer neurite outgrowth and more successful neurite
branching than the neurons grown on negatively charged CNTs (Fig. 14). Thus, by varying the
electrostatic charge on the MWNTs it was possible to manipulate the growth pattern of the
neurons.

Taken together these studies demonstrate that CNTs can be used as a substrate for neuronal
growth and that modifications of the CNTs can be employed to modulate the development of
neurons. This suggests that in the future, it may be possible to employ suitably functionalized
CNTs as neural prostheses in neurite regeneration.

11. TOXICITY
An important concern regarding the use of CNTs in biology and medicine is their toxicity.
133, 134 At the present time CNTs are mainly under investigation in laboratories, but if there
is widespread commercialization the exposure of the general populace to this material must
not occur without adequate testing. Thus, toxicological studies will be needed, and there are
several studies indicating that CNTs could have undesirable effects on human health. The
exposure of cultured human skin cells to SWNTs caused oxidative stress and loss of cell
viability,135 indicating that dermal exposure may lead to skin conditions. This is perhaps to be
expected, since graphite and carbon materials have been associated with increased dermatitis
and keratosis. Additional studies have investigated the pulmonary toxicity of SWNTs,136,
137 and it was shown that exposure to SWNTs lead to the development of granulomas in rodents.
Since these studies used very high concentrations of SWNTs which were directly instilled into
the lungs of the animals, further testing is required to establish their inhalation toxicity.
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Estimates of the airborne contamination and glove deposits of SWNTs during production
indicated very low workplace exposure (perhaps one million times lower than the
concentrations used in the toxicity studies).138 It is clear that future toxicological studies of
CNTs should be conducted to determine safe exposure limits, and since similar measurements
were performed on carbon soot and carbon black-based toners it seems likely that the
appropriate measurements can be performed in a timely manner.

12. CONCLUDING REMARKS
As a result of their unique electrical, chemical, mechanical and thermal properties carbon
nanotubes represent one of the most promising materials for application in the electronics,
computer and aerospace industries. The present review shows that their immense potential for
biotechnology and biomedicine are only just starting to be realized.
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Fig. 1.
TEM micrographs of (a) MWNTs7 and (b) SWNTs8 (c) TEM micrograph showing bundles of
SWNTs. The dark spots are catalyst particles used for nanotube growth. (d, e) Schematics of
(d) MWNT and (e) SWNT. The TEM micrographs shown in (a) and (b) were kindly provided
by Sumio Iijima, NEC, Japan and reproduced with the permission of Nature Publishing Group.
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Fig. 2.
(a) Two-dimensional graphene sheet. A carbon nanotube is formed by rolling up the graphene
sheet, superimposing the two ends, OA, of the chiral vector (Ch). The chiral vector is defined
as Ch = na1 + ma2, where a1 and a2 are unit vectors in the two-dimensional hexagonal lattice,
and n and m are integers. The pair of integers (n= m) and the chiral angle (θ—the angle between
Ch and a1) define the nanotube type: armchair (n = m, and θ = 30°), zig-zag (n or m = 0, and
θ = 0°) and chiral (θ between 0 and 30°). The diagram is constructed for a (5, 2) carbon
nanotube. T is the basic translation vector for the tubule and the unit cell of this tubule is defined
by OABB′. (b) Schematic models for the three types of SWNTs; courtesy of Riichiro Saito,
Tohoku University, Japan.
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Fig. 3.
Mass balance of the normalized weight percent of all components including SWNT, metal,
carbonaceous impurities, and weight loss of the SWNT samples under various nitric acid
treatment conditions.36 The treatment conditions are given above the columns as xM/yh, where
xM denotes x molar HNO3 and yh indicates the time of treatment in hours. AP is as-prepared
SWNTs.
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Fig. 4.
(a) Absorption spectra of as-prepared (AP-SWNTs) and purified SWNTs after controlled
heating in oxygen.52 The insets illustrate the density of state (DOS) in SWNTs contributing to
the near-IR absorption: M11 is the first metallic transition in metallic SWNTs; S11 and S22 are
the first and second interband transitions in semiconducting SWNTs. M00 is the curvature
induced energy gap in metallic SWNTs. (b and c) Absorption spectrum of (b) reference, R2,
and (c) arc-produced SWNTs, S1, in the range of the S22 interband transition before (bottom
frame) and after (top frame) baseline subtraction. The relative carbonaceous purity of a SWNT
sample is estimated from the ratio of the integral absorptions under the curves in the top and
bottom frames, AA(S22, S1)/AA(T, S1) related to the same ratio of integral absorbances for the
reference sample AA(S22, R2)/AA(T, R2). Thus, the relative purity RP(X) =[AA(S, S1)/AA(T,
S1)]/[AA(S, R)/AA(T, R)].48
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Fig. 5.
(a) A solution of SWNTs, chemically functionalized with octadecylamine (ODA) by a general
functionalization scheme illustrated in (b).
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Fig. 6.
(a) SEM image of SWNT-PABS showing fibrous morphology61 and (b) Atomic force
microscopy (AFM) image illustrating good dispersion of small bundles of SWNT-PABS. (c)
A bundle of functionalized SWNTs, red arrowhead. (d) The cross-section of the bundle imaged
in (c), has a height of 3.5 nm (red arrowheads) corresponding to the bundle diameter. (e) Scheme
of the SWNT-PABS chemical structure.
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Fig. 7.
(a) Differential interference contrast and (b) immunofluorescent images of a SWNT-fiber
functionalized with bovine serum albumin.
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Fig. 8.
(a) Schematic of a carbon nanotube wrapped with single stranded DNA.76 (b) Absorption
spectra of two different fractions (f47 and f49) of SWNTs wrapped with DNA after
chromatographic ion exchange separation. Fraction 47 has a more pronounced absorption in
the metallic interband transition, M11 (400 to 600 nm), with weaker absorption in the
semiconducting interband transition, S11 (900 to 1600 nm) indicating that f47 is enriched in
metallic nanotubes.76 Data courtesy of Ming Zheng, DuPont. Reproduced with permission of
Nature Publishing Group.
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Fig. 9.
Schematic of biosensing with modified carbon nanotubes. (A) Binding of the alkaline
phosphatase (ALP)-loaded CNTs to streptavidin-modified magnetic beads, MB, by (a)
sandwich DNA hybridization or (b) antibody-antigen-antibody interaction. (B) Enzymatic
reaction. (C) Electrochemical detection of the product of the enzymatic reaction. P—DNA
probe 1; T—DNA target; P2—DNA probe 2; A1—antibody attached to the magnetic bead;
Ag—antigen; A2—antibody conjugated to ALP-CNT; S and P—substrate and product,
respectively, of the enzymatic reaction; GC—glassy carbon electrode; CNT—carbon nanotube
layer. Data reproduced with permission from Ref. [90], J. Am. Chem Soc.
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Fig. 10.
Proposed SWNT array for detection of neurotransmitter release from individual presynaptic
terminals.
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Fig. 11.
(a) Assembly of a DNA-templated FET. (i) Polymerization of RecA monomers on a ssDNA
molecule. (ii) Homologous recombination reaction binding the nucleoprotein filament to an
aldehyde-derivatized scaffold dsDNA molecule. (iii) Localization of the streptavidin-
functionalized SWNT on the scaffold dsDNA using a primary antibody to the bound RecA and
a biotin-conjugated secondary antibody. (iv) Formation of silver clusters on the segments
unprotected by RecA by incubation in an AgNO3 solution. (v) Gold deposition to form two
DNA-templated gold wires contacting the SWNT. (b) SEM image of an individual SWNT
contacted by self-assembled DNA-templated gold wires.78 Scale bar, 100 nm. Data courtesy
of Erez Braun, Technion-Israel Institute of Technology, Israel. Reproduced with permission
from Science.
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Fig. 12.
AFM images of neurites (~500 nm in diameter) containing a varicosity. (a) Deflection mode
AFM image; imaging force, 12 nN. Artifact at neurite varicosity is due to delay in the feedback
loop. The box in (b) indicates the area that was scanned at 72 nN after acquisition of (a) in
order to remove a portion of the neurite. (b) Image of neurites after excision; imaging force,
12 nN.
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Fig. 13.
(a) Schematic of a SWNT tip with attached carboxylic acid groups. (b–d) Chemical mapping
with functionalized SWNT tip. (b) Schematic of a patterned substrate consisting of a self-
assembled monolayer (SAM) region terminated with methyl groups and surrounded by
carboxylic acid-terminated SAM. (c) Tapping mode phase image of the patterned SAM in (b)
imaged with a carboxylic acid-terminated SWNT tip, and (d) phase image of a similar substrate
imaged with C6H5-terminated SWNT tip. Courtesy of Charles M. Lieber, Harvard University,
USA.
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Fig. 14.
(A) SEM image of a neuron grown on as-prepared MWNTs. (b) Fluorescent image showing
a live neuron on as-prepared MWNTs, which accumulated the vital stain, calcein. Arrow
indicates a growth cone. Scale bar, 20 μm. (c) Drawing summarizing the effects of MWNT
charges on growth cones, neurite outgrowth and branching. Modified from Ref. 106.
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Scheme 1.
Schematic illustration of procedures for covalent functionalization of SWNTs with biological
molecules.
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