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Preface

Nanomaterials

New materials promise novel applications. This particularly holds for nanoscaled
materials which can exhibit novel materials properties that appear upon reducing
the dimensions of their bulk counterparts. Indeed, it is the fundamentally different
physical and chemical properties of nano-sized materials which not only promise
new nanotechnological applications but attract scientists’ attention to their fun-
damental scientific importance. In particular, nano-sized materials have novel
properties and applications in the fields of optics, magnetism, electricity, catalysis,
and biomedicine. For biomedicine, besides the fundamentally novel properties, it
is also the mere size reduction which opens a new field of applications: nano-
particles conform to the dimensions of living cells, and can be internalized.
Therefore, control and sensing at the cellular level can be envisaged by applying
intracellular probes by transferring nano-sized biocompatible devices into the
cells. These devices (particles) must meet the demands of targeted investigation of
relevant cell parameters as well as manipulation of the cells.

One of many possible examples of biomedical application of nanomaterials is
cell killing by the use of magnetic nanoparticles exposed to external magnetic
fields. Magnetic fields only very weakly interact with organic materials and do not
cause known adverse effects. External magnetic fields can be used to ‘‘pull’’ or
‘‘push’’ magnetic nanoparticles into deep layers of (human) tissue (e.g. solid
tumours). After being internalized, magnetic nanoparticles can hence be used for
various purposes without need for surgery. External static magnetic fields fix
ferromagnetic nanoparticles at a precise position; gradient fields move them and
alternating (AC) fields lead to local heating. The latter effect can be utilized for so-
called ‘‘hyperthermia’’, i.e. a therapeutic anti-cancer treatment which raises the
temperature of tumor tissue in vivo [1]. This method applies the fact that a cancer
cell-killing effect is caused when a temperature above 41–42�C is maintained in
the target volume. One outstanding example of the use of ferromagnetic nano-
particles is ‘‘magnetic fluid hyperthermia’’ (MFH), i.e. the controlled heating of

v



tumour tissue, which is commercially used by one of the associated industrial
partners of our Network [2]. In MFH therapy, magnetic nanoparticles are infil-
trated deep into tumour tissue and inductively heated by applying AC magnetic
fields.

Carbon Nanotubes

The use of nanoscaled functional materials requires that the materials are shielded
within a protective coating until they reach their site of action. A promising way to
provide such a shield appears to be the coating, e.g., of the magnetic iron with a
carbon shell by insertion of the magnetic material inside carbon nanotubes and
thereby protecting the biological environment and the filling material from each
other. Degradation of filling materials is avoided and their potential toxicity and
adverse effects are suppressed.

Carbon nanotubes (CNTs) are hollow carbon structures with one or more walls,
a small diameter on the nanometer scale and a large length in comparison. They
exhibit a well-ordered arrangement of carbon atoms linked via sp 2 bonds which
renders them among the stiffest and strongest fibres known. In addition to
mechanical properties, they exhibit superior electrical and thermal conductivity.
Depending on the numbers of walls, the diameter is between 0.8–2 nm for single-
walled CNTs and 2–100 nm for multi-walled ones. Their lengths range between
hundreds of nanometers and up to tens of micrometers and even longer, yielding
very high aspect ratios.

The mechanically and chemically stable carbon shells can be opened, filled and
closed again without losing their stability. Experiences in filling CNTs range back
to their discovery in 1991 [3]. Since then, extensive work has been performed to
synthesise CNTs and to functionalise them both exohedrally, i.e. by attaching
functional elements to the outer shell, and endohedrally by filling with various
materials. CNTs can be filled with metals, semiconductors, salts, organic materi-
als, fullerenes, etc., either during the synthesis process or through subsequent
opening, filling, and closing of the CNT. The container feature of CNTs allows, in
principle, simultaneous filling of CNTs with different materials thereby combining
multiple functionalities in one kind of carrier. In this way, CNTs provide a smart
carrier system on the nanometer scale which can be filled with tailored materials to
address specific purposes.

Beyond the shielding effect against a biological environment, the carbon
coating offers an interface for further exohedral functionalisation with suitable
(bio-) molecules. A major task of such functionalisation is the stable dispersion of
the nanoparticles in aqueous media which still is a major challenge. Both non-
covalent and covalent modification strategies can be applied among which the
former preserve the pristine CNT structure while covalent modification introduces
partial damage of the outer wall but in general yields better dispersion. Dispersion
becomes even more crucial if ferromagnetically filled CNTs are envisaged which
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exhibit an increased tendency to agglomerate due to magnetic interactions. In
addition, exohedral functionalisation is needed to make the highly symmetric
carbon structures compatible with real biological environments. Nowadays,
functionalisation is also aimed at performing dynamic tasks such as target rec-
ognition, target transformation, transport, or electrical conduction in the living
cell. Some of these functions can be provided by biomolecules, such as DNA or
proteins (enzymes, antibodies). Importantly for any therapeutic or biomedical
usage, functionalised CNTs can effectively cross biological barriers such as the
cell membrane and penetrate the individual cell. Recently, it was shown that DNA-
wrapped SWCNTs were enveloped by cancer cells and they were used to deliver a
lethal dose of microwave radiation to the cancer cells [4]. In contrast to such non-
covalent wrapping of CNTs with biomolecules, any covalent chemical exohedral
functionalisation needed to improve the biocompatibility of CNTs will structurally
perturb the external wall. This however in the case of multi-walled CNTs does not
affect the overall carbon shielding. A variety of methods exist for exohedral
functionalization of carbon nanotubes, some of which have been successfully
applied for the conjugation of proteins, drugs and fluorescent dyes and active
tumor targeting in vivo.

Although a very large number of toxicity studies has been published no clear
picture evolves for CNTs in general. There are many conflicting reports mainly
from in vitro studies. One reason for this ambiguity is the fact that—similar to
other nanoparticles—a large number of specific factors govern the toxicity of
CNTs such as their shape and size (diameter, length), the number of shells (single-
or multi-walled CNTs), agglomeration state, homogeneity, and surface chemistry.
In particular, the concentration of CNTs is not necessarily a main parameter.
Ambiguity also results from a lack of standardisation and of thorough character-
isation of, e.g., defects of the outer shell or potentially toxic contaminants. Such
non-carbon material originating from the synthesis process of pristine empty CNTs
can amount to several percent of the total mass. These factors may account for
much of the reported differences so that details of synthesis, choice of catalyst
particles, washing procedures and dispersion methods have to be considered
thoroughly.

The successful application of CNTs for biomedical application faces a variety
of severe problems to be solved. These include:
• Synthesis of CNTs with tailored functionalities and uniform morphology
• Modification of CNTs to become compatible to biological systems, in particular

long-term stable dispersed in aqueous solution
• Detailed study of interaction with biological environments (immune response,

toxicity, interaction with the single cell)
• In vivo testing for actual therapeutic and diagnostic purposes such as imaging

(contrast agents, markers), sensing (nanoparticle-based diagnostics) and cancer
treatment (hyperthermia, targeted drug delivery)
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The Book

As described above, extraordinary physical and chemical properties render carbon
nanotubes promising candidates as biomedical agents for diagnostic and thera-
peutic applications. Filling the nanotubes with tailored materials forms packages in
which the active content is encapsulated by a protecting carbon shell. The nano-
particles are efficiently internalized by cells. Chemical alteration of the external
surface confers biocompatibility and the potential to target specific cells or tissues.
This book explores the potential of multi-functional carbon nanotubes for bio-
medical applications by combining diverse and detailed contributions from
chemistry, physics, biology, engineering, and medicine. The overview of the
current state-of-the-art addresses different synthesis and biofunctionalisation
routes and shows the structural and magnetic properties of CNTs relevant to
biomedical applications. Particular emphasis is given to the interaction of CNTs
with biological environments, i.e. toxicity, biocompatibility, cellular uptake,
intracellular distribution, interaction with the immune system and environmental
impact. The insertion of NMR-active substances allows diagnostic usage as
markers and sensors, e.g. for magnetic imagingand contactless localtemperature
sensing.The potential of CNTs for therapeutic applications is highlighted by
studies on chemotherapeutic drug filling and release, targeting and magnetic
hyperthermia studies for anti-cancer treatment at the cellular level.

The book is presented in four sections:

I Fundamentals: Synthesis of Multifunctional Nanomaterials
and their Potential for Medical Application

Raffa et al. introduce the Physical properties of carbon nanotubes for therapeutic
applications, emphasizing the unique, unprecedented combination of electrical,
magnetic, optical and chemical properties which holds great promise for the
development of a new class of CNT-based drugs and therapy. Raffa et al. provide a
review of the physical properties of CNTs and discuss the current state of the art as
well as future perspectives of applications of CNTs in the field of biotechnology.

The applications of Carbon nanotubes in regenerative medicine are reviewed
by Paratala and Sitharaman. The focus of regenerative medicine is on developing
methods that can be applied to create functional tissues, to repair or replace tissues/
organs lost due to trauma or disease. In this respect, the structural and mechanical
properties of CNTs make them applicable for use as composites for tissue engi-
neering. CNTs can act as delivery vehicles for drugs and gene therapy and thus are
suitable for therapeutics in regenerative medicine. Further, as discussed in this
chapter, they also show promise as contrast agents for non-invasive in vivo
molecular imaging.
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The production of uniform nanoparticles with controlled particle size and
morphology is one of the main challenges in applied nanoscience. In this respect,
remarkable progress in synthesis of carbon nanostructures has been made in the
last two decades. Aspects of synthesis are addressed by Lukanov et al. who
discuss various functionalisation routes of Filling of Carbon Nanotubes with
compounds in solution or melted. The filling of CNTs with a particular func-
tional material represents a remarkable example of matter manipulation at the
nanometer scale aimed at designing a tailored nanosized device. These authors
review different approaches to filling. The confinement of matter inside CNTs
can lead to significant structural modifications, depending on both the bulk
structure of the confined material and the CNT inner diameter, which likely
causes modifications of the physical properties (electrical, optical, mechanical,
thermal) of the composites.

The capacities and potential for nanofabrication of a tailored magnetic
material relevant to magnetic imaging and magnetic hyperthermia applications is
highlighted by the encapsulation of materials such as Fe, Co, Ni. Within this
context, the synthesis of CNTs filled with magnetic materials has been widely
investigated, especially with iron due to its excellent ferromagnetic character-
istics. A detailed overview of diverse preparation routes of Fe-CNTs is given by
Borowiak-Palen et al. Filling Carbon Nanotubes: containers for magnetic probes
and drug delivery. Here, the effects of varying parameters in the chemical
vapour deposition (CVD) synthesis method on the structure of the final material
is shown, which varies in respect of the amount of iron encapsulated in the
cavity, tube diameter and the number of graphitic walls forming the CNTs. The
filling of hollow CNTs through wet chemistry reactions (as a post-synthesis
route) and CVD process (filling during the synthesis of CNTs) is also addressed
in this chapter, with the particular example of exploiting the potential of CNTs
nanosized containers filled with therapeutic drugs, exemplified by the chemo-
therapeutic cisplatin.

II Magnetically Functionalised Carbon Nanotubes for Medical
Diagnosis and Therapy

Sobik et al. describe, in the chapter Magnetic nanoparticles for medical diag-
nosis and therapy, the intrinsic properties of ferromagnetic CNTs and their
potential to provide accurate medical imaging and medical therapy (magnetic
hyperthermia, targeted drug delivery, etc…) at the cellular level. The unusual
magnetic and magnetization properties of these ‘‘nanowires’’ (extremely thin,
long assemblies of iron atoms within CNTs) are illustrated. These properties are
compared in situations mimicking free suspension in body fluids, or immobili-
zation in solid tissues.

In the chapter Feasibility of magnetically filled carbon nanotubes for biological
applications: From fundamental properties of individual nanomagnets to
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nanoscaled heaters and temperature sensors, Lutz et al. present a detailed over-
view of fundamental magnetic properties and magnetisation reversal of individual
nanostructures and of ensembles. In addition, heating effects in applied AC
magnetic fields are highlighted. This effect is of great interest for thermoablation
treatment, i.e. the killing of cells (for example within solid tumours) by direct local
heating, The heat output and other relevant properties of various magnetic mate-
rials are compared, together with discussion of the control of heat output. NMR
studies show that a non-invasive temperature control by virtue of a carbon-
wrapped nanoscaled thermometer is feasible.

Anuganti and Velders (Nuclear Magnetic Resonance Spectroscopy and Imag-
ing of Carbon Nanotubes) review the potential use of CNTs as contrast-enhancing
agents for Magnetic Resonance Imaging, in vitro and in vivo with a detailed
investigation of different types of CNT structures and properties by solution-state
NMR, Solid State NMR and High-Resolution Magic-Angle-Spinning (HR MAS)
NMR spectroscopy.

III Interaction with Biological Systems

Current developments in nanoparticle technology provide a vast variety of new
particles, with different morphology and surface chemistry. If these are to be
used in biology and medicine, constant and continued study of how they interact
with biological materials, especially human tissues, must be carried out, to
assess their benefit versus any potential risk. Despite various industrial appli-
cations of CNTs and their large scale synthesis relatively little is known in
detail about the interaction of CNTs with biological environments. In the
chapter Exploring carbon nanotubes and their interaction with cells using
atomic force microscopy, Lamprecht et al. discuss how atomic force microscopy
can be used to study some of the fine details of the interactions of function-
alized CNTs with mammalian cells. This technique has the advantage that it
does not require extensive processing or chemical treatment (fixing) of the
sample before measurements are made, so that systems can be studied close to
physiological conditions.

Neves et al. in the chapter entitled Uptake, intracellular localization and
biodistribution of carbon nanotubes present a detailed, pharmacologically-ori-
ented summary of in vivo studies of biodistribution and circulation of CNTs,
together with extensive in vitro studies of uptake into cells and intracellular
localisation. It is described how CNTs can be designed to form pharmaceutical
complexes, which allow them to enter blood circulation, target cells, deliver pay-
loads, be exocy-tosed and finally eliminated from the body. As nanoparticles for
medical applications, CNTs shows promise in offering lower toxicity with
enhanced efficacy.

CNTs and other nanomaterials when placed in contact with human (or other
mammalian) body fluids and tissues are recognised by the immune system and
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may also interact with other systems, such as coagulation proteins, other blood
plasma components, and cell-surface proteins. Binding of immune system com-
plement proteins activates the complement system and results in strong binding of
several complement proteins to the CNT. Such complement activation may
influence subsequent interaction of the CNT with cells and tissues and is a pre-
dictor of potential toxicity in animal models. Rybak-Smith et al. (Recognition of
Carbon Nanotubes by the Human Innate Immune System) report on what is known
of the molecular events, such as protein binding, that occur when CNTs are placed
in contact with human blood or lung fluids, and the biological consequences of
these interactions.

Industrial-scale synthesis of CNTs for a wide range of uses is now a reality, on
the scale of hundreds of tons per year, and this brings into focus the need to study
industrial and environmental toxicology of nanotubes. Flahaut, in the chapter
Toxicity and environmental impact of carbon nanotubes, provides an overview of
current knowledge of the life-cycle of CNTs, from manufacture to final destruc-
tion, covering aspects such as accidental uptake into living organisms, potential for
toxicity, biopersistence, routes of elimination and degradation.

IV Towards Targeted Chemotherapy and Gene Delivery

More detailed considerations of the application of derivatised CNTs as drug car-
riers are developed in this section of the book. Heister et al. (Carbon nanotubes
loaded with anticancer drugs: a platform for multimodal cancer treatment) present
an overview of cancer, current treatments and the need for new developments.
Strategies for design and targeting of drug carriers are described, followed by a
detailed review of the experimental use of modified CNTs, in vitro and in vivo, in
the killing of tumours or cancer cells. These authors conclude that ‘‘drug delivery
is clearly one of the most promising bioapplications of carbon nanotubes and the
coming years will reveal the suitability of this rather novel material in comparison
to more established drug delivery systems, such as liposomes’’.

Haase et al. in the chapter Carbon Nanotubes filled with Carboplatin: Towards
Carbon Nanotube supported delivery of the chemotherapeutic agent Carboplatin
present a detailed experimental study of the development of a single system, CNTs
filled with the anti-cancer drug carboplatin. The maintenance of the structure of the
enclosed carboplatin was confirmed by spectroscopic techniques, and the cyto-
toxicity of the CNT–cisplatin composites explored using cell lines.

In the final chapter, Functionalized carbon nanotubes for gene biodelivery,
Sanz-Beltrán et al. describe the design of CNTs derivatised for the delivery of
DNA into cells (an approach to gene therapy or to therapeutic use of RNA). Non-
covalent functionalization of CNTs with RNA and with amphiphilic polypeptides
as model systems, the efficacy of these coatings in forming stable dispersions, and
the capacity of the modified CNT to deliver functioning genes to cells is presented
in detail.
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The experimental work described in these chapters is very wide-ranging,
diverse and multidisciplinary. Experimental techniques used range through those
of several branches of physics, organic and inorganic chemistry, oncology,
immunology, molecular biology, and the structures studied range from metal ions,
through protein and DNA macromolecules, synthetic particles, up to animal cells,
tissues and whole animal bodies. These illustrate the complexity of work and range
of scientific disciplines required for the design of new modes of biomedical
therapy.

The majority of the work presented has been done in the multi-disciplinary
European Marie-Curie Research Training Network CARBIO (Multifunctional
Carbon Nanotubes for Biomedical Applications) [5]. The Network provided col-
laborative training of young researchers in experimental biomedical nanoscience
aiming at developing and optimizing multi-functionalised nanocontainers for
human medical applications. The project has elucidated the usage of CNTs for
previously known applications and has also shown their feasibility for novel
applications not encountered before. A particularly high potential is found when
multiple functionalities are combined, e.g., drug transport, imaging and local heat
generation. The network’s results which have been published in more than 100
papers allow better understanding and assessment of possible benefits and
potential toxicological and environmental risks of a promising nanomaterial which
is a prerequisite for responsible application of nanotechnology.

1. Pankhurst, Q.A., Conolly, J., Jones, S.K., Dobson, J.: Applications of magnetic
nanoparticles in biomedicine. J. Phys. D Appl. Phys. 36, R167–R181 (2003)

2. Jordan, A., Scholz, R., Wust, P., Fahling, H., Felix, R.: Magnetic fluid hyper-
thermia (MFH): cancer treatment with AC magnetic field induced excitation of
biocompatible superparamagnetic nanoparticles. J. Magn. Magn. Mat. 201, 413
(1999)

3. Iijima, S.: Helical microtubules of graphitic carbon, Nature 354, 56 (1991)
4. Kam, N.W.S., O’Connell, M., Wisdom, J.A., Dai, H.: Carbon nanotubes as

multi-functional biological transporters and near-infrared agents for selective
cancer cell destruction. Proc. Natl. Acad. Sci. USA 102, 11600 (2005)

5. http://www.carbio.eu
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Part I
Fundamentals: Synthesis of

Multifunctional Nanomaterials and their
Potential for Medical Application



Physical Properties of Carbon Nanotubes
for Therapeutic Applications

Vittoria Raffa, Orazio Vittorio, Cristina Riggio, Gianni Ciofani and
Alfred Cuschieri

Abstract Carbon nanotubes (CNTs) are molecular-scale tubes of graphitic carbon
with outstanding properties. They are among the stiffest and strongest fibres
known, and have remarkable electronic properties and many other unique char-
acteristics. For these reasons they have attracted huge academic and industrial
interest, with thousands of papers on nanotubes being published every year.
Applications of CNTs in the field of biotechnology have emerged, raising great
hopes. The discovery of carbon nanotubes has the potential of revolutionizing
biomedical research as they can show superior performance over other nanopar-
ticles. The advantage lies in a unique, unprecedented combination of electrical,
magnetic, optical and chemical properties which is greatly promising for the
development of a new class of CNT-based drugs and therapy. In the following
discussion a brief summary of the CNT physical properties and how they can serve
these purposes will be provided, followed by an overview of the current state of
the art and the future perspectives.

1 Introduction

Carbon nanotubes are molecular-scale tubes of graphitic carbon with outstanding
properties. They are among the stiffest and strongest fibers known, and have
remarkable electronic properties and many other unique characteristics. For

V. Raffa (&), O. Vittorio, C. Riggio, G. Ciofani and
A. Cuschieri
Scuola Superiore Sant’Anna, Piazza Martiri della libertà 33,
56127, Pisa, Italy
e-mail: v.raffa@sssup.it

R. Klingeler and R. B. Sim (eds.), Carbon Nanotubes for Biomedical Applications,
Carbon Nanostructures, DOI: 10.1007/978-3-642-14802-6_1,
� Springer-Verlag Berlin Heidelberg 2011
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these reasons they have attracted huge academic and industrial interest, with
thousands of papers on nanotubes being published every year. Applications of
CNTs in the field of biotechnology have recently started to emerge, raising great
hopes. CNTs have been proposed as components for DNA and protein biosensors,
ion channel blockers and as bioseparators and biocatalysts [10]. Concerning the
biomedical applications of CNTs, their use is becoming relevant in neuroscience
research and tissue engineering. They have been developed as scaffolds for neu-
ronal and ligamentous tissue growth for regenerative interventions of the central
nervous system (e.g. brain, spinal cord) and orthopaedic sites. CNTs have also
been used as new platforms to detect antibodies associated with human autoim-
mune diseases with high specificity. This finding paves the way to the develop-
ment of CNT-based diagnostic devices for the discrimination and identification of
different proteins from serum samples and in the fabrication of microarray devices
for proteomic analyses. In a similar context, CNTs covalently modified at their
open ends with DNA and PNA (peptide nucleic acid) have led to innovative
systems for hybridization of complementary DNA strands allowing for ultrasen-
sitive DNA detection. CNTs have also emerged as a new alternative and efficient
tool for transporting and translocating therapeutic molecules. The development of
new and efficient drug delivery systems is of fundamental importance to improve
the pharmacological profiles of many classes of therapeutic molecules. CNTs can
be functionalised with bioactive peptides, proteins, nucleic acids and drugs, and
used to deliver their cargos to cells and organs.

With the prospect of gene therapy, cancer treatments, and innovative therapies,
the science of nanomedicine has become an ever-growing field that has an
incredible ability to bypass barriers previously thought unavoidable. The proper-
ties and characteristics of CNTs are still being researched heavily and scientists
have barely begun to investigate the potential of these structures. CNTs have
already proven to serve as safer and more effective alternatives to previous drug
delivery methods. They can serve as ideal vehicles, carrying therapeutic drugs,
vaccines, and nucleic acids deep into the cell to targets previously unreachable and
responding to static and dynamic energetic fields.

The discovery of carbon nanotubes has the potential of revolutionizing bio-
medical research as they can show superior performance over other nanoparticles.
The advantage lies in a unique, unprecedented combination of electrical, magnetic,
optical and chemical properties which is greatly promising for the development of
a new class of CNT-based drugs and therapy. The blue arrows of Fig. 1 connect
CNT properties with their current exploitation in biomedicine and the near future
holds the promise to discover and prove many new connections.

In the following discussion a brief summary of the CNT properties and how
they can serve these purposes will be provided, followed by an overview of the
current state of the art and the future perspectives. The discussion will be focused
on CNTs as nanotransducers (a transducer is a system converting one type of
energy to another) and nano-antennas, in a meaning larger than the familiar one
(i.e. a detectors/transmitters of any wavelength, included optical and microwaves)
related to biomedical applications.
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2 Electrical Properties

The nanometer dimensions of carbon nanotubes (CNTs), together with the unique
electronic structure of a graphene sheet, make the electronic properties of this one-
dimensional structure highly unusual [51]. A single wall CNT (SWCNT) is geo-
metrically just a rolled up graphene sheet. Its structure can be specified or indexed
by its circumferential periodicity. In this way, a SWCNT geometry is completely
specified by a pair of integers (n, m) denoting the relative position c = na1 + ma2
of the pairs of atoms on a graphene sheet which, when rolled onto each other, form
a tube.

Theoretical calculations and conductivity measurements demonstrated that
isolated SWCNT exhibit unique electronic transport phenomena, which can lead to
both metallic and semiconducting behaviour, depending on small variations in the
chiral angle (n, m) of the hexagons or diameter [25, 28, 71]. If all wrapping vectors
could occur with equal probability, 1/3 of the SWCNTs would be metallic and 2/3
semiconductor. The physical phenomena that lead to the electronic properties of
carbon nanotubes can be understood with the band-folding theory. The general
rules for the metallic behaviour of SWCNTs are as follows: (n, n) tubes are metals;
(n, m) tubes with n - m = 3j, where j is a non-zero integer, are very tiny-gap
semiconductors; and all others are large-gap semiconductors. Hence, we can find
three kinds of carbon nanotubes: large-gap, tiny-gap, and zero-gap. As the tube
radius R increases, the band gaps of the large-gap and tiny-gap varieties decreases
with 1/R and 1/R2 dependence, respectively. This band-folding picture, first ver-
ified by tight-binding calculation, is expected to be valid for tube diameters larger
than 4 Ǻ. Experimental studies using scanning tunnelling and other techniques
have basically confirmed this theoretical prediction.

Fig. 1 CNT properties and their application in the biomedical field. Reproduced from [22] with
the permission of Bentham Science Publishers Ltd
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Figure 2a is a schematization of typical three-terminal device geometry for
transport measurement. The AFM image shows an individual SWCNT deposited
on two electrodes (source and drain electrodes). Room transport characteristics fall
into two distinct types: no or weak gate voltage dependence of the linear-response
conductance (metallic type) and strong gate dependence (semiconducting type).
Figure 1b shows typical room-temperature current–voltage (I–V) characteristic for
semiconducting nanotubes [72]. It indicates that the nanotube is a hole-doped
semiconductor and the device behaves as a p-type Field-Effect Transistor (FET).

Electronic properties of CNTs can be modified also by the presence of defects
(e.g., additional pentagons and heptagons) within the predominantly hexagonal
network [73, 74]. On-tube metal–semiconductor, semiconductor–semiconductor,
and metal–metal junctions may be formed by introducing topological structural
defects. For example, two half tubes jointed with a heptagon–pentagon defect pairs
(Stone–Wales defect, 7–5–5–7) can form a metal–semiconductor Schottky barrier.

Multi wall CNTs (MWCNTs) consist of several coaxially arranged SWCNTs. It
has been widely discussed whether MWCNTs properties are closer to graphite, or
whether MWCNTs behave as a set of independent SWCNTs. A remarkable variety
of physical phenomena have been observed in their electrical transport, presum-
ably a consequence of the way in which nanotubes were contacted and the sample
quality. Why the measured conductance is only one-half of the expected quantized
conductance for an ideal metallic nanotube is not yet completely understood [29].

Tight-binding calculations for the static polarizabilities of both SWCNT and
MWCNT have also found the dielectric response to be highly anisotropic [8, 45].

Both metallic and semiconducting nanotubes find application in biomedical
fields [72]. The change in the electrical conductance, resulting from molecule
adsorption on CNT surfaces, is largely exploited as a sensor signal [24, 43]. The
adsorption of molecules on the nanotubes is associated with a partial charge
transfer, which alters the charge-carrier concentration. For the detection of mol-
ecules that are only weakly adsorbed, CNT sidewalls can be modified with

Fig. 2 a Three-dimensional AFM image of a SWCNT deposited on two electrodes (source and
drain electrodes); b two-probe I–V bias curves for various values of the gate voltage (Vgate).
Reproduced from [72] with the permission of IOP Publishing Ltd
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metallic nanoparticles which enhance the change in resistance. Similarly, graphitic
sidewall functionalization leads to modifications of the nanotube delocalised p
system, which offers a convenient and controllable means of tethering molecular
species [4].

Besides raw semiconducting nanotubes not subjected to specific treatments
which principally exhibit p-type semiconducting characteristics (holes are the
majority carriers), also metallic nanotubes chemically modified e.g., by electro-
chemical methods, become insulating, and show semiconducting behaviour [6].

Sensors based upon CNT-FETs can be considered in two different modalities.
One possibility is to monitor the conductance of an individual CNT or a network
of CNTs during the introduction of the analyte solution (chemiresistor configu-
ration). In this configuration, the resistance of the device is directly or inversely
proportional to the concentration of the analyte. A second method is to measure the
complete field-effect modulation of conductance after introduction of the test
solution. This latter methodology is referred to as chem-FET, where the threshold
voltage shift provides information about the analyte concentration.

CNTs exhibit also high electron transfer rates (comparable to those observed in
other carbonaceous electrodes) for different redox couples in various media [5],
which has stimulated an increasing research on CNT-based amperometric sensors
for the detection of specific analytes in solution. Different mechanisms (e.g.,
oxidatively pretreated CNT surface, biofunctionalised surface) can be used in the
preparation of CNT-based biosensing devices.

Because SWCNTs are only one molecular layer thick, every atom is at the
surface. A consequence of every atom being on the surface is that the adsorption of
any molecule onto the surface of a nanotube will change the electrical properties of
an entire nanotube, which means that nanotube sensors are capable of extremely
high sensitivity [23, 24], over a broad range of analytes in both gaseous and liquid
environments. At the same time, carbon chemistry is robust, enabling reliable,
long-lived sensors. Because nanotubes are so small, little power is required to
operate the sensors. Semiconducting carbon nanotubes have been demonstrated to
be promising nanoscale molecular sensors for detecting gas molecules with fast
response time and high sensitivity at room temperature [43].

Biological macromolecules bound to the surface of a nanotube, and undergoing
a binding event with change of charge state, can thus perturb the current flow in the
nanotube [35]. The research groups of Dai [18], Dekker [9], Gruner [13] and Tao
[30] have investigated the application of carbon nanotube devices as electrical
biosensors, where biomolecules including enzymes, proteins and oligopeptides
have been immobilized. Gruner and co-workers [70] used carbon nanotube tran-
sistor devices for detection of protein binding. A PEI/PEG polymer coating layer
was used to avoid non-specific binding, with attachment of biotin to the layer for
specific molecular recognition. Biotin–streptavidin binding was detected by
changes in the device characteristic. Dai and co-workers [18] investigated a
SWCNT transistor as a platform for investigating surface–protein and protein–
protein binding and developing highly specific electronic biomolecule detectors.
Non-specific binding of proteins on nanotubes, a phenomenon found with a wide

Physical Properties of CNTs for Therapeutic Applications 7



range of proteins, is again overcome by modifying the nanotubes with polyeth-
ylene oxide chains. A general approach is then advanced to enable the selective
recognition and binding of target proteins by conjugation of their specific receptors
to polyethylene oxide functionalized nanotubes. This approach, combined with the
high sensitivity of nanotube electronic devices, enables highly specific electronic
detection of clinically important biomolecules such as antibodies associated with
human autoimmune diseases.

New nanomaterial approaches aimed at modifying surfaces have the potential
to deliver a new generation of biosensors and bioelectronic devices for biomedical
applications [75]. The integration of biomolecules with CNTs enables the use of
such hybrid systems as electrochemical biosensors (enzyme electrodes, immuno-
sensors or DNA sensors) and active field-effect transistors (Yang et al. 2007).

The specific advantage of CNTs for integrating biomolecules is their small size,
allowing these nanoelectrodes to be plugged into locations where electrochemistry
would otherwise be unable to be performed, such as inside protein complexes or
on protein surfaces [57]. One of the opportunities CNTs will provide is a more
efficient way in communicating to the outside world the activity of biological
molecules used in biosensors [78]. Typically this communication is achieved via
the transfer of electrons. The potential of carbon nanotubes to facilitate commu-
nication between enzymes and the outside world with efficient transfer of electrons
is perhaps best demonstrated by the enzyme glucose oxidase (GOx), a oxidore-
ductase enzyme that oxidizes glucose to gluconolactone. Direct turnover of the
enzyme at the underlying electrode will overcome problems associated with the
shuttling of electron between the enzyme and the electrode by a diffusing species.
A major advance in the direct electrical contacting of redox enzymes and elec-
trodes using SWCNTs was recently accomplished attaching the enzyme micro-
peroxidase MP-11 to the ends of SWCNTs, which were aligned normal to the
electrode surface using self-assembly to give a nanoelectrode array [34]. An array
of perpendicularly oriented SWCNTs on a gold electrode was fabricated by
covalently attaching carboxylic acid functionalized SWCNTs, generated by the
oxidative scission of the carbon nanotubes, to a cysteamine monolayer-function-
alized gold electrode. Patolsky et al. [57] used the same approach to build an array
of perpendicularly oriented SWCNTs on a gold electrode, and the amino-deriva-
tive of FAD cofactor (flavin adenine dinucleotide) was covalently coupled to the
carboxylic groups at the free ends of the standing SWCNTs. Apoglucose oxidase
(apo-GOx) was then reconstituted on the FAD units linked to the ends of the
standing SWCNTs. The bioelectrocatalytic oxidation of glucose was observed at
the reconstituted apo-GOx functionalized electrode surface, and the electrocata-
lytic anodic current increased as the concentration of glucose increased. Knowing
the surface coverage of the GOx–SWCNT units, the turnover rate of electrons to
the electrodes was estimated to be about 4,100 s-1. This value is about six-fold
higher than the turnover rate of electrons from the active site of native GOx to its
natural oxygen (O2) electron acceptor (700 s-1). Thus, the electron transfer barrier
between the FAD centre and the electrode is lower for systems that include shorter
SWCNTs as connectors.
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Yu et al. [80] reported the combination of electrochemical immunosensors
using SWCNT forest platforms with multilabel secondary antibody–nanotube
bioconjugates for highly sensitive detection of a cancer biomarker in serum and
tissue lysates. Greatly amplified sensitivity was attained by using bioconjugates
featuring horseradish peroxidase (HRP) labels and secondary antibodies (Ab(2))
linked to carbon nanotubes at high HRP/Ab(2) ratio. This approach provided a
detection limit of 4 pg/ml for prostate specific antigen (PSA) in 10 ll of undiluted
calf serum, a mass detection limit of 40 fg. This immune sensor showed excellent
promise for clinical screening of cancer biomarkers and point-of-care diagnostics.

Covalent attachment of DNA to chemically functionalized CNTs has been used
in the development of DNA sensors [38] in which specific DNA sequences were
covalently immobilized onto acid-oxidized and plasma-activated carbon nano-
tubes. Li et al. [48] used a nanoelectrode array based on vertically aligned
MWCNTs embedded in SiO2 for ultra-sensitive DNA detection. Oligonucleotide
probes were selectively functionalized to the open ends of nanotubes. Interest-
ingly, the detection sensitivity was dramatically improved by lowering the nano-
tube density. Similarly Cai et al. [14, 16] also demonstrated the detection of DNA
hybridization at a DNA functionalized carbon nanotube array using daunomycin as
a redox label that was intercalated into the double-stranded DNA–CNT assembly
and detected by differential pulse voltammetry.

The interactions of various polypeptides with individual CNTs, both MWCNTs
and SWCNTs, were investigated by atomic force microscopy by Li et al. (2006). It
was demonstrated that polypeptides containing aromatic moieties, such as poly-
tryptophan, showed a stronger adhesion force with oxidized MWCNTs than that of
polylysine because of the additional p–p stacking interaction between the poly-
tryptophan chains and CNTs.

The length scales of CNTs are similar to that of typical biological macromol-
ecules, which gives to CNTs a considerable advantage over other materials in
functioning as effective electrodes in biosensing; novel CNT-based interfaces
between the neural tissues and solid-state electronics are particularly interesting
for non-invasive sensing and/or stimulation of the cells and will be now briefly
approached. CNTs have thus been applied in several areas of nerve tissue engi-
neering to probe and augment cell behaviour, to label and track subcellular
components, and to study the growth and organization of neural networks. Recent
reports show that nanotubes can sustain and promote neuronal electrical activity in
networks of cultured cells, but the ways in which they affect cellular function are
still poorly understood. Cellot et al. show, using single-cell electrophysiology
techniques, electron microscopy analysis and theoretical modelling, that nanotubes
improve the responsiveness of neurons by forming tight contacts with the cell
membranes [17]. Very interestingly, this report shows that nanotubes can sustain
and promote neuronal electrical activity in networks of cultured cells, by favouring
electrical shortcuts between the proximal and distal compartments of the neuron.

Intracellular compartments are electrically exposed to bundles of substrate
nanotubes and such contacts might result in an electrical shortcut (summarized
with an equivalent electric circuit model, Fig. 3a). The cell soma acts as a
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generator Vs during a spike, the somato-dendritic attenuation is modelled by a
resistor Ra, and the shunting effect of the bulk electrolyte is represented by an R0–
C0 parallel arrangement (Fig. 3b; [61]). The intracellular interface nanotube–
electrolyte is also represented by an R–C parallel arrangement. This circuit model
allows analysis of the physical conditions that might underlie the nanotube-med-
iated boosting effect of the somato-dendritic coupling.

Recent studies have suggested the great potential of high density, carbon
nanotube (CNT) coated surfaces as an interfacing material with neural systems [7,
31, 32, 39, 50, 52, 53, 69, 81]. A study of Shein et al. [64] presents novel carbon
nanotube-based electrode arrays composed of cell-alluring carbon nanotube (CNT)
islands [64]. These play a double role of anchoring neurons directly and only onto
the electrode sites (with no need for chemical treatments) and facilitating high
fidelity electrical interfacing–recording and stimulation. This work presents a new
and complete approach to engineer and interface with electrically viable neuronal
systems. Each micro-electrode is coated by a layer of several microns of dense and
entangled CNTs, synthesized by a CVD process thus forming a CNT island. The
islands strongly attract and anchor cells to pre-defined locations, and enable the
formation of stable sub-networks on electrically active recording sites (Fig. 4).

Fig. 3 Cell–CNT electrical interaction modelling. Reproduced from [17] with the permission of
Nature Publishing Group

Fig. 4 Self-assembled neuronal patterned network on a CNT neurochip. After several days of
plating, the cells on the CNT neuro-chip interconnect to form networks with cell aggregates at the
CNT islands and cell-free connections in-between. Reproduced from [64] with the permission of
Nature Publishing Group

10 V. Raffa et al.



Efficient cell patterning results with a stable neuronal network even though no
adhesive agents were used. Low electrode impedance improves the electrochem-
ical interface, and contributes to high quality recording and efficient stimulating
signals. The electrical viability of the cell cultures on the CNT substrates, and their
long term survivability (up to 2 months), substantiate the biocompatibility of these
surfaces. Combined with their superior electrical performances, it was demon-
strated that CNT coated electrodes are, in fact, well-suited to assist the interfacing
between electrically active biological cells and conventional electronic systems.

A study of Keefer et al. [42] shows that conventional tungsten and stainless
steel wire electrodes can be coated with carbon nanotubes using electrochemical
techniques, and that this coating enhances both recording and electrical stimulation
of neurons in culture, and in vivo, in rats and monkeys by decreasing the electrode
impedance and increasing charge transfer. CNT-coated electrodes have improved
electrochemical and functional properties in cultured neurons, rat motor cortex and
monkey visual cortex. Controlled deposition of CNTs on flat multi-electrodes
assay electrodes and sharpened wire electrodes demonstrated that the CNT coat-
ings can be applied to a variety of substrates and geometries.

Figure 5a and b shows, for example, stereotrode recordings from the rat motor
cortex, namely data recorded from a bare tungsten (red trace) and CNT/gold-
coated (black trace) stereotrode tip over 150 ms: the CNT-coated electrode shows
increased power when compared with the bare electrode (red trace) at all fre-
quencies (1–1,000 Hz).

CNT-coated electrodes had increased sensitivity for recording neurons,
decreased susceptibility to electrical noise, and functioned as broadband detectors
of neural activity. It was possible to record local field potentials (LFPs), multiunit
activity and neuronal spiking simultaneously with one electrode. The efficacy of
electrical stimulation was also greatly increased by the CNT coatings.

Particularly interesting in CNTs, are also their field emission properties. When
a high electric field in the order of 107 V/cm is applied on a solid surface with a
negative electrical potential, electrons inside the solid are emitted into vacuum by
the quantum mechanical tunnelling effect. This phenomenon is called field
emission of electrons. In 1995, field emission (FE) from an isolated MWCNT was

Fig. 5 Stereotrode recordings from the rat motor cortex. a Data recorded from a bare tungsten
(red trace) and CNT/gold-coated (black trace) stereotrode tip over 150 ms; b power spectra
calculated from 60 s of neural activity. Reproduced from [42] with the permission of Springer
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first reported by Rinzler et al. [60]. The CNTs possess many properties favourable
for field emitters [63]. In particular, when placed in an electric field, the CNTs
strongly enhance the electric field at their ends and this effect is responsible for the
lowest observed threshold of \104 V/cm for the electron field emission from a
CNT [19]. Saito et al. [63] performed systematic studies of field emission on
carbon nanotubes of different types and confirm their excellent field emission
performances. They observed significant differences in the emission characteristics
between SWCNTs, closed and opened arc-discharge MWCNTs, and catalytically
grown MWCNTs. Briefly, SWCNTs degrade substantially faster, as do MWCNTs
with disordered structures. The tip structure is also important for field emission
performances. To obtain low operating voltages as well as long emitter lifetimes,
the nanotubes should be MWCNTs and have closed, well-ordered tips. The
emission performances of MWCNT are in fact seriously degraded by opening their
ends. This result indicates that nanotubes cannot be considered as ordinary
metallic emitters. The large field amplification factor, arising from the small radius
of curvature of the nanotube tips, is partly responsible for the good emission
characteristics. On the other side, results suggest that electrons are not emitted
from a metallic continuum as in usual metallic emitters, but rather from well-
defined energy levels, corresponding to localized states at the tip.

Field emission properties of CNTs found application in irreversible electro-
poration for cell lysis. A study of Yantzi and Yeow [79] investigated the use of
CNTs to reduce the voltage requirements for irreversible electroporation for
portable lab-on-a-chip devices with strict power limitations. Experiments of cell
lysis were carried out using DH5 a E. coli bacteria equipped with a kanamycin
antibiotic resistance gene. The voltages required for 95% reduction in E. coli
cultures was greatly reduced using electrodes covered with CNTs. Instead of using
flat plates to achieve capacitance, CNTs can be patterned on the electrodes
resulting in higher electric fields and power output at lower voltages. In addition to
lowering the voltage requirements for pulsed electric field cell lysis, the concen-
trated field regions produced by the CNT represent an effective means of dis-
rupting smaller sub cellular organelles, viruses and nuclei present in eukaryotic
cells. The voltages required for [95% reduction in E. coli cultures was reduced
from 135 V to around 35 V using electrodes covered with CNTs.

Another exploitation of CNTs as vectors for permeabilization of bacteria has
been proposed by Chapana and colleagues with potential application in cell
biology for in-vitro and ex-vivo molecule delivery [62]. The work describes a
novel method to electroporate gram-negative bacteria (Acidothiobacillus ferro-
oxidans) via MWCNTs. The authors demonstrated that addition of CNTs into a
solution containing bacteria and gold nanoparticles (GNPs) and subsequent
exposure to microwave radiation facilitates a rapid transport of GNPs across the
cell wall (Fig. 6), without affecting the cell viability.

The activation of CNTs is due essentially to the ‘‘lightning rod’’ effect, and
occurs when a metallic rod (e.g., a MWCNT) is inserted into a region of a uniform
electric field E0. This causes a strong field enhancement at the CNT tip. A simple
estimation of this enhancement for a single, straight CNT is given by:
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E=E0 ¼ a � L=D

where a & 3 is a constant, E is the field at the tip, L is the CNT length, and D is its
diameter.

The described process constitutes a novel reversible electroporation of gram
negative bacteria. The mechanism proposed by the authors for pore generation and
intracellular transport of GNPs via microwave-activated CNTs primarily consider
an induced dipole along the CNTs, whose positive ends make contact with the
negatively charged surface of gram-negative A. ferrooxidans bacteria. This initial
electrostatic contact is enhanced by the microwave energy, which in turn deter-
mines the onset of CNT-sized pores across the cell membranes. GNPs attached
onto the cell surface and having a size comparable to the pore openings take
advantage of these transient membrane disruptions and diffuse inside the cells.

CNTs are usually considered as 1D conductive structures and this has been seen
as the electric field enhancement at their tips was utilized for improving electro-
poration [62]. The field enhancement coefficient is a function of the distance to
CNT tips (Fig. 7a, inset table). Provided that the CNT is 1 lm long and 100 nm
thick, the electric fields (E) nearly at the tips will be 33.5-fold of the applied
electric field (E0). However, at a 200 nm distance from the tips, the electric fields
only have 0.6-fold enhancements. Thereafter, the efficiency of electroporation
largely depends on the proximity of the cell membrane to the CNT tips. The close
contact between CNTs and cell membranes guarantees therefore the poration of
membranes with the highly enhanced field by CNTs.

A general indicator of electroporation is the transient time constant at the
decaying phase when an electric pulse is used to generate the field. It is correlated

Fig. 6 Left TEM picture of the Acidothiobacillus ferrooxidans cell after the exposure to
microwaves (5 s). Accumulation of CNTs on the cell wall is clearly visible. GNPs also
accumulate on the cell wall, but mostly at the CNT–cell contact points (see arrows); right TEM
picture of the area of contact of the cell with CNTs, and of massive GNP transfer into the cell.
Reproduced from [62] with the permission of Nature Publishing Group
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to the permeability of cell membrane as the result of electroporation. The extra and
intracellular molecular (or ionic) exchange can lead to increase of the ionic
strength and decrease of the dielectric constant. The corresponding reduction of
resistance and capacitance result in a smaller time constant. Thus, the time con-
stant is inversely proportional to the level of electroporation. Bal17 cells were used
to test nanotube-facilitated electroporation [15]. The time constants corresponding
to cells without CNTs and CNT-associated cells are plotted versus voltages in
Fig. 7b. Clearly, the time constant decreased in CNT-associated cells compared to
CNT-free Bal17 cells. The time constant of CNT-associated cells at 150 V was
58 ms. The value was comparable to the time constant obtained from CNT-free
cells at 230 V, which was the voltage needed to obtain transfection in the CNT-
free cells.

The transfection was carried out by adding pEGFP plasmid to the cell sus-
pension in the cuvette. The transfection results 48 h after the electroporation were
assessed by flow cytometry. As shown in Fig. 7c, CNT associated cells demon-
strated improvement in the EGFP transfection in terms of the percentage of EGFP
positive cells and the average amplitudes of EGFP signals in comparison to the
control cells.

Fig. 7 Electric field enhancement by CNT in electroporation. a Sketch of electroporation with
CNT-free (left) and CNT-associated cells (right). Table insert: theoretical electric field
(E) enhancement over the applied field (E0) by a nanotube of 1 lm long. d denotes the distance
to nanotube tip. a1 and a2 are the aspect ratios (i.e., diameter/length) of nanotubes, and equal to
0.1 and 0.5 respectively. b Electroporation time constants versus the voltages. c Improvement of
EGFP transfection by CNT mediated electroporation in Bal17 cells. Reproduced from [15] with
the permission of Springer
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A new modality for cell electro-permeabilisation based on the use MWCNTs
and external static electric fields was recently proposed by Raffa et al. [59]. The
method is based on the exploitation of the dielectric response of MWCNTs. Cells
are placed in contact with carbon nanotubes and then subjected to the action of two
orthogonal pulsed electric fields according to a specific time sequence in such a
way that, when one electric field is active, the other is deactivated and vice versa.
The experimental data obtained indicate that this method of CNT-enhanced
electro-permeabilisation provides an effective means of lowering the electric field
voltage required for repairable cell electro-permeabilisation to below 50 V/cm and
with an efficiency exceeding 80%.

The results of CNT facilitated electroporation suggest they may be used to
improve electroporation allowing the consistency of CNT length and aspect ratio
quantitative control and adjustment of the electroporation strength. Such advan-
tages hold promise for the enhancement of electroporation upon optimization of
the parameters, such as amount of CNTs, level of CNT association to cells, buffer
contents, pulse waveform and cuvette size.

3 Magnetic Properties

Thanks to magnetic susceptibility, CNTs should be used as magnetically driven
nanotools. Magnetic susceptibility can be intrinsic or induced by attached parti-
cles. For suspended CNTs, a motion can result from attractive or repulsive mag-
netic forces or alignment dynamics.

When a magnetic field is applied to a graphene sheet, the p-electrons are free to
circulate along hexagonal carbon rings and are responsible for inducing a magnetic
field that opposes the external one. This explanation, provided by Raman in 1929
[36], introduced the concept of molecular ring currents and still remains as the
basis for our understanding of the magnetic susceptibility behaviour of carbon
allotropes. By applying an external magnetic field along the CNT axis, indepen-
dent ring currents perpendicular to the axis of the tube are formed; thus one should
expect a paramagnetic response when the external field is applied along this
direction [49].

An external magnetic field can alter the semiconducting or metallic nature of a
CNT. This phenomenon corresponds to the Aharonov–Bohm effect of a CNT and
is related to the oscillation of the electronic conductance of CNT at low temper-
ature or with impurity and electronphonon scatterings [55].

Magnetic properties exhibited by CNTs can be also induced by metallic
impurities entrapped during the fabrication process, enabling them to react to
external magnetic fields. Carbon nanotubes usually grow through or from the
surface of such metal catalyst particles. 3d metals (Fe, Co, Ni) or their combi-
nations with other metals are very effective as catalysts. A combination of carbon
nanotubes and the magnetic metal catalyst particles may allow use of carbon
nanotubes for magnetically guided drug delivery purposes.
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An application of magnetically-driven drug-carrying CNTs in cells was recently
suggested by Cai et al. (2005) who have designed an alternative physical method
of in-vitro and ex-vivo gene transfer, called nanotube ‘‘spearing’’: CNTs grown
from plasma-enhanced chemical vapour deposition contain nickel particle cata-
lysts entrapped into their tips, allowing them to respond to a magnetic field. The
tubes were functionalized with DNA plasmids immobilized onto the CNTs and
subsequently speared into target cells via external magnetic fields. They used a two
step procedure for nanotube spearing: in the first step a rotating magnetic field
drives nanotubes to spear the cells on a substratum (surface) and in the second step
a static field pulls nanotubes into the cells.

Moreover, Cai and colleagues showed that CNT–cell complexes are formed in
the presence of a magnetic field [15]. The complexes were analyzed by flow
cytometry as a quantitative method for monitoring the physical interactions
between CNTs and cells (Fig. 8). They observed an increase in side scattering
signals, where the amplitude was proportional to the amount of CNTs that are
associated with cells. Even after the formation of CNT–cell complexes, cell via-
bility was not significantly decreased. The association between CNTs and cells
was strong enough to be used for manipulating the complexes and thereby con-
ducting cell separation with magnetic force. In addition, the CNT–cell complexes
were also utilized to facilitate electroporation. They observed a time constant from
CNT–cell complexes but not from cells alone, indicating a high level of pore

Fig. 8 Magnetic field-mediated CNT–cell association and characterization by flow cytometry.
Reproduced from [15] with the permission of IOP Publishing Ltd
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formation in cell membranes. Experimentally, they achieved the expression of
enhanced green fluorescence protein by using a low electroporation voltage after
the formation of CNT–cell complexes. These results suggest that higher trans-
fection efficiency, lower electroporation voltage, and miniaturized setup dimension
of electroporation may be accomplished through the CNT strategy outlined herein.

Pensabene et al. [58] demonstrated that, by combining the magnetic response
with the ability to interact with cells, CNTs can also be used for cell manipulation.
As shown in Fig. 9 the displacement effect has been observed in particular after 48
hours of incubation of cells with CNTs: the cell density increases close to the
magnet (A2) and in the meantime on the opposite site (A1) the number of cells is
stable or decreased. These data demonstrated that cells treated with nanotubes with
3% iron content are able to internalize this nanoparticle and to move towards a
magnetic source.

This becomes potentially very useful in cancer therapy, especially to prevent
cell migration in metastasis: CNTs could be functionalized in order to bind
selectively cancer cells, and injected in the target site; f-CNT bound to cells
could be constrained to the desired site by applying external magnetic field in
order to prevent cancer cell migration. In addition, cancer cells could be treated by
using CNTs also as intracellular transporters of chemotherapies or as heater
probes.

The magnetic properties of the nanotubes can be used also to perform studies
about in-vivo biodistribution by using magnetic resonance. Al Faraj et al. [3]
performed a non-invasive follow-up study to evaluate the biodistribution of CNT
and effect of nanotube deposition after exposure directly in vivo. They used
Combined helium-3 and proton magnetic resonance (MRI) to evaluate the bio-
distribution and biological impact of raw single-wall CNTs (raw-SWCNTs) and
superpurified SWCNTs (SP-SWCNTs) in a rat model. The susceptibility effects
induced by metal impurities in the intrapulmonary-instilled raw-SWCNT samples
were large enough to induce a significant drop in magnetic field homogeneity
detected in 3He MR image acquired under spontaneous breathing conditions using
a multiecho radial sequence. They demonstrated that superpurified SWCNTs
cannot be visualized by MRI because of the low percentage of metal impurities.
On the contrary, proton MRI allowed detection of intravenously injected raw-
SWCNTs in spleen and kidneys using gradient echo sequences sensitive to

Fig. 9 Cell displacement after incubation in culture with MWCNT-modified medium. Cells
move towards the magnet source. Reproduced from [58] with the permission of IEEE
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changes of relaxation time values. Superpurified SWCNTs thanks to this low
content of metal residuals, represent the best sample in terms of biocompatibility,
but it is not possible with the MRI to fully understand their biodistribution in vivo.
Instead nanotubes with a significant percentage of metal impurities are well
detected. It is clear that we need to find the best level of purity of nanotubes in
order to have both good biocompatibility and be able to visualize them by using
common magnetic resonance or similar imaging techniques.

4 Optical Properties

Since biological tissues exhibit a deep penetrability with very low absorption of
NIR photons in the wavelength range of 700–1100 nm the SWCNTs, with an
absorption band in the NIR region, could have advantages in use in biomedical
applications and in particular as diagnostic imaging contrast agents and in cancer
photoablative therapy [44, 77].

The unique photostability of SWCNT photoluminescence allows for longer
excitation time at higher laser flux than either organic fluorophores or quantum
dots. Moreover, in contrast to alternative methods that track carbon nanotubes by
linking them covalently or noncovalently to external fluorophores or chelated
radioisotopes [65, 66, 68], the near-IR fluorescence technique provides a direct and
unambiguous way to monitor chemically pristine SWCNTs with sensitivity high
enough to detect even a single intracellular nanotube.

A method for observing pristine, hydrophobic SWCNTs in biological media
through their unique near-infrared intrinsic fluorescence was presented by Cher-
ukuri et al. [20]. In this in-vitro study, mouse macrophage cells were incubated in
SWCNT suspension to actively ingest nanotubes. The long wavelengths of
SWCNT emission allow high contrast detection with strong discrimination against
endogenous fluorescence. Low concentrations of nanotubes in biological speci-
mens were selectively detected. To obtain near-IR imaging a spectrofluorometer
and a modified fluorescence microscope were used. It was demonstrated that
macrophage can actively ingest significant quantities of single-walled carbon
nanotubes without showing toxic effects. The ingested nanotubes remain fluores-
cent and can be imaged through near infrared fluorescence microscopy at wave-
lengths beyond 1100 nm. These findings are therefore relevant to the many
envisioned biomedical applications that exploit properties of individualized
SWCNTs.

In 2006 the same author investigated the use of the intrinsic near-IR fluores-
cence of individual SWCNTs, to measure their blood elimination kinetics. These
experiments were performed in vivo: a suspension of SWCNTs in pluronic sur-
factant was injected into rabbits and after 24 h they were sacrificed to identify the
organs in which the SWCNTs concentrate [21]. To quantify the kinetics of
SWCNT elimination from the blood circulation, spectrally integrated SWCNT
fluorescence intensities were measured from specimens representing different time
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points. The data are well modelled by first-order (exponential) decay with a half-
life of 1 h (Fig. 10).

The absence of biexponential or multiexponential kinetic components indicates
that there was no significant temporary accumulation of nanotubes in tissues that
could act as reversible reservoirs.

The biodistribution of SWCNTs among organ systems after elimination from
the systemic circulation was also examined by performing near-IR fluorescence
microscopy on tissue specimens. Figure 11 shows representative micrographs of
liver tissue taken from rabbits killed 24 h after SWCNT injection.

Figure 11a reveals numerous regions in the liver specimen with significant
SWCNT concentrations. The more magnified image of Fig. 11b shows one or two
green clusters in addition to 30 diffraction-limited green spots. Each of these spots
is emission from a single semiconducting SWCNT. Similar analysis of tissue
specimens from the kidneys, lungs, spleen, heart, brain, spinal cord, bone, muscle,
pancreas, intestine, and skin revealed far fewer or no nanotubes, and the control
specimens showed no emissive features identifiable as SWCNTs: at 24 h after i.v.
injection, the only significant SWCNT concentration is in the liver.

During the 24-h period between exposure and termination of the experiment,
the experimental animals displayed normal behaviour and showed no evidence of
adverse effects from i.v. SWCNT administration at the 20 g/kg dosage used here.
In addition, pathological examination during necropsy revealed no gross organ
abnormalities, and histological evaluation of tissue sections found no pathological
differences between the experimental and control animals. The absence of acute

Fig. 10 Time dependence of blood serum SWCNT concentration after injection measured for
four rabbits. Each data point is the averaged emission intensity spectrally integrated above a
linear baseline connecting the minima at 1,100 and 1,250 nm. This baseline construction captures
a major SWCNT fluorescence feature while avoiding systematic errors from an underlying
background of weak autofluorescence. Error bars show standard errors of the mean. The solid
curve is a first-order kinetic fit to the data. Reproduced from [21] with the permission of National
Academy of Science, USA
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toxicity (at a low dose level) and reasonably long blood circulation time found
here suggest that SWCNTs may well prove useful in medicine.

From a clinical perspective, it is important that mammalian cancer cells generally
are more sensitive to heat-induced damage and apoptosis than normal cells [41].

The intrinsic optical properties of carbon nanotubes with their suitable func-
tionalization chemistry and transport capabilities were combined by Shi Kam
et al., to synthesise new classes of nanomaterials for drug delivery in cancer
therapy. In biological systems that are transparent to 700 to 1100 nm near-infrared
light, the strong absorbance of SWCNT in this window can be used for optical
stimulation of nanotubes to exploit their properties as NIR ‘‘heaters’’ or ‘‘anten-
nas’’ inside living cells. Carbon nanotubes were used to transport across the cell
membrane oligonucleotides that can translocate into the cell nucleus upon endo-
somal rupture triggered by NIR laser pulses. The use of continuous NIR radiation

Fig. 11 Micrographs at two magnifications of liver tissue from rabbits killed 24 h after i.v.
administration of suspended SWCNTs. a, b Near-IR SWCNT fluorescence images. Scattered
isolated bright pixels are artefacts from defective sensor elements in the near-IR camera; all
larger features represent emission from SWCNTs. In c and d, the SWCNT fluorescence from
a and b is shown overlaid as false-colour green onto visible bright-field images from adjacent 3-
lm-thick specimen slices that had been stained with haematoxylin and eosin. Reproduced from
[21] with the permission of National Academy of Science, USA
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can induce cell death due to an excessive local heating of SWCNTs in vitro. The
selectivity cell-SWCNTs was achieved by the functionalization of the nanotubes
with folate [67].

In Fig. 12 confocal microscopy reveals that DNA molecules are transported
across the cell membrane, into the cytoplasm by nanotubes and after NIR radiation
(1.4 W/cm2) colocalization of DNA in the cell nucleus indicates release of DNA
cargoes from SWCNT transporters and entry into the nucleus.

The same approach to use SWCNT for cancer photothermal therapy in the near-
infrared region was applied by Zhou et al. [82]. In this study, the effects of
irradiation by a 980-nm laser of antibody-conjugated CoMoCAT� nanotubes,
were explored.

The SWCNT were used efficiently to convert the 980-nm laser energy into heat
and to selectively destroy target cells, increasing the surrounding temperature. The
results of this work show that SWCNTs combined with suitable tumour markers
can be used as novel nanomaterials for targeted cancer photothermal therapy.

5 Antenna Properties

Looking again at the scheme of Fig. 1, it appears clear that much progress has been
made in understanding CNT chemical and physical behaviour during the last
10 years. However, the exploitation of these concepts is still weak, especially in
biomedical fields, the most important efforts coming from Integrated Circuit (IC)
industry.

It is well know that CNT electrical conductivity is modified by chemical
functionalization and external electrical fields. It has been demonstrated that CNTs

Fig. 12 Transporting DNA inside living cells by SWCNTs. a A confocal fluorescence image
(excitation c = 548 nm; emission detected at c = 560 nm) showing the internalization and
accumulation of Cy3-DNA-SWCNT around the nucleus of HeLa cells after incubation for 12 h at
37�C in a 2.5–5 mg/l Cy3-DNA-SWCNT solution. b Dual detection of Cy3-DNA-SWCNT
(green) internalized into a HeLa cell with the nucleus stained by DRAQ5 (red), c confocal image
of HeLa cells after 12-h incubation in a 2.5–5 mg/l Cy3-DNA-SWCNT solution for
internalization and radiation by six NIR (808 nm) 10-s pulses (at 1.4 W/cm2 power density).
Colocalization (yellow colour) of Cy3-DNA (green) in cell nucleus (red) was detected, indicating
translocation of Cy3-DNA to the nucleus of HeLa cells. Reproduced from [66] with the
permission of National Academy of Science, USA
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can interact with different classes of compounds. f-CNTs are biological trans-
porters able to cross cell membranes and deliver molecules. Coupling electrical
properties with surface chemistry, an impressive number of CNT-based biosensors
can be built and the usefulness of CNTs and CNT composites as scaffolds for
tissue engineering has been proved. On the other side, when putting a CNT in an
external electrical or electromagnetic fields many events can occur. Free CNTs can
translate (driven by electrical and magnetic forces) or rotate (driven by alignment
dynamics). CNT can be polarized by external electrical fields. Depending on the
wavelengths of the external radiation, they can work as optical probes (e.g. NIR
radiation), as field emitters (e.g. microwave), and in a larger meaning, as antennas
[26]. The likely polarization and antenna properties of CNTs were recognized
from a theoretical standpoint [2] soon after the first experimental synthesis of
SWCNTs in 1993. Wang et al. [76] performed the first clear and direct demon-
stration of the antenna-length effect performing their experiments on random
arrays of vertically aligned MWCNTs. All antennas have two major properties:
their response varies with the polarization (electric field orientation) of the
incoming radiation and with their length. Using visible light, they showed that
maxima occur in the amount of reflected light when the average length of the
nanotubes in an array is a half-integral multiple of the wavelength of the incident
light. They also provided a vivid demonstration of the polarization effect: in
contrast to a metal surface, for which light is maximally reflected when the
electric-field vector is in the plane of the metal surface, reflection from the
nanotube arrays is strongest when the electric-field vector of the polarized light
falls along the CNT axis. These properties of CNTs are related to the special
electromagnetic behaviour of layered graphite, which has a strongly anisotropic
‘skin depth’. The skin depth is the characteristic distance of penetration of an
electromagnetic wave into a material. If the incident radiation is polarized parallel
to the plane of the graphite layers, the skin depth is short and the light is strongly
absorbed. But if the polarization is normal to the plane of the layers, the pene-
tration depth of the light is more than ten times larger and the absorption is very
much weaker. Polarization effects are useful in fundamental studies of the optical
absorption, reflection and emission of CNTs.

The work by Wang et al. [76] suggests a host of applications in optoelectronics
of considerable commercial significance, following the trend of the decade-long
history of CNTs that there has been substantial investment by the private sector in
nanotube research and development.

It was proved that individual metallic SWCNTs are essentially ballistic con-
ductors that support DC current densities approaching 109 A/cm2 [54]. As a
consequence, metallic SWCNTs have a high axial dielectric constant [8] and
rapidly polarize in response to externally applied electrical fields, with expected
axial resonance in the THz region [37]. Therefore, metallic SWCNTs can be
considered nanoscale antennas, and this polarization-based ‘‘antenna effect’’ has
several interesting and useful manifestations. For example, radio frequency (RF)
dielectrophoresis [47] can be employed to manipulate and type-separate suspen-
sion of individual SWCNTs [56], while SWCNT networks have been shown to
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efficiently convert electromagnetic radiation into heat across radio frequency (RF)
[33], microwave (MW) [40] and optical wavelengths [1]. Their high aspect ratio,
L/D & 1000, provides a localised apparent field amplification factor (equal to the
aspect ratio) at their tips, which enables substantial field emission currents in
vacuo at nominal field strength around 106 V/m [11]. There are a few reports of
similar effects in aqueous solutions using supported MWCNT electrodes in DC or
quasi static fields, including production of solvated electrons [46], electrodepos-
ition on the end of bundles [12] and electro-field-driven redox processes [27]. First
attempts to apply these concepts to biological and biomedical fields have been
made and the research in this exciting field has been in continuous evolution. Proof
and development of f-CNTs capable of biosensing, controlled drug delivery, dri-
ven by external fields, transducing suitable external energetic stimuli and working
as ‘‘energetic’’ probes for gene/vaccine therapy, cancer therapy, cellular regener-
ation, neural application and so on, seem to be not so far away.
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Carbon Nanotubes in Regenerative
Medicine

Bhavna S. Paratala and Balaji Sitharaman

Abstract This chapter focuses on the latest developments in applications of
carbonnanotubes (CNTs) for regenerative medicine. Regenerative Medicine
focuses on technologies to create functional tissues to repair or replace tissues or
organs lost due to trauma or disease. Carbon nonotubes (CNTs) have been under
investigation in the past decade for an array of applications due to their unique and
versatile properties. In the field of regenerative medicine, they have shown great
promise to improve the properties of tissue engineering scaffolds. Drug delivery
and imaging of engineering tissues. The chapter will review these latest advances

1 Introduction

The focus of regenerative medicine is on developing methods that can be applied
to create functional tissues, to repair or replace tissues/organs lost due to trauma or
disease [4]. Nanomaterials show potential and promise in regenerative medicine
due to their interesting physico-chemical properties [47]. Carbon nanotubes
(CNTs) are widely researched as multi-functional nanomaterials due to their
unique electronic, mechanical, optical and chemical properties [5]. A CNT can
either be single-walled (SWCNT) (Fig. 1a) or multi-walled (MWCNT) (Fig. 1b).
In case of SWCNTs, a graphene sheet rolls up to form seamless one dimensional
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cylindrical tube, and for MWCNTs, the cylinder can be conceptualized as con-
centric layers of graphene sheets. The well-ordered arrangement of carbon atoms
linked via sp2 bonds provides superior mechanical stiffness, electrical and thermal
conductivity. CNTs have a high aspect ratio. The diameter is between 0.8 and
2 nm for SWCNTs and 2–100 for MWCNTs. The length ranges between hundreds
of nanometers to tens of micrometers.

In regenerative medicine, the structural and mechanical properties of CNTs
make them applicable for use as composites for tissue engineering. CNTs can act
as delivery vehicles for drugs and gene therapy and thus are suitable for thera-
peutics in regenerative medicine. Further, they also show promise as contrast
agents for non-invasive in vivo molecular imaging. The recent developments in the
aspects mentioned above are the focus of this chapter.

2 Nanocomposites and Nanoscaffolds

Biomaterials with excellent mechanical properties are of importance in the
development of implants used for tissue regeneration. For instance, total joint
arthroplasty requires the type of implant materials and design that can support
large functional loads. To date, these implants have been designed with ceramic-
or metal-based materials [31]. However, fatigue, corrosion, tissue infection, and
poor implant-tissue interface create numerous problems in vivo. Polymers offer the
flexibility to overcome these limitations. The mechanical properties of a polymer
can be modified by composition, processing conditions and/or incorporating
nanomaterials to create nanocomposites.

Fig. 1 Depiction of
a SWCNT with armchair
structure, and b MWCNT
with multiple concentric
tubes of graphene
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Carbon nanotubes (CNTs) have been characterized to possess excellent
mechanical properties. Both SWCNTs and MWCNTs have high Young’s modulus
(*1TPa) due to the flexible hexagonal network of carbon atoms [21]. Thus, CNTs
have been incorporated as reinforcing agents into natural or synthetic polymer
matrices. In these nanocomposites, CNTs have been recognized to improve sub-
stantially the mechanical and structural properties of polymer composites. Poly
(propylene fumarate) (PPF), a linear biodegradable polyester, is a promising
polymeric biomaterial for tissue regeneration applications. SWCNTs incorporated
into PPF polymer have been shown to substantially improve the mechanical
properties of PPF [37–39]. The presence of very low concentrations of SWCNTs
(less than 0.5 weight percent) in the PPF polymer matrix substantially enhances
(up to two- to threefold increase) the compressive and flexural properties of the
nanocomposite as against PPF alone [41].

Carbon nanotubes (CNTs) have also been incorporated into polymeric scaffolds
for tissue engineering. Tissue engineering can be considered as a sub-field of
regenerative medicine. This emerging field seeks to combine materials and engi-
neering principles to improve the biological properties of a tissue. Scaffolds are
porous biomaterials and play a pivotal role in the tissue engineering paradigm by
providing temporary structural support, guiding cells to grow, assisting the
transport of essential nutrients and waste products, and facilitating the formation of
functional tissues and organs. However, porous scaffolds do not possess
mechanical properties necessary for in vivo applications [31].

The previously mentioned SWCNT–PPF nanocomposites have also been
investigated to fabricate porous scaffolds with better mechanical properties for
bone tissue engineering (Fig. 2) [38]. The investigations showed a general trend of
enhancement in compressive mechanical properties of SWCNT–PPF scaffolds over
pure PPF scaffolds. However, there were large variations in the mechanical prop-
erties depending on the porosity of the scaffold. Scaffolds porosities have been
shown to play a major role in determining the mechanical properties of the
scaffolds in accordance with power-law relationships. At 80 volume%, the porous
SWCNT–PPF nanoscaffolds showed up to 40% increase in the compressive
modulus compared to porous PPF scaffolds. At 90 volume %, there was no
difference in the compressive modulus between porous SWCNT–PPF and
PPF scaffolds (Fig. 3). The enhancement in the mechanical properties due
to the presence of the SWCNTs in nanoscaffolds is not as significant as in
nanocomposites.

An important consideration in the development of implants for tissue regen-
eration is the interaction of tissue and synthetic material used in the fabrication of
the implant for artificial replacement of a body part damaged by disease or trauma.
There is now a large body of work investigating the interactions of CNT-based
nanocomposites and scaffolds with cells and tissues.

The ability of SWCNT and MWCNT composites to enhance cellular adhe-
sion and proliferation has been investigated. These nanomaterials have been
incorporated into synthetic and natural materials to create nanocomposites. Aoki
et al. [3] cultured osteoblast-like cells on a porous SWCNT-polycarbonate
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Fig. 3 Compressive moduli
of porous scaffolds made of
polypropylene fuma-
rate(PPF), ultra short
SWCNT (US-tube) and func-
tionalized ultra short SWCNT
(F-US-tube) as a function of
the porogen (NaCl) fraction
used. Adapted from [38]

Fig. 2 SEM image of porous scaffolds made using varying percentages of porogen (NaCl);
made of Poly propylene fumarate (PPF) (A1–A4), Ultra short SWCNT reinforced PPF (US-tube)
(B1–B4). Adapted from [38]
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membrane to study cellular adhesion. When the cells were cultured on poly-
carbonate membranes without SWCNTs, fewer lamelipodia (cytoskeletal)
extensions, and shorter lamelipodia extensions were apparent in comparison to
the lamelipodia extensions of cells cultured on the polycarbonate membranes
containing SWCNTs [3]. The filipodia were bound to the SWCNTs preventing
the cells from lifting off of the polycarbonate CNT composite membrane [3].
Abarrategi et al. [1] created SWCNT-incorporated Chitosan scaffolds. They
demonstrated the ability of these nanocomposites to support cell growth in vitro
using C2Cl2 cells which are derived from the C2 myogenic cell line. Hirata
et al. [19] studied cellular proliferation and adherence on a collagen sponge
honeycomb scaffold, and compared the cellular proliferation and adhesion to a
similar collagen sponge honeycomb containing a MWCNT film. They cultured
MC3T3-E1 cells, a mouse osteoblast-like cell line, onto the honeycomb struc-
tures. Their results showed that the addition of the MWCNT onto the scaffold
significantly increased cellular adhesion and proliferation [19]. Meng et al. [30]
created polyurethane MWCNT nanocomposites, and cultured fibroblast cells
onto these nanofibrous scaffolds. Their results show favorable interactions
between the cells and the polyurethane surface. These fibroblasts were capable
of proliferating and secreting proteins. Yildirium et al. [45] have created an
alginate SWCNT composite scaffold which also showed greater cellular adhe-
sion in comparison to the non-SWCNT alginate scaffold. In this case, the
alginate scaffold was composed of 1% SWCNTs. The 1% addition of SWCNTs
increased the mechanical strength and integrity of the scaffold. The SWCNTs
also increased endothelial adhesion, and proliferation onto the alginate scaffold.
The authors hypothesized that the increase in cellular adhesion and proliferation
to the nanocomposite is due to factors that include the large aspect ratio of the
SWCNTs, the increase in surface roughness of the scaffold, and the flexibility
of the CNTs [45].

Carbon nanotubes can also effect the differentiation of cells. Chao et al. [8]
cultured human embryonic stem cells onto poly(acrylic acid) grafted MWCNT
substrates and their results indicate that this substrate increased cellular differen-
tiation towards neurons in comparison to the embryonic stem cells cultured on
poly(acrylic acid) acids without MWCNTs. The incorporation of MWCNTs into
the substrate not only increased cellular differentiation to neurons, but also
increased the level of neural adhesion [8].

In vitro studies with the SWCNT–PPF scaffold have shown it to support cell
attachment, and proliferation [39]. In vivo studies of SWNT–PPF scaffolds
implanted into rabbit tibia showed that after 12 weeks there was a change in the
hard tissue response with increased levels of collagen in the extracellular matrix of
these scaffolds [41]. Inflammatory cells appeared within the scaffold
after 4 weeks, but this level decreased after 12 weeks. The results also suggested
that these SWNT–PPF scaffolds were potentially bioactive and could promote
osteogenesis.
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3 Therapeutics

Controlled production and/or delivery of tissue-inducing macromolecules such as
cytokines and growth factors is a widely used strategy in regenerative medicine.
The physical and chemical properties of CNTs make them useful for a variety of
therapeutic and drug-delivery applications in regenerative medicine. The external
carbon sheath of the CNTs can be covalently or non-covalently functionalized with
biological moieties that target specific cell or tissues types and/or pharmaceutical
agents. Here, the CNTs target a specific cell or tissue type, and act as biological
cargo vehicles to transport and deliver therapeutic agents via a biochemical
or biophysical stimulus. Furthermore, the CNTs themselves can be used as a
therapeutic agent by exploiting their unique physical properties. For example, the
strong optical absorption properties of SWCNTs render them capable of gener-
ating acoustic waves upon irradiation. These waves have shown to induce dif-
ferentiation of cells [17]. Other advantages of using SWCNTs for therapeutic
purposes, and as delivery vehicles include their nanoscale dimensions, which
enhance their retention and permeability in diseased tissues (e.g. tumors) [13].
Additionally, their large aspect ratio allows attachment of multiple functional
groups for the targeted delivery of multiple therapeutic entities.

Carbon nanotubes can be functionalized using numerous methods of covalent
interactions [12]. Carboxylic acid groups can be formed via oxidation by creating
defects using acid treatments. The CNTs can undergo sidewall functionaliza-
tion which includes fluorination, radical addition, nucleophilic addition, elec-
trophillic addition, and cycloaddition. CNTs can also be functionalized using non-
covalent interactions [20]. These include weak van der Waals interactions between
the CNTs and the functional group; polymer (e.g. DNA) wrapping around the
CNTs.

Post functionalization, the CNT conjugates can be used to translocate biological
moieties into cells, and as transfection agents. SWCNT conjugates have been
combined with proteins or oligonucleotides to transport these biological moieties
into the cells via energy-dependent endocytosis [23]. SWCNT-based transfection
agents have been reported to be superior to preexisting transfection agents due to
their hydrophilic interaction with the cellular surface that allows them to bind to
the cell surface, and subsequently translocate into cells. For example, Kam et al.
[23] demonstrated that functionalized SWCNTs could deliver small interfering
RNA (siRNA) against CXCR4 to T cells which could inhibit HIV entry into
T cells. They compared this SWCNT–siRNA complex to multiple liposomes such
as Lipofectamine2000TM–siRNA, and this liposome showed no effect on the
T cells. A study by Zhang et al. [48] demonstrated that functionalized SWCNTs
could carry siRNA and suppress the growth of tumor (HeLa) cells. Another
method of cell transfection is ‘‘nanotube spearing,’’ a process used to penetrate
cellular membranes and the nucleus thereby delivering plasmid DNA. In this
study, transfection was achieved by creating a magnetic field by placing a magnet
below the cellular surfaces and rotating the magnet [6]. Due to the presence of
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ferromagnetic catalyst nickel particles present in their tips, the CNTs responded to
the magnet, allowing transfection of DNA plasmids across the cellular membrane.
This study also suggested that the effect of spearing on cellular viability was
minimal due to the small size of CNTs. This though may be dependent on the
concentration of functionalized CNTs because increased concentration of CNTs
implies greater levels of spearing. Adeli et al. [2] functionalized MWCNTs with
polyglycerol to examine their potential as a drug delivery agent. They showed that
MWCNT-polyglycerol conjugates are biocompatible, with promise as a versatile
platform for drug delivery applications. Riggio et al. [36] have created an alginate-
polymeric film embedded with SWCNT, and have studied the release of bovine
serum albumin from this SWCNT-incorporated polymer. Their results indicate that
the proteins released from the MWCNT polymer construct maintained their bio-
logical function, and that it shows potential for drug delivery applications.

Sitharaman et al. have recently reported that SWCNT-enhanced photoacoustic
stimulation differentiates stem cells towards osteoblasts [17]. Photoacoustic
stimulation refers to the generation of acoustic waves by the absorption of elec-
tromagnetic energy, such as optical or radiofrequency wave [44]. An electro-
magnetic source with a low fluence (number of particles intersecting a unit area)
irradiates non-ionizing electromagnetic energy onto an absorbing surface giving
rise to transient acoustic waves through a thermoelastic mechanism induced by
a slight temperature rise (milli-Kelvin range). SWCNTs, which show strong
intrinsic electromagnetic absorption at visible, near infrared wavelengths and in
the radiofrequency domain, have been used as contrast agents for photoacoustic
imaging. In their study, the authors demonstrated that a brief (10 min) daily
exposure of stem cells to pulse laser-induced PA stimulation promotes differen-
tiation of mesenchymal stem cells towards osteoblasts. This osteodifferentiation is
substantially enhanced by SWCNTs present in the beam path, showing increased
calcium deposition (Fig. 4) and osteopontin levels compared to the controls [17].

Fig. 4 Calcium content measured in the cells after 16 days in groups subjected to photoacoustic
(PA) treatment and control. Direct samples indicate groups that were present in the path of the
laser light during PA stimulation. Indirect samples include groups that were in wells adjacent to
the direct laser light path. Mean ± SD, n = 4, P \ 0.05 between PA groups and control.
Adapted from [17]
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Their results suggest that PA stimulation of SWCNT-incorporated bone tissue
engineering polymer scaffolds should assist the process of osteoinduction (dif-
ferentiate osteoprogenitor cells towards osteoblasts). This approach is novel since
it introduces a nanoparticle-based biophysical rather than biochemical cue to affect
the osteodifferentiation of mesenchymal stem cells with potential implications for
other bone tissue engineering strategies. For instance, mesenchymal stem cells
could be labeled ex vivo with nanoparticles that enhance the PA effect, seeded
onto a carrier scaffold, implanted into a bone defect, and stimulated towards
osteoblasts. Further, this non-pharmacological strategy based on bone’s sensitivity
to mechanical/acoustic signals does not possess the limitations of pharmacological
growth factor-based approaches for bone regeneration such as unstable biological
activity, short half-life, minimal tissue penetration.

4 Bio-Imaging

The limitations of standard diagnostic tools and techniques for detecting, and
monitoring the process of tissue regeneration in small animals are well known
[16]. The most robust technique for the evaluation of de novo tissue formation,
neo-vascularization or monitoring the fate of transplanted cells is histological
analysis. Because histology is an endpoint evaluation, and large variation is
observed, it is difficult to assess temporal results in a statistically significant
manner. In search of alternatives, much progress has been made on new approa-
ches for non invasive in vivo imaging using photoacoustic imaging, positron
emission tomography (PET), magnetic resonance imaging (MRI) and X-ray
computed tomography (CT). These imaging modalities offer scientists the spatial
and temporal information in a faster and more convenient manner. For each
imaging modality, substantial attention has been devoted to the development of
contrast agents. Novel agents, such as CNT-based contrast agents, may enhance
molecular imaging by improving detection sensitivity and selectivity. The strate-
gies developed for design of CNT-based contrast agents for biomedical imaging
include encapsulation of medically relevant metal ions within their carbon sheath,
the functionalization of the carbon sheath with a variety of imaging agents, and
exploiting the intrinsic physical properties of the CNTs.

Single-walled CNTs (SWCNTs) can be used in optical imaging as they exhibit
a near-infrared photoluminescence in the ‘biological spectral window’ between
700 and 1,100 nm [32]. In this range, interference such as absorption, scattering,
photobleaching and the autofluorescence effects in water, tissue and cells are
minimized [18]. Cherukuri et al. [9] have utilized near infrared (NIR) fluorescence
microscopy to image SWCNTs in phagocytic cells. They used SWCNTs at varying
concentrations to track their ex vivo uptake in mouse peritoneal macrophage cells.
NIR fluorescence imaging revealed that there was no difference in population
growth, adhesion, morphology and confluence between the control and the cultures
containing SWCNTs. Detectable emission was seen only in cells incubated with
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SWCNTs. Based on the image taken for these cells, it was interpreted that the
uptake of nanotubes was through phagocytosis. Weisman et al. [25] have used in
vivo NIR imaging to assess the biocompatibility of SWCNTs in an intact organ-
ism, Drosophila melanogaster. This study suggests the effectiveness of SWCNTs
as NIR probes for studying individual nanotubes in tissue specimens or inside
living organisms during the course of tissue regeneration. Thus, fluorescence
imaging may be a promising method for tracking SWCNTs in cells and small
animals over long durations of time.

Raman spectroscopy is a technique that studies the vibrational and low fre-
quency modes of CNTs based on inelastic scattering called Raman scattering. In
both SWCNTs and MWCNTs, Raman modes also appear at 1,590–1,600 cm-1,
which is known as the G band, due to stretching along the C–C bond of graphene.
Further, resonance-enhanced Raman bands for SWCNTs appear at 150–300 cm-1

called the radial breathing modes, and can be related to the diameter of the
SWCNTs [24]. Various features can be understood about SWCNTs by Raman
spectroscopy, such as diameter and semiconducting or metallic properties [11].
Thus, Raman microscopy and imaging allows for the spatial and chemical imaging
of SWCNTs in cells and small animals. Raman microscopy has been applied to
monitor cells labeled with CNTs [18]. Raman scattering and fluorescence mea-
surements of SWCNTs encapsulated by DNA oligonucleotide (DNA–SWNTs) in
the stained, and live cells showed continuous emission, and spectral changes on
uptake, respectively [18]. These nanotube aggregates remained in the cell, and
displayed scattering even after several cycles of cell division. Thus, they show
potential as markers in assessing the proliferation, and differentiation of cells in
culture, long-term labeling of cell populations, and continuous monitoring of the
cellular environments. In another study by Liu et al. [27] Raman microscopy was
used to study biodistribution, and blood circulation of PEGylated SWCNTs in a
mouse model. The results showed SWCNT accumulation in the intestine, feces,
kidney, and bladder of mice, and suggested excretion and clearance of SWCNTs
from mice via the biliary and renal pathways. Another study carried out by
Zavaleta et al. [46] indicates the use of Raman imaging for real-time monitoring of
SWCNTs for disease (tumor) targeting and localization. Specifically disease tar-
geting SWCNTs (RGD–SWCNT, arginine–glycine–aspartic acid) were examined
for localization in diseased (tumor) mice as against plain SWCNT. The images
showed a higher accumulation of RGD–SWCNTs in the tumor compared to the
non-functionalized SWCNT mouse group, and there was significantly less accu-
mulation in the liver and spleen.

Carbon nanotubes have also been assessed for increasing contrast in photoa-
coustic (PA) imaging in vivo [10]. PA imaging is based on the photoacoustic
effect (see last section), and occurs when non-ionizing laser pulses are absorbed by
the tissue to generate acoustic/ultrasonic emissions that can be used to generate
images. PA imaging allows for high spatial resolution and deep tissue imaging up
to 700 lm resolution and 50 mm depth using 3.5 MHz ultrasound detectors [43,
44]. Pramanik et al. in recent in vivo studies in mice have shown that SWCNT-
enhanced PA imaging of the lymph nodes and vasculature with a high contrast to
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noise ratio (CNR) of *79 and good resolution of *500 lm [17, 34]. In most
tissues, light-absorbing components such as hemoglobin of blood are the strongest
endogenous PA generators. Under illumination by NIR laser light at a wavelength
of 793 nm, the optical absorption of SWCNTs is much stronger than biological
tissues. The absorption coefficient of SWCNTs at this wavelength is nearly
200 cm-1 which is almost 10 times higher than that of epidermis and nearly 500
times higher than that of dermis. Therefore, SWCNTs generate strong PA sig-
nals, and manifest high image contrast, causing the vasculature in organs to stand
out prominently in PA images. Functionalization of the SWCNTs with target-
ing groups has also been shown to allow molecular imaging of diseased
(tumor) tissues. Zerda et al. [10] used RGD–SWCNTs to target tumors in mice,
and demonstrated that an eight fold greater PA signal was seen in these compared
to non-targeted SWCNTs. The results suggest that SWCNT-enhanced non-
invasive deep tissue PA imaging at high spatial resolution can be obtained for
imaging nanotherapeutics in the body. The PA techniques can also help understand
several intrinsic factors of tissues and cells, for example vascularization and
oxygen saturation in diseased tissues and tissue engineering constructs.

Carbon nanotubes have also been shown to amplify the contrast enhancement
efficacy of metal ions such as Gadolinium; widely used in the development of
clinical MRI contrast agents. MRI is a non-invasive imaging modality that provides
anatomical details for diagnosis of various diseases, and physio-chemical states of
tissue and blood flow [28, 33]. With an applied external magnetic field, and radio-
frequency pulses, proton spin states are excited. The time required for the excited
state spin to return to equilibrium is the relaxation time, which can be either lon-
gitudinal T1 or transverse T2. This relaxation causes a change in the flux of the
receiving coil of the MRI scanner, inducing a magnetic resonance signal. Therefore,
the relaxation time affects the quality of the image, especially the contrast. Contrast
agents can modulate the relaxation time to improve contrast. An important measure
of an MRI contrast agent efficacy is a term called ‘‘relaxivity’’. Relaxivity is the
change in the relaxation rate of the water protons per unit concentration of the
contrast agent and has a unit of mM-1 s-1.

Recently, Sitharaman et al. [40] reported a novel method of using SWCNTs as
carriers of gadolinium (Gd). Until now, Gd has been used in a chelated form in
order to sequester its toxic effects in vivo [7]. According to this study, the
SWCNTs not only encapsulate the Gd3+ ions to sequester the toxic effect of Gd3+

ions, but also, amplify the contrast enhancing efficacy of Gd3+ ions. The SWCNT-
based MRI contrast agent increases the proton relaxivities (T1 weighted) by 40 at
the standard MRI field strengths used for clinical imaging (20–60 MHz). With
such a large contrast enhancing efficacy, SWCNT-based MRI contrast agents
could be dispersed throughout an engineered tissue to monitor the process of the
tissue regeneration [42].

The examples of CNT-based contrast agents discussed in this section have
focused on studies that harness the intrinsic properties of SWCNTs. However, a
number of studies have shown that ‘‘passive’’ functionalization of the external
carbon sheath of CNTs (SWCNTs and MWCNTs) with suitable imaging agents
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allows molecular imaging with MRI, PET, and nuclear imaging modalities [26, 29,
35]. Therefore, CNTs in a true sense show promise and potential as multi-modal
contrast agents for molecular imaging.

5 Summary

Current research suggests that CNTs as biomaterials have immense potential for
applications in regenerative medicine. CNTs have shown to improve the
mechanical properties of implants. Implants containing scaffolds and composites
that are incorporated with CNTs as reinforcing agents have superior mechanical
properties and they have been tested for cytocompatibility (in vitro) and bio-
compatibility (in vivo). The external carbon sheath of the CNTs can be func-
tionalized for targeting, drug delivery, and imaging agents. Further their intrinsic
physical properties can be harnessed for therapeutics and imaging. However,
significant challenges exist towards their eventual translation for clinical appli-
cations. A challenge is obtaining pure CNTs, free of metal catalysts (iron, nickel,
cobalt, yttrium) or amorphous carbon [22]. Dispersion of CNTs in the polymer
matrix remains a major challenge in spite of CNT-reinforced nanocomposites
exhibiting enhanced mechanical properties compared to the polymer alone. CNTs
usually exist as bundled ropes of many individual nanotubes, and also show a
propensity to aggregate into micrometer-sized agglomerates. Further, while the
CNT-based nanocomposites offer promising properties for tissue engineering
scaffolds, little is known about their long-term biocompatibility, and biodistribu-
tion upon their release from the biodegradable polymers in vivo [14, 15]. In
conclusion, even though the above challenges need to be overcome, CNTs show
great promise as a single platform with multi-functional capabilities for regener-
ative medicine.
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Filling of Carbon Nanotubes
with Compounds in Solution or Melted
Phase

P. Lukanov, C.-M. Tîlmaciu, A. M. Galibert, B. Soula and E. Flahaut

Abstract Since their discovery, carbon nanotubes (CNT) have been found to
exhibit remarkable structural, mechanical and electronic properties. One such
property is the ability to encapsulate foreign materials inside their cylindrical
cavity, for application in different fields. The procedures to fill CNT may be
classified into two main groups: (a) filling in solution, using the wet chemistry
route and (b) filling with a melted phase. In both cases, the filling is induced by the
capillary forces. It is also possible to fill CNT in the vapour phase, although there
are only few very specific examples available in the literature to date. After filling,
oxides and metallic particles can be obtained by a subsequent thermal annealing in
the required atmosphere. In the wet chemistry route, the nanotubes are usually
treated by an oxidizing agent in order to open their tips. The filling is then per-
formed by placing the opened tubes in a solution of the selected compound (or a
precursor). When the compound is dissolved in an oxidizing acid such as nitric
acid (HNO3), it is possible to combine opening and filling in a single step.
Although this method allows the introduction of heat-sensitive species inside
carbon nanotubes, the yield varies strongly with the diameter of the carbon
nanotubes and is generally rather low in the case of CNT with a small inner
diameter. This filling route mainly leads to isolated nanoparticles or short nano-
wires. Filling with melted compounds is a solvent-free route. The CNT are directly
immersed in the melted material and capillary forces drive the compound into the
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CNT. Although this route is more restrictive in terms of materials, it allows for the
continuous filling of CNT with long nanocrystals (up to a few micrometers), with a
higher filling yield in the available CNT (up to ca. 70%). This chapter will describe
these two different methods for filling CNT and illustrate them with a few selected
examples.

1 General Introduction

Why Fill Carbon Nanotubes? What is the Chemistry of CNT?

Following the discovery of these striking materials, numerous attempts to fill the
nanoscale cavities of carbon nanotubes have been made. The story of X@CNT
[hybrid nanotubes in which the inner cavity has been filled with foreign atoms,
molecules or compounds and where X is the chemical symbol of the filling
material and CNT is the nanotube type: single-walled (SWCNT), double-walled
(DWCNT) or multi-walled (MWCNT)] started 2 years after it became possible
easily to synthesize nearly defect-free MWCNT via a catalyst-free process (i.e.,
the same electric arc procedure used to produce fullerenes, reported by Iijima in
1991) [1]. The filling is generally attempted in order to achieve one of the two
following goals: first, being a kind of template synthesis, filling allows the prep-
aration of nanostructured materials with controlled size and shape. Secondly,
filling can be seen as a kind of doping, which may also modify the electronic
properties of the CNT. The very small inner cavity of CNT is an amazing tool to
prepare and study the properties of confined nanostructures, such as salts, metals,
oxides, gases or even discrete molecules like C60. It actually took 5 years for the

Fig. 1 Pioneering high reso-
lution transmission electron
microscopy (HRTEM)
images in the field of hybrid
SWCNT published in 1998
[2]. a The first example of
C60@SWCNT (peapods).
b Cross-sectional view of an
ordered bundle of SWCNT
among which some are filled
by fullerenes
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first definite example of X@SWCNT to be reported: the incidental discovery of
the ability of fullerenes to enter SWCNT, thereby forming the so-called ‘‘peapods’’
(Fig. 1) [2].

Because of the almost 1D structure of CNT—this is especially true for SWCNT
and DWCNT—one can expect different physical and chemical properties for the
confined foreign materials and even for the composite formed by the filler and
the CNT. Indeed, when the volume available inside a CNT is small enough, the
foreign material can be made mainly (if not only) of ‘‘surface atoms’’ of reduced
coordination. The question of the stability of such structures (once the surrounding
CNT are removed) is complex and will probably depend both on their chemical
nature and on the proportion of surface atoms. Applications of filled-CNT may
range from superconducting materials (this effect has already been observed in the
case of metallofullerenes) to biosensors, catalytic supports and even vectors for
therapeutic biomolecules.

How to Fill Carbon Nanotubes?

Filling nanotubes while they grow (in situ filling) [3–8] was one of the pioneering
methods. In most cases, however, the filling step is separated from the synthesis of
the nanotubes. Three methods can then be distinguished: (a) wet chemistry pro-
cedures and physical procedures, involving capillarity filling by (b) a molten
material or (c) a sublimated material [9, 10]. Within the pages of this chapter, we
will focus our attention on the two-first methods of post-synthesis filling: filling of
carbon nanotubes from solutions and from melted phases.

What About the Role of Wetting and Capillarity?

Soon after the discovery of CNT, on the basis of computer simulations, Pederson
and Broughton [11] predicted that liquids may fill open CNT by capillary effect.
Ajayan and Iijima [12] were the first to report that lead could be trapped inside
MWCNT. Wetting a carbon surface by a foreign liquid is required for capillary
filling [13]. Generally speaking, the mechanism of filling via liquid routes is not
very well understood. The work of Dujardin et al. [14] stressed the surface tension
of the liquid as a key parameter for the successful filling of CNT [15]. It was found
that the cut-off value of 200 mN/m is at the border between wetting and non
wetting (Table 1). Liquids as water (72 mN/m), nitric acid (43 mN/m) or organic
solvents (from 26 up to 47 mN/m) should wet nanotubes and could thus be used as
low surface tension media for different soluble precursors.

Water, ethanol, some oxides with low surface tension (PbO, V2O5) and some
solids with low melting points (S, Cs, Rb, Se) were found to easily fill the inner
cavities of CNT with large diameters. There is a rough relation between the inner
diameters of CNT and capillarity behavior. For example, V, Co and Pb inorganic
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salts with low surface tension can fill thin MWCNT with inner diameters of
1–2 nm, while AgNO3 can fill MWCNT with inner diameter larger than 4 nm [16].

Pure metals or metal compounds with high surface tension can fill the CNT
only in oxidizing atmosphere possibly due to the fact that low surface tension
oxides are formed [17]. Filling CNT with materials that could not have been
introduced directly was also proved to be possible. This can be accomplished by
first filling the nanotubes with an appropriate precursor (i.e., able to be sublimed,
or melted [18, 19], or dissolved) that will later be transformed by a chemical
reaction or by a physical interaction such as electron beam irradiation [16]. In the
case of secondary chemical transformation, the reduction by H2 is the most fre-
quently used to obtain nanotubes filled with metals [20]. Sulfides can be obtained
as well by using H2S as reducing agent [20].

The wetting has a direct influence on the capillary action and the contact angle
h between the wetting liquid and the solid surface must be less than 90� (Fig. 2). h
can be measured experimentally. The Young–Laplace equation (Eq. 1):

cSV ¼ cSL þ cLV � cosh ð1Þ

describes the relation between cSV the interfacial tension between the solid and
gas, cSL the interfacial tension between the solid and liquid and cLV the interfacial

SOLID 

VAPOR 

sl sv

lv 

LIQUID 

Fig. 2 Contact angle h of a
liquid on a solid surface

Table 1 Melting point, surface tension at the melting point and wetting abilities of different
elements or compounds [14]

Liquid Melting
point (�C)

Surface tension
c (mN/m)

Wetting

Raw Oxidized Annealed

HNO3 70% 43 Yes Yes Yes
S 112 61 Yes Yes Yes
Cs 29 67 Yes Yes Yes
V2O5 690 80 Yes Yes Yes
Se 217 97 Yes Yes Yes
PbO 886 132 Yes Yes Yes
Te 450 190 No No No
Bi2O3 825 200 No No No
Pb 327 470 No No No
Hg -39 490 No
Ga 30 710 No
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tension between the liquid and gas. If h is larger than 90�, the contact angle will be
non-wetting. If h is smaller than 90�, the liquid will spontaneously enter into the
empty cavities of CNT [21]. The validity of the Young–Laplace equation at the
nanometer scale may however be open to discussion.

In addition to the surface tension, the viscosity could be also considered as an
important factor in the filling kinetics (although it usually decreases with
increasing temperature).

2 The Filling of CNT from Solutions

Introduction

The solution filling method is based on putting into contact a concentrated solution
of the desired material (or generally a ‘‘precursor’’) with opened carbon nanotubes.
The main advantage of the wet chemistry approach is its flexibility and the level of
experimental control. This is a quite useful alternative method for filling CNT
when the physical properties of the desired filling material are not suitable for
filling from melted phases or via gas route. This method usually requires a few
steps until filled CNT are obtained. The general description of the wet chemistry
filling method is given in Fig. 3. The first way is to open and fill the CNT at the
same time (one-step) and the second one is first to open the tubes and then to
transfer them into the solution containing the filling material (two-step method).

Main Parameters Involved in Filling of CNT
from Solutions

The most important factors for filling CNT are related to the diameter of the
nanotubes, the physico-chemical properties of the material to be inserted (stability,

Closed CNT
(SWCNT, DWCNT, MWCNT)

Opening- by wet chemistry 
route (by oxoacids or other oxi-

dants) or by dry route (air oxidation)  

Solution filling

Post-treatments (washing and cal 

cinations)

Opening and filling
(One-step)

Fig. 3 Sketch of the main
steps for the filling of CNT in
solution
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solubility, etc.) and the process itself (1 or 2 steps, need of thermal treatments in
inert or redacting atmosphere, etc.). All these steps bring up many experimental
variations and also many problems which have to be solved.

The diameter of the tubes used for filling has a very important place in the
solution filling. The first information about filling of large sized MWCNT with
metals from solution was given by Green et al. [22] in 1994 (filling details in
II.3.1). MWCNT with inner diameter from 6 up to a few hundreds of nanometers
are easier to fill [23–25], than the small sized SWCNT (ca. 1.22 nm) [26, 27] or
DWCNT (ca. 1.5 nm) [28]. Since the discovery of this filling method, many efforts
have been made to fill MWCNT for various applications in electronics [29–31],
biology or material science [21, 32]. The domination of MWCNT for filling in
solutions is evident from the number of published articles. Pederson and
Broughton [11] calculated that increasing the tubular radius decreases the insertion
energy and the overlap repulsion activation barrier at the open tip, from which they
concluded that material encapsulation in narrow SWCNT via the liquid route
should be unfavorable by comparison to larger MWCNT.

Many recent applications of carbon nanotubes (such as biomedical application,
electronics, etc.) require going towards smaller tube diameters. So, recently, efforts
have been made also to fill small diameter SWCNT and DWCNT. SWCNT dis-
play higher degree of uniformity with respect to their physical dimensions com-
pared to MWCNT as they consist of one cylindrical graphitic layer and exhibit
much less defects than MWCNT. SWCNT were first filled by wet chemistry with
ruthenium chloride by Sloan et al. [33] (Fig. 4).

High-yield solution filling of SWCNT with ferromagnetic material like Fe was
also reported [26]. Molecular dynamic simulation has shown that even DNA could
be introduced inside SWCNT in an aqueous environment via an extremely rapid
dynamic interaction process provided that the tube diameter exceeds a certain
critical value of 1.08 nm [34].

DWCNT are a relatively new form of carbon nanotubes (although MWCNT
have been produced for a long time, the selective synthesis of DWCNT is much
more recent) but they are already successfully used for filling in solutions. It has
been proved/shown by magnetic measurements that, by wet chemistry, a-Fe
nanowires could be introduced into DWCNT [28]. This product could be very
promising for applications as magnetic probes, AFM tips, memories, nanodevices
for spin electronics and functionalized magnetic materials for biomedical appli-
cations. The method was also successfully used to fill DWCNT with crystalline
AgCl nanowires in order to study the charge transfer phenomenon between the
tubes and the filling material [35].

Fig. 4 HRTEM of the first
example of metal@SWCNT
[33] (RuCl3 was initially
introduced and then was
chemically reduced to the
metal)
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Methods for Filling in Solution

In general, the methods for filling CNT in solution can be classified into two main
types: one-step solution filling (opening and filling at the same time) and two-step
solution filling (first opening and then filling).

One-Step Method

This was developed by Green and co-workers [22] from Oxford who successfully
filled MWCNT this way. The procedure was performed by simultaneous opening
and filling of CNT with a metal nitrate (nickel nitrate) in solution in concentrated
nitric acid. Reflux at 140�C for a few hours makes the tubes more hydrophilic and
attacks the tips of the tubes where the sp3 character is more pronounced, leading to
their opening. This acid treatment also attacks the walls of the CNT where defects
such as pentagon–heptagon pairs are located (functionalization). The opened tips
allow the solution to enter inside the cavities and to fill the empty space. After
filtration and washing, the filled CNT were heated at 450�C in a helium atmo-
sphere in order to get the corresponding oxide. In the same study, oxides of Fe, Ni,
Co and U were synthesized inside MWCNT using the same method. A few years
later, still using the same method, the team from Oxford reported the one-step
filling of MWCNT with different types of oxide crystals such as NiO, Sm2O3 and
Nd2O3 (Fig. 5) [21]. It was observed that the use of nitric acid/Nd2O3 suspension
created amorphous materials between the carbon layers, modifying the interlayer
space by a few angstroms and also generating some defects. Carbon nanotubes
containing oxides of the following elements Co, Pd, Cd, Fe, Y, La, Ce, Pr, Nd, Eu,
U [36], Au and Pt [37] have been prepared using the same one-step method.

Another advantage of the one-step solution filling is the possibility to prepare
stoichiometric mixed metal oxides containing ions of two different metals [36].
For example, FeBiO3 was synthesized (after annealing) into the empty cavities of
MWCNT suspended in a mixture of Fe(NO3)3�9H2O and Bi(NO3)3�5H2O dis-
solved into nitric acid and refluxed [21] (Fig. 6).

Another example using the one-step method is a direct synthesis of magnetic
materials for nano-electromechanical systems applications (NEMS) like
Sm2Fe17Nx which has been introduced into the cavities of MWCNT [31]. The
approach appears to have great promise although the yield is low.

Two-Step Method

The filling of CNT from a solution can also be realized first by the opening of the
tubes (in an oxidizing solution) followed by the actual filling after transfer into a
concentrated solution containing the precursor material. This method can be useful
for filling of tubes with materials which are not stable at reflux temperature. The
two-step methods may be classified depending on the opening agent used.
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The very first filling reported using the two-step method was the filling of SWCNT
with Ru from RuCl3 [33]. As a first step the tubes were treated in concentrated HCl
solution for few hours in order to open them, a finding which was contradicted by
some authors who stated that hydrochloric acid does not attack the tubes and does
not open them [38]. Since then, the two-step method has been widely used. Corio
and co-workers [39] opened SWCNT in an aqueous solution of HCl and fill them
with Ag from AgNO3 aqueous solution resulting in significant changes in the
Raman spectra of the SWCNT.

Fig. 6 HRTEM of MWCNT
one-step filled with FeBiO3

crystallite [21]

Fig. 5 HRTEM of MWCNT
one-step filled with oxide
crystals of a NiO, b Sm2O3

and c Nd2O3 intercalated
crystalline in the bore and in
the interlayer (arrowed) of
nanotube [21]
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Chu and co-workers [40] successfully opened MWCNT in concentrated HNO3

and filled them with Ag crystals 35–85 Å in diameter (Fig. 7a). According to the
low percentage of filled tubes usually achieved with this technique (20–30%) [21],
an unusually high filling yield of 70% was estimated. In the same work, identical
conditions were applied to fill MWCNT with small spherical Au crystals (diameter
10–50 Å) from AuCl3 (Fig. 7b) but the filling yield was low.

In order not to damage CNT the optimum duration of reflux in conc. nitric acid
(68%) is from 3 up to 24 h. Sloan et al. [41] from Oxford applied 24 h of reflux on
MWCNT in conc. nitric acid and filled the tubes with spherical crystals of SnO
(diameter 2–6 nm) from a SnCl2�2H2O/HCl solution. The same conditions for
opening have been applied to fill MWCNT with different compounds like Fe [23]
or CuO [42]. It was observed that the effect of oxidation and opening of MWCNT
can be also obtained for shorter reflux times. Gao and co-authors [23] have
reported the solution filling of pre-opened MWCNT with tin (IV) oxide (Fig. 8).
MWCNT were first opened in concentrated nitric acid by reflux at 140�C for 3 h
and then transferred into an aqueous/hydrochloric solution of SnCl2 and stirred for
12 h. It was described that the amount of SnO2 nanoparticles could be controlled
by changing the concentration of SnCl2 in the precursor which is a big advantage
of the wet chemistry filling. After the opening, soaking and drying, heat treatment
at 140�C for 3 h is required in order to form SnO2 crystalline. Finally, calcination
at 600�C in steam of argon was performed where nanocrystals in the inner cavities
grew up until a spherical nanoparticle eventually appeared.

Conc. HNO3 has been also used for two-step solution filling of MWCNT with
different metals like Co, Fe or Ni [43]. Green and co-workers found that the two-
step method is useful for filling tubes with materials which are neither soluble nor
stable in refluxing nitric acid (one-step method). Filled MWCNT with dodeca-
tungstosilicic acid (H4SiW12O40) have been obtained after opening by reflux in
conc. HNO3 for 8–24 h and then stirring in concentrated H4SiW12O40 aqueous
solution [21]. MWCNT filled with RhCl3, RuCl3, PdCl3, [NH4]IrCl6 and Co2(CO)8

have also been prepared by this method.

Fig. 7 HRTEM of two-step filled MWCNT with a silver and b gold [40]
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The wet chemistry method also gives possibilities to fill opened carbon nano-
tubes with thermally unstable materials: for example some organic compounds.
Green and co-workers [44] reported filling of MWCNT with small proteins. The
tubes were opened in nitric acid (24 h) and then suspended in protein (cytochrome
C3) aqueous solutions for 24 h. Large grey areas of about 13.5–17 nm in length,
attributed to protein aggregates, were observed inside the CNT. The same con-
ditions were used to fill MWCNT with proteins such as the cysteine-rich, beta-
lactamase I flavocytochrome b2 tetramer. The stability and catalytic activity
studies of these materials were reported later [45].

Qu et al. [46] proposed another method for opening MWCNT in stronger acid
solutions. MWCNT were cut into short pipes by chemical oxidation in a mixture of
concentrated sulfuric and nitric acid (3:1) under ultrasonication for 8 h. The open-
ended MWCNT were transferred into a saturated ferric nitrate solution for 12 h.
The oxide precursor accumulated inside the tubes was decomposed into Fe2O3

during calcination at 450�C while iron ions absorbed and nucleated on the outer
surface of the tubes were easily removed by washing before calcination.

Due to their single-wall structure, the conditions for opening SWCNT can be
milder than those for MWCNT. Borowiak-Palen et al. [26, 47] have opened
SWCNT in 2 M HNO3 (reflux for 30 h at 130�C) and filled them with Fe from an
over-saturated iron (III) chloride solution. High yield filling of SWCNT with Ag
has been obtained with the same way of opening [27]. Mild chemical conditions
for opening of DWCNT are also required. For DWCNT Jorje et al. [28] have
reported the opening of DWCNT in 2 M HNO3 by reflux for 30 h followed by

Fig. 8 Solution filling of
MWCNT by SnO2 [23]
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filling with ferromagnetic Fe from a concentrated iron (III) chloride solution. The
acid treatment does not just open the tubes but also purifies them from the residual
catalytic metal nanoparticles (Co in this case). Ferromagnetic nanowires with
length between 50 and 100 nm were observed in the resulting product.

Use of oxidants in acid solutions gives another possibility to open CNT. Jain
and Wilhelm [32] reported the opening of MWCNT in KMnO4/H2SO4 solution
followed by filling with organic-based ferrofluid (EMG-911) containing nano-
particles with an average size of 10 nm (Fig. 9). It was possible to observe that the
tubes with diameter lower than 10 nm were less filled or remained empty.

Again using two-step filling, Shao and co-workers [48] proposed a new type of
opening of CNT. They showed that SWCNT can be opened in an alkali or alka-
line-earth hydroxide such as NaOH, KOH, CsOH�H2O or Ba(OH)2�8H2O by
heating in vacuum for 4 h at temperatures between 300 and 508�C, depending on
the melting point of the selected hydroxide. After washing, the opened tubes were
stirred in uranium oxide/conc. HNO3 solution and successfully filled (Fig. 10).

Conclusion

To summarize, the solution filling route can be very useful as an alternative when
the filling from gas route or molten phases is not possible, because of the physical
properties of the desired filling material. Thanks to the large range of soluble
materials, the method finds a large area of applications. One of the biggest
advantages is that sensitive biomaterials can be easily dissolved and placed into
CNT, which would be impossible with the other filling methods. Thanks to the
simple preparation and the simple technical requirements, the method is found to
be low-cost and attractive. The solution filling method also shows some disad-
vantages such as the need to open the CNT, usually in aggressive conditions where
the tubes can be damaged and functionalised. Generally speaking, the filling yield
obtained by using the solution method is rather low (scarcely above 20%). By
decreasing the diameter of carbon nanotubes the filling yield decreases, making the
task rather difficult in the case of SWCNT and DWCNT.

Fig. 9 TEM picture of
MWCNT opened by perman-
ganate/H2SO4 and filled with
nanoparticles [32]
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3 Filling of CNT from Melted Phases

A Bit of History

Filling with molten materials was among the first methods used to fill MWCNT.
Four papers that reported some filling of MWCNT with various melted metals and
compounds (PbO [12, 17], Y3C and TiC [49], Bi2O5 [50] and Ni [51]) were
published in 1993 in an attempt to obtain encapsulated inorganic nanowires. The
first filling of carbon nanotubes with lead, reported by Ajayan and Iijima [12] was
achieved in two steps: lead particles were deposited onto the tubes, following
electron-beam evaporation of pure lead under a vacuum of 10-6 Torr, followed by
an oxidation in air (400�C), which both opened the tips of the CNT and allowed Pb
to get inside. Repeating the experiment with CNT already opened was unsuc-
cessful and the identification of the phase inside the tubes indicated that the
formation of an intermediate Pb–O–C compound seemed to be necessary (this
compound would have a lower surface tension compared to that of the metal).
Opening and filling seemed to have occurred simultaneously.

However, inner diameters of MWCNT are generally quite large (an average of
5–50 nm) and filling the much smaller inner cavity of SWCNT (range of 1–2 nm),
that were discovered in 1993 [52, 53] appeared more challenging. The first work of
a long series was done by the University of Oxford, which has thoroughly inves-
tigated the filling of SWCNT since then [54–56] making them the world leaders in
the field.

Fig. 10 HRTEM of SWCNT
two-step filled with amor-
phous uranium compound in
order to confirm the success-
ful opening of the tubes [48]
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A high filling yield of SWCNT (*90%) was recently obtained (Kitaura et al.
[57]). These authors fabricated crystalline ErCl3 nanowires into SWCNT cavities.
Before the encapsulation reaction, the SWCNT were heated under dry airflow at
600�C for 30 min in order to remove the end-caps. Open-ended DWCNT together
with anhydrous ErCl3 were transferred into a quartz ampoule, vacuum-sealed at
10-7 Torr and then heated at 800�C for 72 h. At this temperature, ErCl3 melted
and became encapsulated within the core of SWCNT (Fig. 11). Two columns of
dark spots arranged in a regular fashion were clearly observed in the
ErCl3@SWCNT sample.

Hence, encapsulating materials in CNT is likely to promote new phases, new
structures, new properties, and/or new behaviors. Moreover, it is a certainty that
any of these features are more interesting when the tube cavity diameter is of the
order of 2 nm, as is encountered for most SWCNT and DWCNT [58, 59].

General Molten State Filling Procedure

The physical method involving a melted phase is more restrictive than the wet
chemistry route, firstly because some materials may start to decompose when they
melt, and secondly because the melting point has to be compatible with the
nanotubes (i.e. thermal treatment temperature should remain below the tempera-
ture of transformation or damage of the nanotubes). Because the filling is occur-
ring thanks to capillary forces, the surface tension of the molten materials has to be
in the range from 100 to 200 N/cm2 for MWCNT [17]. In a typical filling
experiment, the CNT are closely mixed with the desired amount of filler by gentle

Fig. 11 HRTEM image of
ErCl3@SWCNT [57]
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grinding, and the mixture is then vacuum-sealed in a silica ampoule. The ampoule
is slowly heated to a temperature above the melting point of the filler, and then
slowly cooled. The use of this method does not require any opening of the
nanotubes prior to the heat treatment. The mechanism of nanotube opening is not
yet established clearly, but it is certainly related to the chemical aggressiveness of
the molten materials towards the carbon and more precisely towards the graphene
defects in the tube structure.

Experimental results seem to indicate that it is difficult if not impossible to fill
opened CNT which have not been submitted to an annealing treatment. The fol-
lowing hypotheses have been proposed to explain this phenomenon: (a) the
presence of bulky carboxyl groups at the tips could obstruct the entrance of the
CNT and thus hinder the filling; (b) the remains of the graphitic caps could be
attracted inside the CNT during its opening. An annealing treatment at a tem-
perature above 900�C (in vacuum) can degrade the carboxyl groups and it is thus
suggested to facilitate the subsequent filling.

Estimation of the Filling Rate

As opposed to the solution method, the melting method allows high filling yields
to be achieved even for SWCNT. One such example was the filling of SWCNT
with lanthanide chlorides (Fig. 12) [15]. A quartz ampoule containing nanotubes
along with the ground material was sealed under vacuum and was then heated for
24 h.

Filling materials formed both continuous nanowires [bottom images in
Fig. 12a–b] or short segments somewhat periodically spaced [top images in
Fig. 12a–b]. Filling yield as high as *80% was reported for PbO in SWCNT [60,
61], although cumulative filling cycles were necessary to achieve the filling. This
makes this method almost as efficient as the gas phase route, obviously, because,
for both methods, only the desired filling material is entering the nanotube cavity
(solvent free).

Generally speaking, the estimation of the filling yield (percent of filled tubes in
all the sample) is problematic and most of the time is derived from the TEM

Fig. 12 HRTEM images of
SWCNT filled with lanthanides
chlorides: a GdCl3@SWCNT
obtained at 700�C. b
HoCl3@SWCNT obtained at
820�C [15]
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observations, without any statistics on the number of the observed tubes. More-
over, as far as SWCNT are concerned, the fact that the nanotubes are gathered into
bundles makes difficult the observation of the exact number of filled tubes, as well
as the estimation of the filled length for each tube. Estimation of the filling yield is
a difficult task and is subjected to controversy: should the proportion of total CNT
containing some filling (whatever the length) be used? Or should it be the ratio of
filled length to the total length of the observed CNT? Keeping in mind that this
information can only be obtained using a high resolution transmission electron
microscope (HRTEM), leading only to local observations, it seems that neither of
these two methods can give the true filling yield for the whole sample. Global
measurements of the filling yield have been proposed in the case of peapods, based
on EELS or Raman spectroscopy but beyond that, there is still a need for a method
for measuring global filling yield of the filled CNT samples.

Atomic Emission Spectroscopy (AES) is a method of chemical analysis that
uses the intensity of light emitted from a flame, plasma, arc, or spark at a particular
wavelength to determine the quantity of an element in a sample. The wavelength
of the atomic spectral line gives the identity of the element, while the intensity of
the emitted light is proportional to the number of atoms of the element. The
problem of this method is that a global quantitative analysis of the filler compound
in the whole sample with no distinction between the inside and the outside of CNT
is obtained, making impossible a correct evaluation of the filling yield. Values
reported in the literature should thus often be considered only as rough
estimations.

Ballesteros et al. [56] reported the first methodology for the quantitative
assessment of the amount of material encapsulated in filled carbon nanotubes.
Single-walled carbon nanotubes were filled by molten phase capillary wetting with
CuI, FeCl2, and CuBr. A suitable solvent was used in each case to remove the large
amount of external material present after the filling step. Thermogravimetric
analyses in air were performed on the empty and filled nanotubes, and the data
were used to obtain the filling yield for each sample.

During the TGA experiment on the filled samples in flowing air, the filling
material may react with oxygen to form a solid residue, normally an oxide and/or
may sublime or form a gaseous oxide. In any case, the filling yield (FY) can be
accurately determined by the Eq. 2:

FY wt%ð Þ ¼ 100� R2 � R1ð Þ= RA � R1ð Þ ð2Þ

where R1, R2 and RA are the TGA residual quantities in air for the empty carbon
nanotubes, the filled carbon nanotubes, and the bulk filling material (A), respec-
tively. The obtained FY is an average value and does not make distinction between
the filling efficiency of SWCNT of different diameters and lengths present in the
sample. Calculations have to take into account the catalyst impurity in the nano-
tube samples.

Filling yield determination has special interest for the optimization of the filling
experiments and for comparison of different filled samples, since differences in
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properties of filled nanotubes will be related to different degrees of material
encapsulation.

Filler Compounds (as Nanowires or Nanoparticles)

Filling CNT with compounds is a very important alternative when direct filling
with chemical elements is not possible, typically because of a too high melting
point and/or of a too high surface tension of the considered elements in the molten
state [15]. Compounds are typically salts, among which halides are the most
popular [56–59, 62, 63], for many reasons such as a high versatility. Many types of
halides may be used for filling, i.e. fluorides, chlorides, bromides or iodides; in
many cases, melting points are in a suitable temperature range (i.e., not too high,
e.g. \1,000�C); there is good solubility in usual solvents (chloroform, water, etc.)
in order to remove the excess of salt outside the nanotubes. Moreover, a great
advantage in the case of the filling of CNT with iodides is the good contrast of the
filled tubes on the HRTEM images (Fig. 13).

From 2001, oxides were also directly inserted into SWCNT, starting with CrO3

[39] and Sb2O3 [64, 65], followed by others such as PbO [60] or RexOy [66],
sometimes with a fairly high filling yield (e.g., 80–90% for PbO). Although oxides
can be interesting alternatives as intermediate compounds or can exhibit inter-
esting intrinsic properties on their own (e.g., CrO3 is electrically conductive), they
will never become so popular as halides, because oxides have, generally, neither a
high solubility in harmless solvents nor a reasonable melting temperature. Other

Fig. 13 HRTEM images of the FeI2 filling within a a DWCNT bundle; b a single DWCNT [59]
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compounds that have been used in attempts to fill SWCNT are typically nitrates
(specifically silver nitrate [39, 67, 68], bismuth nitrate [69], uranyl nitrate [70]),
acetates (uranyl acetate [70]) and hydroxides (KOH and CsOH [70]).

The almost complete filling of CNT, which allows the production of metallic
nanowires (Fig. 14) for electronic or magnetic devices, as well as for biomedical
applications [71, 72] has been well-documented. In particular, CNT can be filled
with magnetic nanoparticles. It is envisaged that external static magnetic fields
could fix the ferromagnetic nanoparticles at a precise position in animal (human)
tissues; gradient fields would move them and alternating (AC) fields lead to local
heating. The latter can be utilized for the so-called ‘‘hyperthermia’’ [73], i.e. a
therapeutic cell-killing anti-cancer treatment to raise the temperature of tumor
tissue in vivo. This method applies the fact that a cancer cell-damaging effect is
caused when a temperature above 41–42�C is maintained in the target volume.

Structural Modifications of Confined Matter

The main effect of confinement in a nanotube of only a few nanometers inner
diameter is to decrease the coordination of the atoms (or ions) (Fig. 15) [74]. This

Fig. 14 HRTEM image of
iron filled MWCNT for
hyperthermia application [73]

Fig. 15 The coordination of
the K+ and I- ions decreases
from 6:6 in the bulk structure
to 4:4 when they are confined
inside a CNT with an internal
diameter of 1.4 nm [74]
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happens because the inserted material is often reduced to only a few atomic layers
when it is observed in perpendicular section to the CNT axis.

Confinement thus leads to 1D structure of atoms (or ions) of reduced coordi-
nation, which could be related—or not—to the bulk structure. We will now
describe a series of examples to illustrate the effect of confinement. The effect of
the inner diameter of the CNT will also be discussed.

The first example is that of KI@SWCNT [75]. KI has a face-centered cubic
structure (a = 3.53 Å). The general methodology employed to determine the
structure of confined crystals is the following: (a) HRTEM observation; (b) con-
struction of a rough outline of the structural model from the HRTEM images; (c)
simulation of the HRTEM image from the proposed structural model and com-
parison with the experimental data (the images are simulated at different focuses in
order to match as well as possible the experimental image); (d) correction of the
structural model and simulation until the fit with the experimental images is
acceptable. In the case of KI@SWCNT (Fig. 16), the confined KI crystals retain a
structure close to that of the bulk but distortions are observed. Along the axis, the
d-spacing is 0.35 nm, as in the bulk; however, this spacing is increased by nearly
0.4 nm perpendicularly to the CNT axis (14% of extension).

In such a thin structure where all the ions are indeed ‘‘surface ions’’ (compared
to the bulk structure), it seems that there is a strong interaction between the ions
and the CNT inner wall. In the case of CNT with a large diameter, the situation is a
bit more complex and slight distortions were brought to light both parallel and
perpendicularly to the CNT axis. The measure of such small distortions was made
possible by the use of the phase image restoration technique.

In the case of PbI2@DWCNT [76], similar crystal growth behavior was gen-
erally observed to occur in narrow nanotubes with inner diameters comparable to
that of SWCNT. In this example, the PbI2 crystal is oriented with the [1 2 1]
direction parallel to the direction of the electron beam (Fig. 17). However, as the

Fig. 16 HRTEM images of two layers of thick KI crystals formed within a a 1.4 nm diameter
SWCNT, b a SWCNT bundle. Each dark spot corresponds to a two-ion K–I (or I–K) column [75]
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diameter of the encapsulating capillaries increases, different preferred orientations
are frequently observed.

The volume dimension available within the nanotubes thus somehow controls
the crystal structure of the inserted materials. For instance, the structure and ori-
entation of encapsulated PbI2 crystals inside their capillaries were found to be
different inside SWCNT and DWCNT with the same inner diameter [76]. In the
case of SWCNT, most of the encapsulated one-dimensional PbI2 crystals obtained
exhibit a strong preferred orientation with their (110) plans, which make an angle
of ca. 60� with the SWCNT axis as shown in Fig. 18a–b.

Due to the extremely small diameter of the nanotube capillaries, individual
crystallites are often only a few polyhedral layers thick, as outlined in Fig. 18d–h.
As a result of lattice terminations enforced by capillary confinement, the edging
polyhedral must be of reduced coordination, as indicated in Fig. 18g–h.

Conclusion

To summarize, the melting method is the second preferred method to fill nanotubes
because of the possibilities for high filling yields, simplicity (one to three steps,

Fig. 17 a HRTEM images
of DWCNT continuously
filled with PbI2. The inset
Fourier transformation
indicates that this crystal is
being viewed in a [1 2 1]
projection. b Detail from the
boxed region in a. c An
image produced by applying
an adaptive filter followed by
an inverse Fourier
transformation produced
from b. d The ‘‘best fit’’
image simulation obtained
from the structural model
[76]
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depending on the goal and the material to fill) and versatility. Its main limitation is
its requirement for selecting the materials to fill (or their compounds) among those
exhibiting an acceptable surface tension in the molten state at the filling
temperature.

4 About the Washing of Filled CNT

One of the most difficult parts of the filling is the washing of the tubes after filling.
During the washing, a risk exists of emptying the already filled cavities. Usually,
after filling in solution, the tubes can be washed as a wet material just after the
filling process but many authors report that the percentage of the filling compound
removed from inside the CNT is quite big [36, 41, 47]. There are some methods to

Fig. 18 (a) HRTEM image of a SWCNT bundle completely filled with PbI2. (b) Detail obtained
from the boxed region in (a); 0.36 nm (or {110}) lattice planes of PbI2 are clearly visible in two
adjacent tubules on the periphery of the bundle. (c) FFT obtained from a slightly larger region of
bundle than (h). The indicated maxima correspond to lattice planes apparently related by a mirror
plane (however, the planes occur in adjacent tubules). (d) HRTEM image of a discrete SWCNT
filled with a 1D crystal of PbI2. (e) Detail from the boxed region in (d) showing the arrangement
of the PbI2 polyedra, which appear as dark spots. (f) and (g) ‘‘last fit’’ image simulation and
corresponding structural model conforming to a three polyhedral thick shah of PbI2. Edge
terminating PbI5 squire pyramids are indicated in red. (h) End on view of SWCNT/PhI2
composite showing a1D chain of PbI6 octahedra bounded by two 1D chains of reduced
coordination PbI5 squire pyramids [76]
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avoid this problem: for example drying the resulting mixture of X@CNT and then
washing it [35] or washing the tubes after calcination [41]. In the case of filling
with melted compounds, the risk of removing the filling material from inside the
cavities is lower, but the problem could be the material which remains outside the
tubes as a wall surface coating or as individual nanoparticles [56]. In either case, a
certain amount of material will be left on the external walls of the CNT.

Green and co-workers [33] found that washing with water of CNT filled by
aqueous solution of inorganic compounds may remove almost all materials from
inside and outside the tubes.

In order to clean the outside walls and to keep a maximal filling, a simple
strategy was suggested [43]. MWCNT were pre-opened in boiling nitric acid and
then impregnated in aqueous nitrate solutions of iron, cobalt or nickel. A mixture
of chloroform and 1-propanol was chosen as washing agent which can be efficient
in removing the material sticking on the external walls, but also keeping the filling
product in the internal cavity (Fig. 19). Such a mixture enables miscibility between
the impregnation solution and the washing agent.

5 General Conclusion

The filling of CNT represents a remarkable example of matter manipulation at the
nanometric scale. The experiments described here clearly give examples of the
capacities and potential for nanofabrication of novel materials. Though filling is
possible in situ during the synthesis of the CNT, a posteriori methods allow a
better control. Whatever the method, the real filling yield is generally difficult to
evaluate. The confinement of the matter inside CNT leads to more or less sig-
nificant structural modifications, depending on both the bulk structure of the
confined material and the CNT inner diameter. These modifications generally
occur mainly perpendicularly to the axis of the CNT, where the influence of the
interaction with the CNT inner wall is more pronounced. These structural changes
are likely to lead to a modification of most of the physical properties (electrical,
optical, mechanical, thermal) of the X@CNT composites, because of the strong
interaction between the 1D nanocrystals and the CNT.

Fig. 19 Illustration of selective filling of carbon nanotubes with metals: filling of carbon
nanotubes via impregnation (I) and selective washing (II) [43]
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Filling of Carbon Nanotubes: Containers
for Magnetic Probes and Drug Delivery

E. Borowiak-Palen, C. Tripisciano, M. Rümmeli, S. Costa,
X. Chen and R. J. Kalenczuk

Abstract Nanotechnology is a broad scientific field but one of the most explored
materials in nanotechnology is carbon nanotube (CNT). A large proportion of
research on CNTs is focused on their huge potential for biomedical applications.
Within this context, the synthesis of carbon nanotubes filled with magnetic
materials has been widely investigated, especially with iron due to its excellent
ferromagnetic characteristics. Pure iron-filled carbon nanotubes (Fe-CNT) can be
prepared following diverse routes. Here, an overview of the different preparation
routes of Fe-CNT, using the chemical vapour deposition (CVD) synthesis method
will be presented. Several working parameters were varied and investigated, the
most significant being the pressure of the system, the iron and the carbon sources.
The consequence of these modifications is reflected in the structure of the final
material, which varies in respect of the amount of iron encapsulated in the cavity,
tube diameter and the number of graphitic walls forming the CNT. The filling of
hollow CNT through wet chemistry reactions (as a post-synthesis route) and CVD
process (filling during the synthesis of CNTs) will also be addressed in this
chapter.
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1 Iron Filled Carbon Nanotubes: An Overview of the Synthesis
Techniques

Iron Filled Multiwalled Carbon Nanotubes (Fe-MWCNT)

The insertion of ferromagnetic compounds into the interior of carbon nanotubes
gives rise to a system with unique magnetic properties. Moreover, the rolled-up
graphene sheet can provide an effective barrier against oxidation, protecting the
filler and ensuring the long-term stability of the core. Several investigations have
been reported recently on the preparation of iron filled carbon nanotubes (Fe-CNT).
Chemical vapour deposition is probably the most popular technique to synthesise
such materials. The various production routes can be divided into two main cate-
gories: synthesis and simultaneous filling of the nanotubes (in situ process), where
the nanotubes are grown already filled with iron [31], or a two-step process which
involves the preliminary production of the hollow CNT which are then filled by
chemical methods [43]. By varying the working conditions of a particular method,
the properties of the resulting material can de controlled, such as the nanotube
dimensions—diameter, number of walls, length and the quantity of filling—which
can either be partial or total inside the nanotube cavity, as shown in Fig. 1.

Currently, many researchers are focussing their attention on the preparation of
iron filled carbon nanotubes [9,31, 43]. So far, both singlewalled (SWCNT) and
multiwalled carbon nanotubes (MWCNT) filled with iron have been prepared.

Fig. 1 Models of different iron filled carbon nanotubes: a totally filled [38], b partially filled
[17], and c capped-tip-filled tube [28]; d real HR-TEM images of the different types of Fe-
MWCNT
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However, Fe filled MWCNT are, by far, the most often produced. The small cavity
space difficulties encountered with SWCNT are generally overcome in the case of
multiwalled carbon nanotubes. Even though filling mechanisms are similar to that
for SWCNT, tube diameters of at least several nanometres facilitate the successful
filling of MWCNT by magnetic materials.

Simultaneous Filling During the Synthesis

One of the advantages in the in-situ filling of CNT is the reduction in production
time. Moreover, it enables a variation of several parameters during the process
leading to the production of materials with different properties and characteristics.
A diverse set of CVD experimental setups—such as doubled staged furnaces,
injection assisted catalysts and liquid sources methods [8, 18, 33, 36, 45] can be
used to obtain iron filled multiwalled carbon nanotubes (Fe-MWCNT).

The so-called double staged systems consist of a furnace with two separate
stages and each can be heated at different temperature (see Fig. 2). This type of
system is commonly used for the combined synthesis and metal filling of
MWCNT. In the first stage of the system the catalytic vaporisation of the metallic
precursor occurs as it is heated to its sublimation point (lower temperature stage).
The metallic particles are then carried to the second stage of the furnace by a
carrier gas (Ar, He, N2, either individually or in mixtures). The growth of the
carbon nanotubes takes place in the second stage of the furnace where the carbon
source is decomposed (higher temperature stage).

Costa et al. [9] employed ferrocene [bis(cyclopentadienyl)iron] as a catalyst and
iron precursor in a double staged furnace to obtain Fe-MWCNT with high filling
rate (*90% of tubes were partially filled with iron) with only a single phase of
iron, namely a-iron.

Mueller and his group have also often reported studies on the growth of Fe-
MWCNT using a similar system. However, the growth occurs over substrates with
different thin film coatings, leading to vertically aligned carbon nanotubes [37].

An alternative mode to introduce the catalyst is through an injection system
attached to the CVD setup. The source of iron (e.g. ferrocene or acetyloferrocene)

Fig. 2 Illustration of a
double staged furnace for the
synthesis of Fe-MWCNT [31,
42]
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is dissolved in a carbon feedstock and the mixture is injected directly into the high
temperature zone of the furnace. This procedure enables control of the length of
the carbon nanotubes to some degree, since the reaction can be finished at any time
by stopping the injection of the sources [17]. The most widely reported catalyst/
iron source is ferrocene due to its high solubility in different organic solvents such
as xylene [17], dichlorobenzene [52] or toluene [45]. These solutions are com-
monly introduced to the reactor via an injector system. Figure 3 shows an illus-
tration of the catalyst injection CVD system.

This method is simple and is a low cost means for the synthesis of CNT arrays,
with Fe filling the inner cavity quasicontinuously over the entire length of the
tubes [17]. The injection CVD method allows great control of the catalyst to
carbon ratio. The nanotube diameter, length and alignment can be controlled by
varying the reaction parameters [45].

Another possible route to synthesise Fe-MWCNT is to connect the furnace with
a liquid source. This arrangement can provide both the iron and the carbon source,
or just be the carbon feedstock with the catalyst placed in the centre of the furnace.
A simple way to perform this experiment is to connect the liquid source directly to
the furnace (see Fig. 4). In this method liquid is introduced into the furnace by a
carrier gas, not by injection [33]. Costa et al., presented a systematic study on a
system where the furnace was connected to a bottle containing the carbon source
in the liquid form (ethanol or cyclohexane) [8]. A slightly different method was
tested by Hampel et al. [18] where the furnace was connected with a moving band
evaporator. The liquid source, ferrocene dissolved in cyclopentane, is directed to

Fig. 3 Illustration of
chemical injection CVD for
the preparation of Fe-
MWCNT [36]

Fig. 4 Illustration of liquid
source CVD system
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the evaporator where evaporation of the solvent first occurs and later the ferrocene
decomposes. The vapours are carried to the hot zone of the furnace by the carrier
gas where the formation of Fe-MWCNT occurs.

Randomly grown and vertically aligned Fe-filled multiwalled nanotubes can be
synthesised by decomposition of ferrocene in a liquid source CVD process. By
varying the reaction parameters such as deposition time, reaction temperature and
precursor concentration the influences on the length, diameter and filling yield of
the carbon nanotubes is varied. The deposition time does not influence the sample
morphology [18] contrary to the injection CVD method [17] where longer injec-
tion times lead to longer CNTs.

Alternative innovative methods have also been developed. In 2005, Lu et al.
[35] investigated the use of an explosion induced method to produce iron filled
carbon nanotubes and iron nanoparticles surrounded with carbon. Ferrocene dis-
solved in picric acid was used as both, the catalyst and carbon source. The det-
onation of the explosive was initiated by heating the mixture, evidenced by a
pressure break inside the reaction vessel. During the explosion the temperature
was calculated to be about 1,000�C, which is sufficient to promote CNT growth
without any further heating.

The catalytic decomposition of ferrocene is widely used in different CVD
methods. Ferrocene is an organometallic compound with the formula Fe(C5H5)2. It
is the prototypical metallocene, a type of organometallic chemical compound
consisting of two cyclopentadienyl rings bound on opposite sides of a central metal
atom (here an iron atom). Such organometallic compounds are also known as
sandwich compounds. Therefore, ferrocene has one important advantage: it con-
tains the metal (the catalyst initiating the MWCNT growth) and the carbon (the
feedstock) within its structure. Müller et al. [38] showed that the operating con-
ditions strongly influence the characteristics of the final product. The parameters,
such as the deposition time and the use or not of a substrate for the nanotube
growth, have a strong influence on the diameter size distribution and the quality of
the products. Another important aspect was studied by Qiu et al. [39], who
investigated the influence of the collection zone on the structure of the carbon
materials. He showed that within the same synthesis process two different products
were obtained. In the inlet area of the second stage area the product consisted of
filled MWCNT, while outside this area the deposited materials were mainly
composed of iron filled carbon nanocapsules (Fe-CNCap). Fe-CNCap are formed
by the encapsulation of iron within a hollow graphitic cage. It does not have
tubular characteristic typical for CNT.

The effect of ring substitution in the role of ferrocene as a catalyst was also
investigated by Mohlala et al. [36]. This group performed a study using the
injection of substituted ferrocenes dissolved in toluene. It was revealed that the
substituent can affect the type of carbonaceous material formed and its diameter
depends on the working conditions. The synthesis process with substituted fer-
rocenes leads to a mixture of carbon materials in the final product. The use of
dimethylferrocene originated a combination of carbon fibers (tubular carbon
structures without the hollow region), amorphous carbon and carbon nanotubes.
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Diethylferrocene leads to the formation of carbon nanocapsules (also termed
microspheres) and acetylferrocene to a mixture of carbon nanofibers and carbon
nanocapsules.

The choice of the carbon source also plays an important role in the preparation
of carbon nanotubes. The group of Wang et al. [52] made an important modifi-
cation in their method by the introduction of a chlorine-containing hydrocarbon. It
was found that employing dichlorobenzene as the carbon source, together with a
mixed Ar/H2 atmosphere leads to the reduction of the number of walls and con-
sequently to thinner carbon nanotubes. It was found that the introduction of
chlorine can slow down the growth rate of CNTs and consequently enhance the
iron filling rate. Another interesting observation was obtained by Geng et al. [17].
It was found that the use of excessive catalyst injection leads not only to longer
iron filled carbon nanotubes, but also causes changes in the direction of growth
within the same tube.

Another important fact that should be highlighted is that very often the resulting
as-grown material contains a mixture of iron filled carbon nanotubes and iron filled
carbon nanocapsules [36]. By varying the synthesis parameters only Fe-CNCap or
only Fe-CNT can be formed. A simple explanation of this phenomenon is the lack
of the carbon supply during the growth of the carbon nanostructures, thus
encapsulates are preferentially formed [42]. Lu et al. [35], obtained different
mixtures of Fe-CNT and Fe-CNCap, while testing different ratios of the catalyst to
support. Costa et al. [10], used acetylferrocene as catalyst in a double staged
furnace to obtain homogeneous round shaped nanostructures, fully filled with
iron. Due to their particular shape and dimensions as well as their potential to
be functionalized, Fe-CNCap are also attractive materials for biomedical
applications.

Filling Reactions via Wet Chemistry Methods

Wet chemistry reactions applied to encapsulate materials within the cavity of the
carbon nanotube take advantage of capillarity forces. When a capillary is set in
contact with a wetting fluid, the fluid spontaneously penetrates inside. However,
only substances with low surface tension can be introduced. A more detailed
explanation of the filling mechanism via liquid routes is provided in another
chapter of this book (Lukanov et al.). A requirement for wet chemistry methods is
that open-ended carbon nanotubes need to be employed. The chemical opening of
carbon nanotubes has been widely reported and it can be performed through
chemical reactions with acids [23], NaOH [40] or other oxygen containing com-
pounds [26].

The filling of nanotubes with ferrofluid, like magnetite (Fe3O4), seems to be a
good method when a magnetic filling is needed. Jain and Wilhelm [25] success-
fully obtained magnetite filled MWCNT using a organic based ferrofluid as a
starting material. Further reduction of the filled MWCNTs resulted in tubes filled
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with a-iron. The group also observed a nanotube diameter influence on the filling
rate. Larger inner diameters led to higher filling within the tubes. Another method
for Fe-MWCNT preparation was recently developed by Seifu et al., using a metal
chelating polymer, chitosan, as an intermediate [43]. The nanotubes were soaked
in chitosan hydrogel containing iron nitrate. A simpler method was used by Jorge
et al. [26] to fill double walled carbon nanotubes, employing a highly concentrated
iron chloride solution. DWCNT with encapsulated iron nanowires were obtained
after a reduction step. This latter step is important to obtain the ferromagnetic form
of iron, a-Fe.

Different Methods, Different Materials

The morphology of the nanostructured material is strongly influenced by the
experimental parameters which determine the yield, homogeneity of the sample, or
reproducibility of the results. However, the filling of MWCNT with magnetic
particles and their multiwalled structures brings a big advantage. The external
walls protect the internal ones, which also maintain the chemical and physical
properties of the encapsulated materials. Therefore, identifying the best route to
achieve a good sample depends on the definition of a good material for a particular
application.

Table 1 shows some properties of iron filled carbon nanostructures evaluated
by the several authors who explored different routes to prepare these materials.
Even though the publications do not always report all the parameters with respect
to the dimensions of the materials, it is possible to observe a trend in the
parameters. The number of walls can vary between 2 and 80 walls and their
distribution is usually narrow. The carbon nanotubes are usually a few microns
long and the Fe-MWCNT diameter distributions can mostly be divided into two
categories: small tubes with diameters up to 50 nm, and larger tubes with diam-
eters above 100 nm.

The iron nanowires inside nanotube usually have a diameter matching the inner
diameter of the tubes, and the Fe length varies and can reach even the length of the
entire carbon nanotube. However, it is known that the dimensions of the nanotubes
are easily influenced by the parameters of the synthesis setup. In 2006 Hampel
et al. [18], published a study reporting the influence of the catalyst concentration,
reaction time and temperature on the properties of the nanotubes. It was found that
the length, diameter and the magnetic properties of such materials were highly
dependent on these parameters.

Recently, Costa and Borowiak-Palen also reported a systematic study on the
optimisation of the Fe-MWCNT preparation, for homogeneous and reproducible
material. Parameters such as the catalyst ratio, reaction temperature, and hydro-
carbon were tested in different combinations [8]. Both reports highlight the strong
influence of the synthesis setup and experimental conditions on the resultant
materials.
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Conclusion I

Iron filled carbon nanotubes are materials with very promising properties. The
carbon walls protect the iron cores enabling them to maintain their properties. This
makes them stable and resistant magnetic structures.

Many studies have focussed on the preparation of the Fe-MWCNT, especially
through the use of CVD. It is well known that the synthesis parameters strongly
influence the resultant carbon nanotube morphology. Each setup requires optimi-
zation depending on the material requirements. Some of the CVD routes facilitate
control, such as the length of the nanotubes, the formation or not of nanocapsules,
and the amount of iron encapsulated. Even so, full control of the nanotube growth
and preparation is still a work in progress. The applications of Fe-MWCNT as drug
delivery systems or as local nano-heaters are attractive applications for these
materials. These applications are addressed in more detail elsewhere in this book.

Table 1 Properties of iron filled carbon materials obtained by different groups

Authors Number of
walls

Diameter (nm) Length (lm)

Carbon
material#

Iron
nanoparticle

Carbon
nanotubes

Iron
wire

Carbon nanotubes#

Costa et al. 70–80 60–120 – – 60–360
Muller et al. – 10–150 5–30 *15 –
Wang et el. *15 – *20 – *2
Liu et al. *23 Varies within the same tube Up to 0.4
Hampel et al. – 70–110 – – –

35–60
Costa et al. 10–45 10–55 – – –
Geng et al. – 20–50 10–20 80 –
Monch et al. 5–20 20–60 5–30 0.1–1 [1
Leonhardt

et al.
– 2-60a – *30 –

Carbon Nanocapsules#

Mohlala et al. – 30–50 (CNT) – – –
20–25 (CNCap)

Costa et al. 8–32 70–120 – – –
Sano et al. 2–40 11–30 – – –
Lu et al. 6–20 5–20 – – –
Qiu et al. – 10–30 – – –
CNT ? Ferrofluid
Seifu et al. – 20–50 5–20 5–30
Jain et al. – – 8–18 – –

Number of walls: number of walls in CNTs or capsule in CNcaps; Diameter (nm): carbon
material, diameter of tubes or capsules; iron nanoparticle, diameter of wires in CNTs or spheres
in CNcaps; Length refers only to the filled tubes: CNTs or iron nanowires
a Presence of SWCNT
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2 Carbon Nanotubes Biofunctionalization for Potential
Biomedical Application

Summary
Cisplatin (Cis-Diamminedichloroplatinum, CDDP) is a compound with effec-

tive cell-killing properties. The side-effects of CDDP chemotherapeutic treatment
arise due to its bonding to plasma proteins. This results in reduced renal excretion
and consequent deposition in tissues. Additionally, CDDP is not stable in aqueous
solution, so other solvents must be added to the solution when used for intravenous
injections. A way to minimize these negative aspects is to reduce the circulation
time into the human body, thus improving its efficiency. An attractive route to
achieve this is to employ Carbon nanotubes as a transport vehicle. CNT potential
biological application has been investigated since their discovery. They have many
useful properties. To this purpose their mechanical strength, chemical inertness
and above all their ability to enter a living cell by crossing the plasma membrane
are particularly useful characteristics: CNT can be exploited as nano-sized con-
tainers ideally suited for filling with therapeutic drugs.

Several in vivo studies have been carried out regarding pristine CNT toxico-
logical profile. Those studies show that CNT biocompatibility is dramatically
improved when they undergo surface functionalization. This functionalization step
is also essential to remove the main barrier to CNT manipulation, viz. their
hydrophobicity. Here we discuss pertinent contemporary results on the encapsu-
lation of drug molecules into both types of CNT, SWCNT and MWCNT.

Cisplatin: A Platinum Based Anticancer Drug

The harmful side effects occurring from chemotherapeutic treatment are due to the
lack of selectivity of the chemotherapeutic agents. Simply put, they are powerful
cell-killers without any cell-specificity, i.e. they do not distinguish between
transformed cells and healthy ones.

Cisplatin is a platinum-based molecule identified for the first time in 1845 by
Peyrone.

In the late 1960s its structure was clarified by X-ray analysis. In the same
period, experiments conducted by B. Rosenberg on E. Coli and sarcoma and later
in leukemia mice cells, revealed its cell-killing effect and thus paved the way to its
medical application as a cancer therapy for humans [41].

The main target of cisplatin molecules inside cells is the deoxyribonucleic acid
(DNA). Replication and transcription are inhibited by the platinum(II)-DNA
complexes given by the inter- and intra-strand crosslinks [14, 15] formed through
the covalent binding of DNA’s purine basis and aquated form of CDDP.

Cisplatin can also bind proteins and these interactions can play an important role
in its pharmacological and toxicological profile. For instance, the binding of
cisplatin to plasma proteins can indeed induce the formation of high molecular
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weight complexes which can be not filtered from the Bowman capsules, thus causing
the accumulation of platinum in the kidneys and consequent nephrotoxicity.

Therefore, despite cisplatin’s high effectiveness, some limits must be overcome
in order to improve the quality of its use. Cisplatin has a low water solubility and
low stability due to the substitution of the chloride ions by water molecules. This
replacement can be reduced by increasing the sodium chloride concentration thus
improving the drug stability in aqueous media.

Currently, during chemotherapeutic treatment, cisplatin is administered to a
patient by intravenous injection of an aqueous solution with the addition of sodium
chloride (as a source of chloride ions), mannitol (as a weak renal vasodilator) and
hydrochloric acid (as a pH maintainer). A way to avoid the side-effects, improving
cisplatin’s characteristics and avoiding the use of additional solvents, is to create
delivery structures which can selectively transport the antitumor agent directly to
the target cells. This is usually referred to as targeted drug delivery.

Several studies have been conducted in the last decades on the development
of vectors made up of organic materials, such as liposomes structures or poly-
meric mycelles, so that the toxicity of cisplatin could be reduced. More recently
the employment of carbon nanotubes as nano-vehicles for drugs in cancer
therapy has been extensively studied. Compared to classical drug delivery sys-
tems, CNT possess an enormous aspect ratio; moreover, their stability(given by
the chemical composition) ensures a prolonged circulation-time inside the body.
The potential application of CNT in the bio-medical field has been investigated
since their discovery. Due to their passive plasma membrane crossing, CNT can
be thought as nano-sized carriers which can transport drugs to a selected region.
This selectivity can be accomplished through labelling these nano-vectors with
antibodies which can recognize antigens specifically expressed by the cancer
cells. The cellular uptake depends on the tubes diameter and the type of func-
tionalization: Different strategies, such as the energy-requiring endocytosis pro-
cess [6–25] and the passive plasma membrane crossing [4–30], have been
reported by different groups.

The possibility to use CNT as transport vehicles could increase the efficacy of
cancer therapy enormously: Various strategies e.g. hyperthermia and drug deliv-
ery, could be both applied by developing a single multifunctional complex.

Hyperthermia treatment (or thermotherapy) is a cancer treatment based on the
controlled and prolonged exposure of body tissues to a temperature range of
40–43�C. The effects consist of cancer cell necrosis and damage to proteins and
structures of the cells [21] with minimal damage of the healthy tissue [51]. Among
the effects are an increase of local blood flow and an increase of the cell membrane
permeability. As a consequence hyperthermia is very often used along with other
cancer therapies, such as radiation and chemotherapy [51, 53], enhancing the
sensitivity of some cancer cells to radiation or the efficiency of the anti-cancer
drugs by increasing the uptake from cells.

In this respect the magnetic properties of CNT can be used to localize them in a
selected region and, by applying infrared radiation, rapid and effective heating can
be induced. Thus, the use of CNT can improve cancer therapy not only by carrying
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the drug molecule selectively and preventing its undesired interaction with other
proteins, but also enhancing its effect through hyperthermia [32].

Carbon Nanotubes as Nano-Sized Carriers

In order to safely employ CNT for medical applications, a large number of studies
have been carried out on their potential toxic effects. In vitro [17, 29] and in vivo
[11, 34] toxicological profiles of the pristine CNT have been extensively studied.
They show that the CNT cytotoxicity is drastically reduced when they are surface
functionalized. Several routes have been developed and analyzed to improve the
solubility and biocompatibility of raw CNT.

The delivery application can be realized via loading (e.g. specific adsorption or
covalent bonding) the therapeutic drug on the external surface (as reported by
Feazell et al.) or placing it inside the tubes (see Fig. 5).

Feazell et al. developed a longboat delivery system where PEGylated SWCNT
(Mn * 2,000) were conjugated with an inert platinum (IV) compound which was
reduced to the active platinum (II) form after cell internalization. These drug
carriers internalized via an endocytic pathway. The pH decrease of the cell en-
dosomes was exploited to reduce the disulfide linkages releasing the lethal active
cis-[Pt(NH3)2Cl2] [16]. The study highlighted that the efficiency of the cisplatin
active platinum form (II) is enhanced when carried and released from these sp2

carbon derived vectors. They offer clear advantages, namely, drug inactivation or
scarce circulation are avoided. In a more recent study [12] the same research group
provided this longboat delivery system of a folic acid to specifically target folate
receptor-enriched cancer cells. The as-produced system was evaluated to be stable
at pH of 7.4 (similar to the bloodstream environment) and going through reduction
with the decrement of pH value.

Another example of external CNT sidewall loading has been reported by Liu
et al. [11]. Water soluble SWCNT non-covalently and covalently functionalized
with PEG, were loaded with the anticancer drug Doxorubicin. Liu and co-workers
found that the binding of the anticancer drug and its release are pH-dependent.
Again, the pH decrease related to the endocytosis-mediated uptake mechanism is
suitable for the controlled discharge within the cells of Doxorubicin, whose
hydrophobic interaction with CNTs can be achieved instead with basic pH values

Fig. 5 Models of different carrier systems based on CNT. a The drug is loaded on the CNT
external surface; b the drug molecules are inserted into CNT interior
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(e.g. pH = 9). Moreover, the author’s state that the loading depends on the tubes
diameter, since the p-staking of the drug is stronger on tubes with larger diameter.

The first work in which a general method to open and fill carbon nanotubes with
a variety of metal oxides using the wet chemistry was reported, was published by
Tsang et al. [50] in 1994. This work paved the way for drug delivery applications
with filled CNT.

Carbon nanotubes have been already used as containers for several organic
molecules, such as b-Carotene [54], and fullerenes [44, 46].

The strong nanotube wall can provide the organic molecules with convenient
protection from the surrounding environment [5, 47], since one of the disadvantages
of some anticancer drugs (such as Cisplatin) includes instability or light sensitivity.

The inclusion of Cisplatin has already been explored in single-wall carbon
nanohorns (SWCNH) which are graphitic nano-structures with cone shaped tips,
typically forming spherical aggregates [1–3]. In these in vitro studies, the anti-
cancer drug was found to maintain its cell-killing potentials, viz. the deactivation
was prevented. The release analysis, evaluated in phosphate buffered saline
solution (PBS), suggested that saturation of the solution with CDDP was reached
after 50 h with 80% of discharge of the drug having been encapsulated in the
SWCNH. Moreover, the works carefully analyzed the plug effects of oxygen-
containing functional groups at edges, and a route to optimize the pore size in

Fig. 6 TEM images of empty (a) and cisplatin filled SWCNTs (b, c)
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order to reduce the effect of the sodium attachment to the hole-edges moieties was
presented.

Recently Tripisciano et al. presented a study of CDDP encapsulation into
moieties-free SWCNT. In a previous work, the interaction between the anticancer
drug molecules and the outer shell functional groups was indicated to occur when
the tubes are exohedrally functionalized via strong acid treatment [48]. On the
contrary, CDDP can be easily encapsulated into (Fig. 6) and liberated from the
tubes core when there are no functional groups on the CNT shells [49].

The initial filling yield of the CNT was estimated to be 21 wt%. The release of the
CDDP was evaluated over a period of 1 week. After 72 h most of the material had
been released, i.e. 68% of the CDDP was found to have been released. A CDDP-
filled SWCNTs concentration-dependent decrease of cell viability was reported
(Fig. 7) for two different prostate cancer call lines, PC3 and DU145, although the
authors state a possible partial interaction (and probable inactivation) of the drug
molecules with the tubes inner sidewall or with groups remained at the defect sites
generated on it by the harsh conditions used in the purification procedure.

The encapsulation of cisplatin in CNT has been theoretically calculated by Hilder
and Hill [22], in particular the estimation of the minimum radius necessary for a
nanotube to accept this drug molecule and the optimal radius that a nanotube should
posses to internalize the maximum quantity of it. The authors used a hybrid discrete-

Fig. 7 Relative viabilities of
DU 145 (upper panel) and
PC3 (lower panel) cell lines
treated with different
concentration of empty
SWCNTs and CDDP filled
SWCNTs after 72 h of
incubation [49]
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continuum model to express the interaction between CDDP and SWCNTs (repre-
senting CDDP as an irregularly shaped collection of atoms and nanotubes as a
continuous distribution of carbon atoms). They calculated that the minimum radius
of a CNT to accept all three orientations of the drug cisplatin must be 4.785 Å (that
correspond to a diameter of 0.96 nm). Considering the suction energy as the energy
that the drug molecules acquire from the tubes, which take them up into their hollow
cavities, the maximum suction energy occurs when the tube radius is 5.3 Å (for all
the CDDP orientations) that corresponds to a tube diameter of 1.06 nm.

A second-generation platinum compound with a broad spectrum of antineoplastic
properties, Carboplatin, has been incorporated into MWCNTs by Hampel et al. [19].
MWCNTs have been preferred to SWCNTs because of the larger inner diameter and
the yield of filling was measured to be the 30 wt% when the filling process was
carried out at the temperature of 90�C. The impact of the produced carboplatin nano-
carrier was tested on bladder cancer cells, revealing the cytotoxic effect of carbo-
platin filled tubes unlike the empty material, which barely affected the cell viability.

The validity of a nanotube-based drug delivery system depends on the envi-
ronment where the drug will be discharged. The different system proposed
(external uploading or internal filling) must overcome different limits. When the
drug is carried as linked on the external tube sidewall, it is directly exposed to
blood components: the main problem could be either the premature inactivation of
the anticancer agent by enzymes or its premature, improper action. The solution is
thus to prevent its active site before the nano-vector has reached the target cells.

When the drug molecules are placed inside the nanotubes the main disadvan-
tage can be represented by the uncontrolled, early release. The remedy could be
found in the enclosure of the tube open endings. If the release takes place late
enough, the nano-carrier can reach the cytoplasm of tumour cells where the drug
cytotoxic effect is required without the need of additional caps.

Conclusion II

The results obtained so far highlight the real potential of employing carbon
nanotubes (and their derivatives) as nano-sized drug carriers and vectors. The
reversibility of the filling process has been evaluated on different cancer cell lines.
The studies show the cell-killing effect is preserved when embedded within CNT.
Such systems can have a positive high impact in those negative aspects found with
current cancer treatments can be avoided. Additionally, the therapeutic effect itself
seems to be enhanced. The studies to date confirm the exciting potential of carbon
nanotubes as drug delivery systems.
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Magnetic Nanoparticles for Diagnosis
and Medical Therapy

Martin Sobik, Kirsten M. Pondman, Ben Erné, Bonny Kuipers,
Bennie ten Haken and Horst Rogalla

Abstract Magnetic nanoparticles (MNPs) reveal promising opportunities for
biomedical applications, potentially allowing minimally invasive diagnosis and
therapeutic usage at several levels of human body organization (cells, tissue and
organs). An increasingly broad collection of MNPs has been recently developed
not only at the research level but also in some specific cases for medical appli-
cations. Superparamagnetic iron oxide (SPIO) nanoparticles are commonly used in
clinical practice as contrast agents for magnetic resonance imaging (MRI) of liver
and angiography. Carbon nanotubes (CNTs) are another type of nanomaterials
with great potential for biomedical applications. Filled with ferromagnetic mate-
rials, an ensemble of aligned CNTs displays a highly non-linear, anisotropic and
hysteretic magnetization behaviour due to their extremely high aspect ratio
(length/diameter [100). The intrinsic properties of such ferromagnetic nanopar-
ticles can potentially improve diagnosis and therapy of numerous diseases.
Combining tailored biocompatible ferromagnetic nanomaterials with dedicated
detection technology can provide a new approach leading to the exciting per-
spective of accurate medical imaging and medical therapy (magnetic hyperther-
mia, targeted drug delivery, etc.) at the cellular level. Elongated Fe-filled CNTs
(Fe-CNTs) are foreseen as potential nanotools leading to minimally invasive,
highly sensitive, and cost effective novel investigation routes for complete human
body systems.
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1 Introduction

During the last two decades dedicated magnetic nanoparticles (MNPs) have been
developed for application in various fields in science and engineering. Different
MNPs have been developed for various purposes, for example for immunoassays,
cell separations, biosensing, and protein binding studies [1]. For several clinical
procedures in vivo application of MNPs is approved. The fact that the human body
is almost non-magnetic is crucial for these medical applications. These particles
are used in a growing number of MRI applications such as angiography and liver
imaging [2–4]. MNPs have been developed with a wide range of magnetic and
hydrodynamic properties. The particles are designed to be easily movable in liq-
uids, excited magnetically or detected inside non-magnetic tissue. Nanoparticles
functionalised with a wide range of bio-compatible molecules have been inter-
nalized in cells. Most of the research has been focussed on one specific type of
nanoparticles called SPIO nanoparticles. Most of these SPIO particles are spherical
and consist of one or multiple magnetic cores and a shell with further function-
alisations designed for specific biomedical applications. These MNPs display
superparamagnetic properties, which render them useful and efficient for diagnosis
of diseases. SPIO nanoparticles are also foreseen as a promising tool for in vitro
immunoassays [5]. Another noteworthy type of MNP is gadolinium based nano-
particles, which show paramagnetic properties and are mainly used as contrast
agents [6].

In the case of in vivo diagnosis as an MRI technique, SPIO nanoparticles are
used as so-called contrast agents. The contrast agent can be used to image the
blood flow immediately for angiography, for example to detect stenosis. The
SPIOs can also be used for diagnosis of other health-related problems. While
flowing in the bloodstream of a patient, the SPIO nanoparticles are recognized by
the reticuloendothelial system, and after opsonisation, internalised by macro-
phages. This path will eventually transport the particles to the liver and spleen
[5, 7]. This way, SPIO nanoparticles are successfully used to image accurately the
lymphatic system and cancerous lesions in the liver or spleen of patients. Unfor-
tunately, this passive route restricts the use of SPIO nanoparticles to a few organs,
i.e. liver and spleen and limits the time window for angiography.

Active targeting of SPIO nanoparticles as a tool for magnetic drug delivery has
not been successful in the past decades [8–15]. Due to their spherical shape, SPIO
nanoparticles are subject to strong drag forces when injected into the blood flow of
patients, while the magnetic response of the particles to clinically applicable
magnetic fields is rather low. The particles can therefore not be easily trapped by a
magnetic field at a specific area in the body. The spherical shape is a main
drawback of SPIO nanoparticles and these have proven their limits [16]. To
increase the potential of the MNP research has focused on the development of
elongated MNPs; so-called magnetic nanowires or nanorods. Among these mag-
netic nanorods one new and unique type of MNPs is magnetic carbon nanotubes
(CNTs). CNTs are quasi one dimensional anisotropic structures of rolled sheets of
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graphene, that have shown their potential in various biomedical fields [17–21]. The
carbon shell can be used for functionalisations that optimise the properties of the
nanoparticles for the desired biomedical applications and render them biocom-
patible. In magnetic CNTs the carbon shell also protects the magnetic content from
the external environment. The high potential of magnetic CNTs in medicine lies in
the fact that the shape, size, surface chemistry and magnetic properties can be
controlled.

2 Ferromagnetic Carbon Nanotubes

In most biomedical applications, the CNTs used do not contain any magnetic
content, except for a small quantity of catalyst remaining from their synthesis
process. These unfilled CNTs do therefore not show significant magnetic prop-
erties but only reflect the magnetism of the remaining catalyst (unfilled Fe-cat-
CNTs). The absence of natural magnetism of carbon denotes that significant
magnetization can only be accomplished through hybridization with magnetic
materials, e.g. Co, Fe, Ni and alloys like Fe3Co [22]. This hybridization can be
achieved by encapsulation, incorporation within the walls or depositing the
material on the outer surface of the nanotubes, both during the synthesis or in a
subsequent process [23–25].

Due to the extremely high aspect ratio (length/diameter [100) of CNTs, an
ensemble of aligned magnetic CNTs shows a highly non-linear anisotropic and
hysteretic magnetisation curve [26]. Furthermore, individual magnetic CNTs have
a strong magnetic moment with a preferred direction along their axis [27]. Exactly
this property makes these magnetic CNTs exceptionally interesting for novel
hyperthermia treatments, local temperature sensing and drug delivery [28, 29].

Fe-Filled Carbon Nanotubes

As other proposed methods will alter the properties of the CNTs, filling the CNTs
is considered the most favourable method to add magnetic properties to the par-
ticles. Filling a CNT with magnetically susceptible liquids can be achieved by
opening the CNTs and subsequent filling with magnetic materials. Another method
is by simultaneous growth of CNTs with the chemical vapour deposition technique
and growing a metallic nanowire within the CNT, rendering so-called Fe-filled
multi-walled CNTs (Fe-MWCNTs or Fe-wire-filled MWCNTs) [30, 31].

When evaluating the magnetic properties of a sample of Fe-MWCNTs many
aspects have to be taken into account as they influence the magnetic properties.
First the length and diameter of the inner nanowire will determine the shape of the
magnetization curve. Secondly, the number of walls will influence the mechanical
stresses and therefore the magnetic properties. Furthermore, the alignment of the
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nanotubes will have a large influence on the magnetization curve (Fig. 1) as
randomly orientated nanotubes will be partly in a non-favourable orientation for
magnetization.

The magnetic properties of the particles will also change when the particles are
suspended in different media. The relaxation characteristics will change when par-
ticles are in suspension and able to show Brownian relaxation, or fixed in a matrix,
such as frozen or in agar gel when only Néel relaxation is possible. These variations
in relation to the medium are studied in our laboratory and will be discussed below. In
this chapter, magnetisation characterisation of MWCNTs has been performed using a
vibrating sample magnetometer (Model 10 Mark II VSM, Microsense). As for
complex magnetic susceptibility a homemade set-up has been used [32].

Finally, not only the amount of filling but also the phase of the filling of the
nanotube is important. For the Fe-MWCNTs mentioned in this work, the main
component of the CNT filling is ferromagnetic a-Fe (bcc phase). Nevertheless, c-
Fe (fcc phase) and paramagnetic Fe3C can also be found in insignificant propor-
tions [31, 33, 34].

Pristine Fe-Filled Carbon Nanotubes

Prior to further studies on magnetic properties of elaborated Fe-MWCNTs based
suspensions and phantoms, magnetisation of pristine Fe-MWCNTs and unfilled

Fig. 1 Comparison of hysteresis loops of strong (left) and suboptimal (right) aligned filled CNTs
at T = 300 K [26]
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Fe-cat-MWCNTs has been studied. It is noteworthy that unfilled MWCNTs have
similar physical properties (average length, diameter, etc..) as Fe-MWCNTs, but
they do not contain a magnetic filling with nanowires; remaining catalyst material
is nevertheless present in measurable quantities (3 wt%) and causes a weak
magnetisation of the unfilled Fe-cat-MWCNTs.

At room temperature (T = 300 K) magnetisation at saturation of pristine Fe-
MWCNTs is determined to be 9 emu/g; whereas unfilled MWCNT magnetisation
at saturation is a factor of 5 lower (Fig. 2). The magnetisation curve clearly
indicates a ferromagnetic behaviour of pristine Fe-MWCNTs due to the highly
non-linear anisotropic characteristics.

Suspensions of Fe-Filled Carbon Nanotubes

Pristine Fe-MWCNTs and unfilled MWCNTs were used as a starting material to
obtain CNT suspensions. These suspensions are of great interest for the funda-
mental understanding of the properties and the behaviour of individually dispersed
Fe-MWCNTs in biological media.

Pristine Fe-CNTs are difficult to disperse in water-based solutions. Further-
more, when brought into suspension, individual Fe-CNTs are hardly kept into
stable suspensions over a significant period of time necessary to any biotechno-
logical use. This is mainly due to the fact that individual Fe-CNTs are subject to
attractive interaction (Van der Waals and magnetic dipolar forces) when they are
dispersed in aqueous solutions. A way to prevent flocculation of Fe-MWCNTs is
to create a repulsive (electrostatic or steric) interaction which will hinder
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aggregation of Fe-CNTs in large clusters and consequently their sedimentation due
to gravity.

Stable suspensions of individually dispersed Fe-CNTs can be obtained using
non-covalent functionalisation. This latter has been implemented for both pristine
Fe-MWCNTs and unfilled MWCNTs (as a control). Several different biologically
compatible dispersants (CMC-Na salt, polyphenylalanine–lysine (Lys:Phe, 1:1),
PL-PEG-NH2 and RNA) have been selected for this purpose. In aqueous media, all
these dispersants feature a total electrostatic charge which generates a repulsive
interaction between individually dispersed CNTs when non-covalently
functionalised.

Stability of these different Fe-MWCNT suspensions was verified over several
months using reliable and quantitative UV/Vis spectroscopy (data not shown).
This analysis in combination with AFM and TEM imaging (Fig. 3) and studies of
chemical properties [f-potential (data not shown)] of the suspensions indicated
carboxymethylcellulose (CMC) Na salt as the dispersant leading to the most stable
suspensions. For all following experiments, all the suspensions were prepared
using CMC-Na salt as dispersant.

The magnetic properties of nanowire-filled Fe-MWCNT suspensions were
studied at room temperature (T = 300 K). Suspensions of Fe-MWCNTs clearly
possess a superparamagnetic-like (Fig. 4) behaviour, with a magnetization at
saturation of 4.40 emu/g mL-1. For comparison, unfilled Fe-cat-MWCNTs
(Fig. 4) show a magnetization at saturation of 0.80 emu/g mL-1. Therefore, the
solubilisation process does not alter the ratio of the mass magnetization at satu-
ration between both types of MWCNTs. Nevertheless, the solubilisation process
that involves selection of individually dispersed MWCNTs reduces the mass
magnetization at saturation by a factor of 2 for both types of MWCNTs.

Fig. 3 AFM (left) and TEM (right) images of Fe-MWCNT suspensions using CMC-Na salt as
dispersant
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Fe-Filled Carbon Nanotubes in Phantoms

Stable nanowire-filled Fe-MWCNT suspensions display superparamagnetic-like
behaviour at T = 300 K as seen previously (Fig. 4). When brought into agar based
phantoms (from suspension) in order to mimic embedded Fe-CNTs in tissue,
magnetic response is significantly changed when excited by an external magnetic
field at T = 300 K. The main characteristic of the agar based phantoms is the high
viscosity of the sample (gel-like sample), restricting freedom of movement of
Fe-MWCNTs embedded in the phantom. Figure 5 shows how phantoms affect the
magnetisation of Fe-MWCNTs. In this case, Fe-MWCNTs clearly display a
ferromagnetic curve when they are homogeneously dispersed in phantoms. This is
established by the data in Fig. 5 which shows the magnetisation curve of
Fe-MWCNTs embedded in a phantom. The data clearly show a hysteretic
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behaviour of Fe-MWCNTs at T = 300 K which is similar to the magnetisation
curve of pristine Fe-MWCNTs in powder form (Fig. 2).

Mobility of Fe-Filled Carbon Nanotubes in Aqueous Media

As seen previously, nanowire-filled Fe-MWCNT suspensions display superpara-
magnetic-like behaviour when exposed to an external magnetic field. This is due to
Brownian relaxation of the Fe-MWCNTs. The experimental data shown in Fig. 6
demonstrate that the complex magnetic susceptibility (v = v0 - jv00) of Fe-filled
MWCNTs goes to zero at frequencies above 1,000 Hz. Above 5 Hz, the real and
imaginary components are the same, whereas below 5 Hz, the real component
keeps increasing at decreasing frequency and the imaginary component possibly
reaches a plateau around 0.3 Hz. The response is due to the rotational motion of
the particles in the solvent, particles that apparently have a permanent magnetic
dipole moment with a component along the long axis of the particles. Then, a
frequency of the order of 0.3 Hz seems plausible for Fe-MWCNTs having a length
of several micrometers.

On the basis of

fchar ¼
12kBT ln r

gL3
½35�

where r is the aspect ratio, g is the viscosity (0.001 Pa s), and L is the length of the
rods, assuming a diameter of 60 nm, the length corresponding to 0.3 Hz is 2.5 lm.
This does assume infinite dilution, which is not the case, giving an order of
magnitude of several micron long Fe-MWCNTs.

The analyses of the complex magnetic susceptibility and relaxation of the
magnetic particles can be used in biomedical applications especially non-invasive
sensing. The variations in temporal response of Fe-MWCNTs to a rapidly
changing magnetic field can be used to analyse interactions between the particles
and the environment.
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3 Conclusion

Magnetic nanoparticles show promise for biomedical applications. Potential
applications include minimally invasive diagnosis and therapy. Nanowire-filled
Fe-MWCNTs are proposed as unique nanocontainers applicable for magnetic
sensing and therapy in near future. The high potential of CNTs in medicine lies in
the fact that these particles show anisotropic magnetic behaviour. Furthermore,
their shape, size, magnetic properties and surface chemistry properties can be
controlled potentially rendering CNTs biocompatible and inert to the environment.

Thus, these nanoparticles show a highly non-linear anisotropic and hysteretic
magnetisation behaviour due to their extremely high aspect ratio. This behavior
changes when the particles are brought into stable suspension. In this case, the
suspensions show superparamagnetic-like behaviour with a mass magnetization at
saturation approximately half of the value measured on the pristine MWCNTs.
This decrease in magnetization at saturation is attributed to the fact that in the
solubilisation process a selection is made on individually dispersed Fe-MWCNTs,
which are likely to be smaller and less filled with Fe. On the other hand we
analysed samples mimicking tissues. In these measurements the Fe-MWCNTs
were not able to move or rotate with the applied magnetic field. Therefore the
hysteresis curves are more open compared to the measurements on powder and
especially suspensions.

These magnetic measurements were done as a first step potentially leading to
new non-invasive sensing methods using Fe-MWCNTs in in vivo diagnosis. The
application of nanotechnology and dedicated magnetic detection technique may
permit cost efficient diagnosis and treatment of various diseases.
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Feasibility of Magnetically Functionalised
Carbon Nanotubes for Biological
Applications: From Fundamental Properties
of Individual Nanomagnets to Nanoscaled
Heaters and Temperature Sensors
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Arthur Taylor, Kai Krämer, Bernd Büchner and Rüdiger Klingeler

Abstract We discuss the prospects of applying the magnetic properties of mag-
netically functionalised carbon nanotubes to biomedical applications. The primary
applications are use as a contactless local heating agent, as a standalone ther-
moablation treatment or in concert with remotely released anti-cancer drugs.
Targeted heat treatment is an effective cancer treatment, as tumour tissue has a
reduced heat tolerance. To understand the heating process in an applied alternating
current (AC) magnetic field the basics of the ferro- and superparamagnetic heating
mechanisms are described and brought into context with the material properties.
The performance of various materials is compared with respect to heat output, and
prospect of additional functionalisation. The actual heating output in AC magnetic
fields is studied and discussed in this chapter. Hall magnetometry and Magnetic
Force Microscopy are employed to study the magnetic properties of individual
nano-ferromagnets, e.g. magnetisation reversal behaviour and domain configura-
tion. NMR studies show that a non-invasive temperature control by virtue of a
carbon-wrapped nanoscaled thermometer is feasible.
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1 Introduction

Introducing nanoscaled magnets into biological systems represents a powerful
tool as such artificial probes can be influenced by external magnetic fields. The
great advantage of magnetic fields for biomedical applications is their biocom-
patibility and weak interaction with organic matter. Magnetic fields penetrate
tissue non-invasively and without known adverse effects and hence reach deep
layers of (human) tissue. However, at the receiving end nanoscale magnetic
probes are needed, which can penetrate biological systems without adverse
effects and with magnetic properties tailored for a particular purpose. In general,
after being inserted, magnetic nanoparticles can be localized in deep tissue,
external static magnetic fields can fix them at a precise position, gradient fields
can move them and alternating fields lead to local heating of the magnetic
probes. The last effect can be utilized for magnetic hyperthermia or thermoab-
lation applications for an anti-cancer treatment. This method is based on the fact
that the cancer cells are destroyed at elevated temperatures, i.e. either indirectly
by hyperthermia (*42–45�C) or directly through thermoablation ([46�C). In
particular, local heating by means of nanosized probes not only reduces adverse
effects on the healthy tissue present in conventional chemotherapeutical
approaches but also increases the efficiency of concomitant radio- or chemo-
therapy. Much of the current research is focused on superparamagnetic iron
oxide nanoparticles [1] which have proven their feasibility in animal experiments
[2, 3] and are now under clinical trials [4]. Due to their particular magnetic
properties, i.e. high coercivity and saturation magnetisation, metallic iron
nanowires can generate heat more efficiently in comparison to superparamagnetic
iron oxides since various mechanisms yield dissipative effects [5]. In practice,
higher heating efficiency means that less nanoscale material would have to be
introduced into the biological system in order to achieve the targeted hyper-
thermia effect. The use of nanoparticles made of iron, however, is hindered by
the fact that oxidation in ambient or biological conditions has to be avoided. A
promising way to overcome this problem appears to be the coating of the iron
with a carbon shell by inclusion of the iron inside carbon nanotubes1 and thereby
protecting the biological environment and the filling material against each other.
Degradation of filling materials is avoided and their possible toxicity and adverse
effects are suppressed. In carbon-coated functional elements, therapeutically or
diagnostically active materials are encapsulated by a protecting carbon shell so
that, e.g., nanoscale magnetic heaters, drug carrier systems and sensors are made
[6]. Note that, beyond the shielding effect against a biological environment, the
carbon coating also offers an interface for exohedral functionalisation with
suitable (bio-) molecules.

1 Unless otherwise specified, we always use multiwalled carbon nanotubes (MWCNT) in our
experiments.
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MWCNT form chemically and mechanically stable containers, thereby pro-
viding a nanoscale carrier system. A wide field of applications opens due to the
fact that the carbon shells can be opened, filled with a functional material and
closed again without losing their high mechanical and chemical stability. This is
demonstrated by the example of local temperature control by virtue of function-
alised MWCNT. Nanoscale carbon-coated temperature sensors suitable for con-
tactless read-out by means of magnetic spectroscopy can be made using materials
with strongly temperature dependent nuclear magnetic resonance (NMR) param-
eters. Such nanoscale temperature sensors can be envisaged for control of mag-
netic hyperthermia where, in practice, it may be difficult to provide uniform
heating throughout the cancer tissue. This example already illustrates the great
potential of functionalised MWCNT for biomedical applications. In general, the
container feature of MWCNT allows simultaneous filling of MWCNT with dif-
ferent materials thereby combining multiple functionalities in a single carrier
(Fig. 1). In this way MWCNT provide a smart carrier system on the nanometer
scale which can be filled with tailored materials to address specific purposes. The
container function is underlined by recent theoretical considerations [7] as well as
experimental success in encapsulation of anticancer drugs into MWCNT and their
transfer into living cells [8, 9].

In order to apply magnetically functionalised MWCNT for biomedical appli-
cations, their magnetic properties have to be understood in detail. In the following
section we investigate the properties of individual ferromagnetic MWCNT as
studied by means of Hall magnetometry and Magnetic Force Microscopy (MFM)
in applied magnetic fields. These studies provide detailed information on the
magnetisation reversal processes and the respective switching fields. Thereafter,
investigations on ensembles of various magnetically functionalised as well as pure
diamagnetic MWCNT are presented. The different response of fixed MWCNT
and of those in aqueous suspension are analysed and brought into context with
the heating mechanism. Further we show that insertion of NMR active sub-
stances provides nanoscale markers and sensors. In particular, we demonstrate
non-invasive temperature control by virtue of a carbon-wrapped nanoscaled
thermometer.

Fig. 1 Sketch of a filled carbon nanotube serving as multi-functional container for in vivo
applications. A (ferro)magnet can induce heat in AC magnetic fields and a material with strongly
temperature dependent nuclear magnetic resonance (NMR) signal might serve as a thermometer.
Additional drug delivery can be envisaged. Exohedral functionalisation to achieve biocompati-
bility or targeting is sketched. Note that single-walled as well as multi-walled carbon nanotubes
can be used
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2 Magnetism of Individual Iron Nanowire Filled MWCNT

Carbon exhibits only a very weak diamagnetic behaviour which renders pure
carbon nanotubes inappropriate for applications exploiting external magnetic
fields. Therefore, magnetic functionalisation is essential in order to address
MWCNT by an external magnetic field, i.e. for visualisation, fixation, moving or
AC-magnetic heating as mentioned in Sect. 1. Note that pristine MWCNT are in
general already magnetically functionalised due to the presence of nanosize
magnetic catalyst particles used in the synthesis process. The magnetic properties
of such pristine, iron-catalyst containing MWCNT (Fe-cat-MWCNT) will be
described in Sect. 3. Functionalising with larger amounts of magnetic material is
done by filling MWCNT with the desired materials, e.g., Fe, Co, or Ni, thereby
forming carbon-coated ferromagnetic nanowires. The in situ synthesis process
results in single crystal nanowires, described in detail elsewhere [10]. As men-
tioned above, the focus in this section lies on the magnetism of the iron nanowires
encapsulated by MWCNT, neglecting the contribution of the catalyst particles.
Note that the shape anisotropy (0.9 MJ m-3) dominates the magneto-crystalline
anisotropy energy density (0.048 MJ m-3) for a long a-Fe nanowire. This implies
that the magnetisation vector is aligned along the wire axis which therefore forms
the hard magnetisation axis. As will be shown below, this behaviour is indeed
observed in our experiments.

For any application, in particular in biomedicine, the properties of the indi-
vidual objects have to be known and if necessary modified. We present two
different experimental techniques, Hall magnetometry and magnetic force
microscopy (MFM), which allow us to study the magnetism of individual nano-
magnets. For both techniques, we present experimental investigations on indi-
vidual iron nanowire filled MWCNT under applied external magnetic fields which
enable us to determine their magnetic properties.

Magnetisation Measurements on Individual Iron Nanowire
Filled MWCNT Probed with Hall Magnetometry

Hall magnetometry has proven to be a very sensitive and accurate technique to
determine the magnetic properties of small magnetic objects [11–14]. Here, we
study the magnetic properties of an individual nanometer-sized iron nanowire
filled MWCNT by employing sub-micrometer sized ballistic Hall probes in a large
temperature and magnetic field range.

The Hall sensor consists of a high mobility two-dimensional electron gas
(2DEG) realized in a GaAs heterostructure. The square shaped active area of the
sensor is patterned with electron beam lithography and has an area of approxi-
mately 800 9 800 nm2, located a few tens of nanometers below the surface of the
sensor area. An individual iron nanowire with diameter of approximately 16 nm
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embedded in a MWCNT is placed onto the sensor, such that the magnetic stray
field produced by the iron nanowire penetrates the active area of the sensor
(Fig. 2).

In our experiments the external magnetic field could be applied in any direction
within the surface plane of the sensor. The measured Hall voltage UH is then
given by

UH ¼ RHIB: ð1Þ

RH is the Hall coefficient of the sensor which essentially depends on the
electron density in the 2DEG. RH lies in the range of 5 kX/Tesla and is almost
independent of temperature and external magnetic fields. I denotes the electric
current injected into the sensor (typically 2 lA) and B is the magnetic stray field
penetrating the sensor’s active area.

Figure 3a shows a typical hysteresis loop at low temperatures where the
external magnetic field was applied with an angle of a = -31� with respect to the
axis of the iron nanowire. The magnetisation curve has a nearly rectangular shape
which is typical for the magnetisation reversal of a single-domain particle. In these
magnetisation measurements we can clearly determine a single magnetic switching
field, when the iron nanowire completely reverses its magnetisation. In highly
anisotropic magnetic materials the two magnetic orientations are separated by an
energy barrier that has to be overcome during the reversal process. This mag-
netisation reversal process is thermally activated and the magnetic switching field
shows a quite large distribution, as shown in Fig. 3b. In order to determine the
average switching field HSW in a fixed experimental condition, we typically carried
out a few hundreds of independent measurements and then calculated HSW and
DHSW.

In order to elucidate the magnetisation reversal mechanism of our iron nano-
wire, we studied the angular dependence of the switching field HSW with respect to
the direction of the applied magnetic field as well as for different temperatures.

Fig. 2 a Scanning electron microscopy (SEM) image of a sub-micrometer sized Hall sensor with
a single iron nanowire filled MWCNT on top of the device. b A closer look at the iron nanowire
filled MWCNT before placement on the Hall sensor. The diameter of the homogenous Fe filling
is around 15–17 nm
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Figure 4a shows the angular dependence of HSW at T = 6 K. We observed a
distinct increase of HSW when the external magnetic field was applied along the
tube axis. This behaviour of HSW (a) can be understood in the framework of the
Stoner–Wohlfarth model of uniform rotation of magnetisation [15]. In perfect
nanowires, the transition from coherent rotation to non-coherent magnetisation
reversal occurs at a critical diameter which in iron is around 11 nm [16–18].
However our experimental data show that even above this theoretically estimated
value of the critical diameter, features of uniform magnetisation reversal can be
observed, indicating that our long iron nanowire protected by a carbon shell shows
a delocalized magnetisation reversal mode.

Therefore our results not only confirm the high homogeneity of the magnetic
filling inside the MWCNT, but also open up the possibility to study in more detail

Fig. 4 a Angular dependence of the switching field of an individual iron nanowire measured at
T = 6 K. (b) Temperature dependence of the switching field with the external magnetic field
applied under an angle of a = -36�

Fig. 3 a Hysteresis loop of a single iron nanowire encapsulated by MWCNT measured at
T = 6 K with Hall magnetometry. The external magnetic field was ramped at a rate of v = 0.5 T/
min with an angle of a = -31� with respect to the axis of the nanowire. (b) Histogram of
N = 260 switching fields measured at T = 20 K, a = -36� and v = 0.1 T/min
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the crossover from delocalized magnetisation reversal to localized magnetisation
reversal mechanisms in individual magnetic nanowires with high aspect ratio.

Figure 4b depicts the temperature dependence of HSW when the external
magnetic field is applied at an angle of a = -36�. At very low temperatures we
observe switching fields around 320 mT, whereas at T = 70 K we observe an
average switching field of 309 mT. Theoretical considerations suggest the tem-
perature dependence of the switching field is almost linear at high temperatures
[19, 20]. Extrapolation of the switching field up to room temperature leads to
HSW & 260 mT, which corresponds quite well to switching field distributions of
multiple wires observed at room temperature with magnetic force microscopy
presented in the next section.

Magnetic Force Microscopy on Iron Nanowires
Encapsulated by MWCNT in External Magnetic Fields

Magnetic force microscopy (MFM) is an established scanning probe technique for
mapping the magnetic stray field of a small magnetic sample with high spatial
resolution [21]. It can be applied to study any flat structure emitting a stray field,
for example: domain walls in magnetic thin films [22] and patterned elements [23],
nanowires [24] and vortices in superconductors [25].

In MFM, the signal is detected by scanning a magnetised tip at the end of a
cantilever, oscillating at its resonance frequency, over a surface. MFM is a variant
of the atomic force microscope (AFM) and is still capable of obtaining topographic
information. However, the magnetic signal has to be recorded in the so-called

Fig. 5 Sketch of the MFM measurement technique for two different magnetic configurations.
Top: Magnetic configuration of the sample, middle: 2nd derivative of the stray field z-component
q2Hz/qz2, bottom: MFM contrast as seen in the final image. a In the case when the magnetisation
of the sample is perpendicular to the scanned surface, the tip interacts with the positive (negative)
magnetic pole of each magnetic object, which leads to a positive (negative) frequency shift in the
final MFM image. b When the magnetisation is parallel to xy-surface, the two magnetic poles of
each object can be distinguished in the final MFM image
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non-contact mode, since the magnetic interactions are much weaker than the
interactions with the surface. In the case of a rough surface one can apply the so-
called lift mode, where at first the topography is recorded in tapping mode fol-
lowed by a non-contact scan keeping the distance to the predetermined surface
constant. The second measurement option is to scan the tip in a constant plane over
the surface of a very flat sample. In both cases, the magnetic contrast is formed as
described in Fig. 5. In the presence of stray field gradients a force will act on the
tip. If the z-component of the stray field gradient is parallel (antiparallel) to the tip
there will be an attraction (repulsion) leading to a negative (positive) frequency
shift. In this way one can map the magnitude and sign of the z-component of the
magnetic stray field over the area of interest, with white (black) representing a
positive (negative) frequency shift. This enables one to reconstruct the spatially
resolved magnetic structure of the sample. In the case at hand, the MFM is
equipped with external magnetic fields so that field induced changes in the sample
magnetisation can be detected.

Our data have been obtained by means of a high-resolution MFM (hr-MFM,
NanoScan Ltd). The system is used in high vacuum, ensuring a high signal to noise
ratio and thermal stability. A low-moment high-resolution tip has proven to
minimize tip-sample interaction while at the same time providing an adequate
signal strength and excellent resolution. For field dependent studies a permanent
magnet is approached from below, resulting in a magnetic field parallel to the tip
magnetisation. A MFM image is taken at each field strength. One can scan either
with the field applied or retract the magnet before scanning.

In order to determine a large number of switching fields of a-Fe nanowires, an
array of vertically aligned iron nanowire filled MWCNT was embedded in tetra-
ethyl orthosilicate (TEOS). TEOS was deposited onto an as-grown iron nanowire
filled MWCNT ensemble sticking on its substrate (so-called ‘forest’, cf. Fig. 10b)
and then polished to a flat surface [26]. A typical MFM image of this ensemble is
shown in Fig. 6a. Black and white spots indicate magnetic poles, i.e. the ends of
embedded MWCNT-coated iron-nanowires. To be specific, white spots imply a
repulsive force due to antiparallel arrangement of tip and wire magnetisation and
black an attractive force implying parallel alignment. Note, that the behaviour of
the nanowires can be studied without having to consider the catalyst particles.

The experiment starts by application of a large negative external magnetic field
(typically l0H = 0.6 T) parallel to the long tube axis (perpendicular to the image
plane) which causes all magnetisation vectors to point parallel to H, i.e. we
observe only white spots in the MFM image. Upon application of a positive
magnetic field, the magnetisation of each individual wire reverses at its corre-
sponding switching field, seen as a white dot becoming black.

When applying a magnetic field parallel to the wires (from below), they
gradually switch, where each individual switching event can be distinguished. The
measured switching fields are displayed in Fig. 6b. Our data show that most wires
switch between 200 and 400 mT.

These results are in good agreement with the room temperature extrapolation of
the Hall magnetometry data. However, one has to be careful when comparing the
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two switching field distributions shown in Fig. 3b and Fig. 6b, respectively. The
Hall magnetometry results represent multiple measurements of a single nanowire,
where the switching field distribution is mainly due to thermal activation. The
MFM results on the other hand are from 58 separate wires, each with its own
intrinsic switching field. The variation between different wires is mainly due to a
distribution of the wire diameters (12–26 nm). The two techniques complement
each other nicely; MFM allows one to study multiple wires at once, whereas Hall
magnetometry gives a more precise picture of the switching behaviour, with the
possibility of angle and temperature dependent measurements.

3 Magnetism of Carbon Nanotube Ensembles

After addressing the switching behaviour of individual nanowires encapsulated by
MWCNT, the magnetic response of ensembles will be elucidated. In the following,
the different contributions to the bulk magnetic properties of the various compo-
nents of the iron filled MWCNT system will be discussed in detail: the carbon
nanotubes themselves, ferromagnetic catalyst particles and iron nanowires.

It is important to define precisely the terms used to describe carbon nanotubes,
as their corresponding configuration has a crucial influence on the magnetic
properties. The first part Sect. 3.1 introduces the magnetic properties of pure
carbon nanotubes, i.e. without magnetic functionalisation. These properties are
only accessible after either post-synthesis treatment of pristine iron catalyst con-
taining MWCNT or by applying a non-magnetic rhenium catalyst for synthesis.
The relevance of the catalyst particles on the magnetic response is emphasized in
Sect. 3.2 which concerns iron catalyst containing MWCNT (Fe-cat-MWCNT),
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Fig. 6 (a) Top: MFM contrast of the area containing the 58 iron nanowires after applying a
magnetic field of 200 mT. White (Black) dots represent magnetisation antiparallel (parallel) to
the tip. Bottom: MFM contrast after applying 325 mT. Four examples of switched wires are
highlighted by red circles. (b) Switching field distribution of 58 individual iron nanowires
(absolute value for switching in positive and negative field for each wire). Adapted from [27]
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where ferromagnetic catalyst particles usually applied for the synthesis have to be
taken into account. The section is concluded by examining ensembles of MWCNT
deliberately grown with an additional ferromagnetic filling in the form of iron
nanowires (Fe-wire-MWCNT).

The two primary tools used to investigate the magnetic behaviour of MWCNT
ensembles are an alternating gradient magnetometer (AGM MicroMag Model
2900, Princeton Measurement Corporation) and a commercial Quantum Design
MPMS-XL5 (Magnetic Property Measurement System) SQUID (Superconducting
Quantum Interference Device) magnetometer.

Diamagnetism of Pure Carbon Nanotubes

Usually, MWCNT are synthesised by virtue of magnetic catalyst particles which
affect the magnetic properties of the resulting material. Interestingly, from the
variety of materials investigated as potential catalysts, the ferromagnetic ones such
as iron, cobalt, nickel and their alloys exhibit the highest activity for catalyst based
growth of carbon nanotubes [28–34]. On the other hand, pure carbon structures are
supposed to exhibit only weak diamagnetic susceptibilities so that even an
extremely small quantity of residual catalyst material present in the MWCNT
would dominate the magnetic response. In particular, a ferromagnetic-like
response is often observed in the pristine Fe-cat-MWCNT samples.

Even a purification process, e.g. washing the tubes in nitric acid after the
synthesis, does not eliminate the catalyst contamination completely. This is
illustrated, e.g., in the inset of Fig. 7a where a clear ferromagnetic hysteresis is
seen superposing the expected diamagnetic properties of the pure material. In this
example, the material contains Fe catalyst nanoparticles which had been utilized
during synthesis. Taking into account the saturation magnetisation of bulk a-Fe

Fig. 7 a Diamagnetic behaviour of MWCNT grown with Fe-catalyst particles after annealing.
Inset typical hysteresis loop of acid treated Fe-cat-MWCNT. b TEM image of Fe-catalyzed
MWCNT, synthesized by using acetonitrile as solvent and after annealing at 2,500�C under argon.
The TEM image confirms opened bamboo-like MWCNT with no catalyst particles visible [35]
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[Mbulk = 212 erg/(G g)], we conclude that mFe/mCNT & 0.01 in this particular
case. Hence, even strongly purified MWCNT can exhibit a very large magnetic
signal which renders them non-applicable for fundamental research on intrinsic
magnetic properties and applications sensitive to ferromagnetic impurities. In order
to study in detail the magnetic properties of a filling material or to utilize MWCNT
as a highly pure nonmagnetic agent for biological environments, diamagnetic
MWCNT are required. To obtain these nanotubes we have applied two different
techniques: (1) post-synthesis evaporation of catalyst particles at extremely high
temperatures and (2) usage of the nonmagnetic catalyst material rhenium.

The high temperature annealing process performed either in vacuum or under
argon atmosphere is a unique approach to fully evaporate ferromagnetic catalyst
particles from Fe-cat-MWCNT. After the annealing process performed in argon
atmosphere at a temperature of 2,500�C, TEM images show no signature of
Fe-catalyst particles as displayed in Fig. 7b. A much more sensitive method to
confirm the absence of Fe-catalyst particles is, however, to measure the magnet-
isation of the material which indeed implies drastic changes (Fig. 7a). In partic-
ular, after the post synthesis treatment, the magnetisation decreases almost linearly
upon increasing the external magnetic field.

This behaviour unambiguously implies a diamagnetic response and shows the
absence of any measurable contribution of magnetic iron. We emphasize that the
data at T = 5 K strongly confirm the absence of any magnetic impurities since
even diluted paramagnetic ions, e.g., individual Fe ions, would result in a Curie-
like increase in the magnetisation which is clearly not observed. Remarkably, the
high-temperature treatment is non destructive and provides open nanotubes with
intact crystal structure.

An alternative approach to achieve carbon nanotubes free of ferromagnetic
impurities is to apply non-magnetic catalyst materials. Here, rhenium was used and
the fixed bed method applied [36]. A TEM image of the Re-catalyzed carbon
nanotubes is shown in Fig. 8b.

Fig. 8 a Diamagnetic response of Re-catalyzed MWCNT. After the synthesis procedure, the
sample was annealed at 2,300�C. b TEM image of Re-catalyzed MWCNT after annealing at
2,300�C under vacuum. Re particles are still present in the material. Adapted from [35]
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The magnetisation of Re-catalyzed MWCNT at T = 300 K and at T = 5 K is
shown in Fig. 8a. Similarly as discussed above, the magnetic field dependence of
the magnetisation is linear and exhibits a negative slope, which again demonstrates
the diamagnetic properties of the material. Accordingly, also the temperature
dependence of the magnetic susceptibility v = dM/dH is very weak.

Quantitatively, the magnetic susceptibility at l0H = 0.5 T and T = 300 K
amounts to v = (-2.7 ± 0.5) 9 10-6 erg/(G2 g) for the annealed nanotubes from
approach (1) and to v = (-4.6 ± 0.1) 9 10-6 erg/(G2 g) for the rhenium-cata-
lyzed ones. These values are in agreement with the range of values previously
reported for carbon structures [37–39].

Pristine MWCNT: Magnetism of Catalyst Nanoparticles

It has already been mentioned above that magnetisation measurements are sensi-
tive to magnetic impurities and hence can provide information about their pres-
ence. In addition, magnetic measurements can be used as a very sensitive measure
of the quantity of magnetic materials inside the sample while conventional
methods such as Energy-dispersive X-ray spectroscopy (EDX), X-ray photoelec-
tron spectroscopy (XPS) or X-ray diffraction (XRD) might fail to detect trace
amounts of magnetic material.

Several different batches of empty carbon nanotubes were prepared using a
variety of ferromagnetic catalyst materials and various synthesis methods. A set of
seven different powder samples of MWCNT prepared with 50% FeCo alloy cat-
alysts (sample 1) and pure iron catalyst (samples 2–7) were examined. The fixed
bed method [40] was used in the synthesis of samples (1), (3) and (4), while
aerosol assisted CVD was used for samples (2) and (5). In addition, commercially
available single-walled carbon nanotubes (SWCNT) from Nanolab Inc. (sample 6)
and MWCNT from Bayer MaterialScience (baytubes C150 HP) (sample 7) have
been studied. Room temperature magnetic measurements were performed in
magnetic fields up to 0.5 T employing the AGM and SQUID magnetometers. The
results of these measurements are shown in Fig. 9.

The experimental data shown in Fig. 9 demonstrate ferromagnetic-like behav-
iour in all samples. In particular, diamagnetism of the carbon shells is masked by
the magnetism of the catalyst particles formed during and remaining inside the
carbon nanotubes after the synthesis procedure. The M(H) curves provide relevant
characteristic parameters such as the coercive magnetic field (HC), the saturation
magnetisation (MS) and the remanent magnetic moment (MR). Indirectly, based on
the saturation moment it is also possible to derive the amount of the magnetic
material in the sample. The respective values are listed in Table 1. Note that the
table includes also the mean diameter of the catalyst particles as extracted from
TEM imaging. In addition we present the relative amount of ferromagnetic catalyst
material in the sample, mcat/mCNT, which was deduced by comparing the measured
saturation magnetisation with its corresponding bulk values.
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As the magnetic properties of MWCNT are usually governed by the response of
the catalyst nanoparticles, in the following we discuss the coercivities HC for
samples (1) and (2). According to Table 1 the diameters of the catalyst particles

Table 1 Summary of TEM and magnetisation analysis

Sample Synthesis Catalyst d (nm) l0HC (mT) Ms [erg/(G g)] mcat/mCNT (%)

1 Fixed bed FeCo 10–15 84.2 0.87 –
2 AA-CVD Fe *10 36.9 1.76 0.8
3 Fixed bed Fe 1–5 5.8 6.1 2.9
4 Fixed bed Fe 8–15 26.1 5.93 2.8
5 AA-CVD Fe 10–20 20.0 8.2 3.8
6 CVD Fe – 1.5 4.84 2.3
7 CVD Fe 2–6 12 0.16 0.07

d denotes the diameter of the respective catalyst particles as taken from TEM imaging, HC and
MS are the coercive field and saturation magnetisation from the data in Fig. 9. mcat/mCNT is the
relative amount of magnetic material in the sample

Fig. 9 Magnetisation versus magnetic field at T = 300 K for a sample 1, MWCNT made by the
fixed bed method with FeCo catalyst and sample 2, made by the AA-CVD method. b Sample 3, a
single- and double-walled CNT mixture and sample 4, MWCNT, both made by the fixed bed
method with Fe catalyst. c Sample 5, MWCNT by the AA-CVD method with Fe catalyst and
sample 6, SWCNT from NanoLab synthesized by CVD with Fe as catalyst. d Sample 7, MWCNT
from Bayer MaterialScience prepared by CVD with Fe as catalyst
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are below the single domain limit, 12 nm for Fe [41] and 41 nm for bcc FeCo [42].
According to the model of Néel [43] the coercivity of our single domain, randomly
oriented nanoparticles with cubic anisotropy is proportional to the magneto-
crystalline anisotropy constant K1, i.e. HC * K1. The values of K1 found exper-
imentally at room temperature are K1 = 4.8 9 104 J/m3 and K1 = -1 9 105 J/m3

for a-Fe and disordered BCC 50% FeCo alloy, respectively [44]. While the particle
size is similar, we observe HC (Sample 2) * 2HC (Sample 1) which is consistent
with the Néel model.

To be specific, coercivity is strongly associated with the size of the magnetic
nanoparticles. Two regions can then be distinguished, one for which the particle
diameter is smaller than the single domain limit (12 nm for Fe), the other for
larger multidomain particles. The coercive force in the single domain region is
proportional to *d 6 [45]. Indeed, a rapid increase of the critical field with
diameter is evident for samples (3), (7), (2) where HC increases from 5.8 up to
36.9 mT. In contrast, for particles in the multidomain limit with diameters above
12 nm, HC becomes smaller for larger particles, i.e. HC * 1/d [46]. This situation
is seen in samples (2), (4), and (5), where the coercivity decreases from 36.9 to
20 mT with increasing particle size.

Iron Nanowire Filled MWCNT

Further magnetic functionalisation can be achieved by filling MWCNT with a
magnetic material. This yields ferromagnetic nanowires coated by carbon shells
the diameter of the nanowire being determined by the inner diameter of the
MWCNT. Depending on the filling ratio, either very long micrometer-sized
nanowires are formed or several shorter ones separated by hollow space. Here, we
discuss the case of in situ iron nanowire filled MWCNT (Fe-wire-MWCNT) and
their magnetic properties which have already been addressed by the studies on
individual nanomagnets in Sect. 2.

Iron filled carbon nanotubes are prepared by means of thermal-catalytic
chemical-vapour deposition (CVD) with ferrocene as precursor as described in
several reviews, e.g. in [47]. This method produces filled carbon nanotubes with a
filling of more than 40%, consisting of a-Fe, c-Fe, and Fe3C in different ratios
depending on the sample preparation. Only a-Fe and Fe3C exhibit ferromagnetic
behaviour at room temperature while c-Fe is paramagnetic. The iron filling forms
single crystal nanowires of lengths up to 20 lm. A scanning electron microscopy
(SEM) image of such homogenous ensembles of Fe-wire-MWCNT grown onto a
silicon substrate is shown in Fig. 10b.

The magnetisation was measured by means of the AGM at room temperature
parallel and perpendicular to the oxidised silicon substrate (Fig. 10a). Fe-wire-
MWCNT tend to grow perpendicular to the substrate plane and form an almost
homogenous ‘forest’ of nanotubes (see Fig. 10b). The ferromagnetic a-Fe nano-
wires encapsulated by carbon nanotubes exhibit uniaxial magnetic anisotropy with
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the easy axis parallel to the long axis of the nanowires, leading to an enhanced
magnetic coercivity ranging up to *110 and *50 mT in perpendicular and
parallel direction to the substrate, respectively. The coercivity measured when the
magnetic field was applied almost parallel to the long axes of the nanowires is
about four times smaller then the switching field measured along the easy axis for
an individual iron nanowire (see Fig. 6a). This can be explained by the fact that the
single wire measurements were conducted on MWCNT deliberately chosen for
their long and homogeneous filling, resulting in a large shape anisotropy with
corresponding high switching fields. Such wires are estimated to contain a
minority of the iron found in the whole sample. The rest is made up of short and/or
inhomogeneous wires and catalyst particles, all of which have a much lower
switching field. The response of the ensemble is therefore only of limited value for
shedding light on the magnetic properties of the nanowires.

In order to determine the relative amount of iron in the Fe-wire-MWCNT by
means of magnetometry, these MWCNT were removed from the substrate and
measured as a dry powder. Figure 11 provides an example of a M(H) curve
measured on the powder sample. At room temperature, Fe-wire-MWCNT powder
shows a coercivity l0HC = 50 mT and a saturation magnetisation MS = 14.8 erg/
(G gCNT). Comparison with the saturation magnetisation of bulk iron Mbulk = 212
erg/(G g) reveals a mass ratio of iron in Fe-wire-MWCNT of 6.8%. In comparison,
EDX spectroscopy shows an iron concentration of around 7.6 ± 1 weight %.
Remarkably, a comparison between Fe-wire-MWCNT and Fe-cat-MWCNT dis-
cussed in the previous subsection implies that the amount of ferromagnetic iron
inside the Fe-wire-MWCNT is only two times higher. However, although it is
known that catalyst material is also present in the Fe-wire-MWCNT, the amount of
catalysts cannot be assessed. One might speculate that iron nanowires form at the
expense of some catalyst material but a separation of the magnetic signal of Fe-
wire-MWCNT into the response of nanowires and catalyst, respectively, is not
possible by means of the data at hand.

Fig. 10 a Magnetisation curve M versus H of Fe-wire-MWCNT grown on a silicon substrate
measured at room temperature parallel and perpendicular to the substrate. b SEM image of the
same material
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Magnetic Behaviour of Iron Containing MWCNT
in Liquid Media

As seen in Figs. 9 and 11, fixed iron-containing MWCNT reveal pronounced
hysteresis loops indicating a ferromagnetic state of the encapsulated iron irre-
spectively of whether nanoscale catalyst particles or iron nanowires are made. For
usage in biological systems, however, the material is dispersed in liquid media
which in general affects the magnetic response significantly [48]. In this section
we will briefly discuss the case of magnetically functionalised MWCNT in
aqueous suspension. Note that exohedral functionalisation, i.e. attaching side
groups either non-covalently or covalently to the outer shells of the MWCNTs in
order to render them dispersible in liquid media [49], does not in itself affect the
magnetic properties considerably. The main reason for changes in the magnetic
properties after dispersion is the strongly enhanced mobility of the particles.
Possibly, changes in the mean distance of the nanoparticles are also relevant.

Figure 12 demonstrates how dispersion in liquid affects the magnetisation
curve of Fe-cat-MWCNT, i.e. MWCNT with Fe-catalyst particles. While the
powders exhibit a clear hysteresis and a spontaneous moment (see Fig. 9c, sample
5), the material behaves superparamagnetically after being dispersed in an aqueous
medium (Fig. 12a). It is straightforward to associate these changes to the motion of
initially ferromagnetic nanoparticles in liquid under exposure to magnetic fields.
This is corroborated by the data in Fig. 12b which shows the magnetisation curve
of the same dispersion after freezing at T = 260 K. The data imply a magnetic
hysteresis similar to the powder sample.

This observation indicates that the superparamagnetic behaviour of Fe-cat-
MWCNT in liquid is caused by the Brownian relaxation of the magnetic particles.
This scenario is supported by AC susceptibility measurements in the frequency
range f = 0–10 kHz (Fig. 13). The AC susceptibility of Fe-cat-MWCNT in dis-
persion is significantly larger than in powder, which again indicates the motion of
MWCNT in liquid under exposure to AC magnetic fields. In general, maximal
energy losses for Brownian relaxation are observed when the condition
f = fmax = (2p sBr)

-1 is fulfilled, where sBr is the Brownian relaxation time.

Fig. 11 Magnetisation curve
M versus H of Fe-wire-
MWCNT powder at room
temperature
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That is, the imaginary part of the AC susceptibility s00 exhibits a maximum at fmax.
The Brownian relaxation time sBr and hence fmax depend on the viscosity of the
liquid medium and on the hydrodynamic radius of the particle [50, 51]. For
spherical iron oxide nanoparticles in liquid dispersion (with the viscosity of water
g = 1.01 9 10-3 kg m-1 s-1) the maximum energy losses have been observed at
fmax & 1.8 kHz which implies a mean hydrodynamic particle diameter of 61 nm
[50]. In the case of Fe-cat-MWCNT, the data in Fig. 13 display a maximum of v00

at very low frequencies (fmax \ 0.2 kHz). Such very long relaxation times are in
agreement with the relatively big size and the elongated shape of MWCNT in
comparison to iron oxide nanoparticles.

4 Heating of Magnetically Functionalised CNT
with AC Magnetic Fields

AC magnetic heating, i.e. dissipation of energy due to magnetisation reversal of
magnetic materials in alternating magnetic fields, is a general feature in
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ferromagnetic and ferromagnetic-like systems. The particular advantage of mag-
netic nanoparticles concerns (1) their size which renders them applicable for
nanomedical therapies and (2) significant heating at small field amplitudes which
are safe to apply to the human body. In order to discuss the response of magnetic
nanoparticles to high-frequency magnetic fields, different dissipation mechanisms
will be introduced. In general, there are various possibilities for the heating of
magnetic particles in AC magnetic fields: ferromagnetic (hysteresis) losses, su-
perparamagnetic (relaxation) losses, eddy currents, etc. [52–54].

Magnetic Dissipation in Alternating Magnetic Fields

Hysteresis losses appear in ferromagnetic particles which possess hysteretic
magnetic properties. In this case, alternating magnetic field induced magnetisation
reversal causes dissipation of energy. The amount of dissipated energy PFM can be
determined according to Eq. 2, where the area of the hysteresis loop is multiplied
by the frequency f.

PFM ¼ l0f

I
HdM: ð2Þ

In the particular case of single domain particles, no minor loops can be utilized
for heating and dissipation only occurs upon complete switching of the magneti-
sation vectors, i.e. at external magnetic fields larger than the magnetic switching
field HC.

Superparamagnetic or relaxation losses provide an alternative mechanism of
magnetically induced heating in an AC field. The term superparamagnetism was
introduced by Elmore in 1938 [55] in order to describe the magnetic behaviour of
colloidal systems containing iron oxide particles. When such a colloidal system is
removed from a magnetic field, its magnetisation relaxes back to zero due to the
thermal energy. This relaxation of the magnetisation can be either associated with
the physical motion of the nanoparticles (Brownian relaxation) or with the rotation
of the magnetisation vector within each particle (Néel relaxation). Both kinds of
relaxation lead to the dissipation of the magnetic field energy. In the case of non-
interacting superparamagnetic particles the dissipated energy PSPM can be
described by

PSPM ¼ l0pf v00H2 ð3Þ

Here, v00 is the out-of-phase component of the complex magnetic susceptibility.
Physically, Eq. 3 implies that if the magnetisation lags the magnetic field there is a
positive conversion of magnetic energy into internal energy [52].

Note, that in general also eddy currents might cause energy losses in AC
magnetic fields. This effect is applied, e.g., in induction furnaces for melting
metallic materials. In the case of nanoscaled metals used for magnetic
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hyperthermia, particles are too small and AC field frequencies are too low for
the generation of substantial eddy currents [39]. For Fe-cat-MWCNT studied
here, this was proven experimentally using non-magnetic metal nanoparticles (see
Sect. 4.2).

Heating of Fe-cat-MWCNT in Alternating Magnetic Fields

Inductive heating of Fe-cat-MWCNT (i.e. MWCNT synthesised with Fe-catalyst
particles partly remaining in the material after synthesis) in an alternating mag-
netic field has been studied for different strengths and frequencies of the magnetic
field. The experimental setup for these studies consists of a high-frequency gen-
erator with an impedance matching network and a magnetic coil system, providing
AC magnetic fields of 0–100 kA/m strength with frequencies between 100 kHz
and 300 kHz. The water-cooled copper coil has 5 turns with an inside bore
diameter of 30 mm into which the sample is placed; the height of the coil is
40 mm. The sample is insulated by its container, an evacuated glass Dewar flask
placed in the coil. The temperature of the sample during the measurements is
determined by means of a fiber-optic temperature controller (Luxtron One) con-
nected to a computer for data storage. Note that the fiber-optic thermometer is not
affected by alternating magnetic fields. Inductive heating studies were performed
on Fe-cat-MWCNT in liquid media. In order to obtain a stable dispersion,
MWCNT were mixed in a 1:1 weight ratio with human serum albumin and dis-
persed in phosphate buffered saline (PBS) using ultrasonication. The concentration
of Fe-cat-MWCNT in the dispersion was 5 mg/ml [48].

Calorimetrical measurements on Fe-cat-MWCNT dispersion in AC magnetic
fields show a substantial heating capability of this material (see Fig. 14a).
A significant increase of the temperature was observed in AC magnetic fields with

22

24

26

28

30

32

34

36

38

H = 30 kA/m

C = 5 mg/ml
f = 139 kHz

H = 40 kA/m

H = 60 kA/m

T
em

pe
ra

tu
re

 (
°C

)

Time (min)

H = 80 kA/m(a)

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

22

24

26

28

30

32

34

36

38

Purified MWCNT

C = 5 mg/ml
H = 80 kA/m
f = 139 kHz

T
em

pe
ra

tu
re

 (
°C

)

Time (min)

Fe-cat-MWCNT 

CuI-MWCNT

(b)
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frequency of 139 kHz and magnetic field strengths H above 30 kA/m. In partic-
ular, at H = 80 kA/m the heating effect reaches 3�C/min. As control materials we
used non-magnetic pure MWCNT [35], CuI-filled MWCNT [56], and C-coated Cu
nanoparticles [57]. The calorimetric measurements on the control materials in AC
magnetic fields did not reveal any significant temperature increase. This confirms
the expectation that the heating effect of Fe-cat-MWCNT is connected to the
presence of iron in the sample and thus implies its purely magnetic nature. To be
specific, neither pure MWCNT nor MWCNT filled with a non-magnetic salt show
any heating effect (see Fig. 14b). In addition, measurements performed on
C-coated Cu nanoparticles experimentally prove that the observed heating effect of
Fe-cat-MWCNT is not related to eddy currents occurring in the nanosized material
under study.

Quantitative characterization of the heating effectiveness of the Fe-cat-MWCNT
dispersion was achieved by determining the specific absorption rate (SAR) from the
initial slopes of the temperature versus time curves. The SAR (in W/g) is the mass
normalized rate of energy absorption which can be determined according to

SAR ¼ c
dT

dt

����
t!0

: ð4Þ

Here, c is the specific heat capacity of the sample, which in the case at hand is
equal to water (c = 4.186 J g-1 K-1). The data of the SAR depending on the
magnetic field strength are shown in Fig. 15a. The SAR shows a quadratic
dependence on the applied magnetic field strength H, which is in agreement with
the fact that the magnetic field energy is proportional to H2. For better compara-
bility of Fe-cat-MWCNT to other magnetic materials the SAR was normalized to
the mass of Fe-cat-MWCNT (SARMWCNT) and the mass of the active material iron
(SARFe). At the maximum magnetic field strength of 100 kA/m, SARMWCNT and
SARFe amount to 71.4 W/gMWCNT and 1,879 W/gFe, respectively. Fig. 15b pre-
sents SARMWCNT and SARFe versus H2 confirming the quadratic dependence on
the magnetic field strength. This quadratic dependence is in agreement with Eq. 3,
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assuming that v00 is independent of the magnetic field strength. Under this
assumption, the imaginary part of the AC susceptibility v00 for the frequency
f = 139 kHz can be calculated from SARMWCNT according to Eq. 3. This calcu-
lation yields v00 = 1 9 10-3 erg/(G2gMWCNT). Note that this value is of the same
order of magnitude as the measured v00 at the frequencies of around 10 kHz (see
Fig. 13). As discussed before, in the case of the Brownian relaxation the maximal
energy losses are observed at fmax = (2psBr)

-1. Therefore, the experimental
observation of similar losses at applied frequencies of 139 kHz and 10 kHz
implies both frequencies do not fulfil this condition.

While significant heating effects do occur in Fe-cat-MWCNT, large switching
fields observed in iron nanowire-filled MWCNT (see Sect. 2) do not suggest this
material for AC-magnetic heating. In general, rather than increasing the magnetic
field strength, a higher applied frequency seems to be a promising solution to
obtain high dissipation. So instead of activating the hysteresis loss heating
mechanism in iron nanowires by applying stronger magnetic fields, a possible
solution would be to use nanowires with a greatly reduced coercivity. This is
indeed feasible since the iron filling is present in two ferromagnetic phases, a-Fe
and Fe3C. Contrary to a-Fe, described above, Fe3C has a strong magneto-crys-
talline anisotropy (0.394 MJm3) which dominates over the shape anisotropy
(0.3 MJm3), causing the magnetisation vector to point along the easy c-axis of
crystalline Fe3C. In all iron carbide tubes imaged so far the Fe3C filling is single-
crystalline and the b-axis is found to be parallel to the long axis of the filling,
resulting in soft magnetisation perpendicular to the long axis [58]. Remarkably,
the competing anisotropies result in a very low effective anisotropy and in low
switching fields of 30–90 mT (24–72 kAm-1). Hence, using such low coercivity
wires might allow one to retain the advantages of filled MWCNT (protection of
and from bio-environment, biofunctionalisabilty, additional filling with anti-cancer
drugs and temperature sensor) while enabling clinical application (lower field
strength).

5 Filled Carbon Nanotubes for NMR-Based Thermometry
at the Nanoscale

In the following we focus on the potential application of MWCNT for a contactless
in vivo temperature control on the cellular level which can be used to control
temperature in various hyperthermia treatments including the magnetic fluid
hyperthermia (MFH) [1] therapy. Such a contactless thermometer consists of a
MWCNT and a filling material with strongly temperature-dependent NMR
parameters like the spin–lattice or the spin–spin relaxation, resonance frequency,
dipolar or scalar couplings, and electrical quadrupole coupling at 290–330 K
(*20–60�C).

Conventional magnetic resonance (MR) thermometry based on a tempera-
ture-dependent proton resonance frequency shift of the water molecule enables
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temperature control in combination with a good spatial resolution [59–62].
However, accurate temperature control with high spatial resolution is a
challenging research topic in nano- and biotechnology. In particular, the
application of magnetic nanoparticles for hyperthermia in cancer therapy
raises the issue of precise thermometry on the cellular level where conven-
tional methods usually fail. For example, in magnetic hyperthermia like the
so-called MFH, high doses of unshielded nanomagnets prevent the application
of conventional local non-invasive thermometry due to magnetic field inho-
mogeneities, i.e. proton-based magnetic resonance thermometry [60]. Hence,
novel methods such as nanomaterial-based thermometry have to be applied
[63, 64]. The development of an accurate nanoscale thermometer with high
resolution is however not only a matter of size, but also requires materials
with novel physical properties which can be exploited at this length scale
[65–67]. Current developments cover various approaches such as thermal
sensors using molecular and biological moieties [68] and nanoscale
superstructures [69]. Another approach utilizes the flexibility of tailoring
carbon-protected nanoscale functional materials by filling MWCNT. The
general feasibility of MWCNT-based sensors for thermometry has been
demonstrated recently [70, 71].

We have applied cuprous halides as filling material which exhibit pronounced
temperature dependencies for various NMR parameters [72]. By inserting this
filling into MWCNT, (1) a shielding of the sensor from local field inhomoge-
neities, e.g. induced by ferromagnetic particles nearby, is provided and (2)
degradation of the filling material is avoided, and their potential toxicity and
adverse effects are suppressed. There is also the possibility to modify the outer
shell of MWCNT, e.g., with cancer-specific binding agents in order to facilitate
attachment to a target tissue. This way, temperature detection is possible with a
high accuracy even in more challenging situations with, e.g. ferromagnetic
particles nearby.

In order to study the family of cuprous halides systematically, CuCl2, CuBr, and
CuI have been filled into MWCNT and investigated by NMR [71, 73]. Here, both
the copper and halide nuclei have NMR active isotopes with a high natural
abundance, allowing NMR studies on two different probing nuclei for all three
materials. The NMR measurements have been done in a solid state NMR spec-
trometer in an external magnetic field of 7.05 T on powdered material. Both 63Cu
and 35Cl/81Br/127I NMR spectra obtained from the Fourier transformed echo sig-
nals represent a single resonance line between 10 K and 320 K, indicating a
vanishing static quadrupolar coupling due to a highly symmetric tetrahedral
crystallographic environment. The spin–lattice relaxation T1 was measured
employing an inversion recovery pulse sequence. The decay of 63Cu and
35Cl/81Br/127I longitudinal magnetisation was analyzed following a standard
equation for the nuclear spin I = 3/2 (63Cu, 35Cl, 81Br), and I = 5/2 (127I), cor-
respondingly. In all cases the magnetisation curve follows an exponential law
characterized by a single spin–lattice relaxation time. Similar experiments at room
temperature on powdered reference material (pure commercially available cuprous
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halide powder) result in no remarkable differences in line width, resonance fre-
quency and spin–lattice relaxation.

The 63Cu NMR spectra exhibit only a small increase of the resonance frequency
in the temperature range of biological interest, which strongly contrasts with the
NMR shift on the halide nucleus indicating much stronger temperature depen-
dence. The most promising results, however, are provided by the spin–lattice
relaxation rates T1

-1, which are presented in Fig. 16. Although the 63Cu T1
-1

dependencies are similar to the halide data, the slope of its T1
-1 rate is much

smaller providing a lower accuracy in temperature determination. The T1
-1

dependencies for all nuclei are found to be in very good agreement with the law
T1

-1 � T2 that is expected for a Raman two-phonon quadrupolar process [74]. This
is consistent with the view that the spin–lattice relaxation is driven by a quadru-
polar mechanism in this compound, which at a first glance might appear to be
unusual, since CuI crystallizes in the zinc blende structure [75]. However, time-
dependent quadrupolar interactions can arise from time-dependent distortions of
the nuclear environment by the lattice vibrational modes, although in a perfect
crystal of CuCl2, CuBr and CuI no static, secular interaction between the nuclear
electric quadrupole moment and the crystalline electric field gradient are expected.
This behaviour is observed over the entire temperature range implying no con-
tributions from impurities which might appear at low temperatures and from ionic
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diffusion which might be observed in the high temperature range. The temperature
dependent data are well fitted with the quadratic function T1

-1 = a ? bT ? cT2.
Here, the mean squared errors of the fitting coefficients provide an estimate of the
accuracy of the temperature determination for the nanothermometer, resulting in
an optimal temperature accuracy of 2 K by means of 127I spin–lattice relaxation
measurement in CuI-filled MWCNT in the temperature range of biological interest
(i.e. 290–320 K).

The absolute values for the temperature sensitivity parameters are given in
Table 2 for all three cuprous halide filled MWCNT and respective probing nuclei.
A clear tendency is visible from this table, showing that upon stepping forward
from 35Cl to 81Br to 127I in the periodic system of the elements, the temperature
sensitivity increases for both NMR parameters, i.e. NMR frequency and 1/T1-
relaxation rate, as well as for both nuclei, i.e. copper and halide nuclei. This
implies that the best temperature accuracy of 2 K is observed for CuI-filled
MWCNT, which is a promising result and a good starting point for a smart way to
look for further filling materials in order to increase the accuracy of temperature
determination in the future.

The potential of carbon-wrapped nanoscale thermometers for a non-invasive
temperature control is demonstrated by our detailed temperature dependent NMR
studies. The basic principles of MRI-based thermometry also apply for the carbon-
wrapped nanothermometer. However, compared to the conventional approach
using naturally abundant protons in the body of the patient as probing nuclei, our
sensor material (probing nucleus other than 1H) is shielded by the carbon con-
tainer. Therefore, in the case of a sensor based relaxation-weighted imaging even
large doses of unshielded magnets which are nearby—such as in nanoparticle-
based hyperthermia treatments—and which introduce magnetic field inhomoge-
neities will not reduce MRI contrastivity.

A valuable extension of this approach for the future is spatially resolved NMR,
i.e., magnetic resonance imaging (MRI) of MWCNT-based nanosensors on the
cellular level. One example is the rapidly growing field of cellular and molecular
MR imaging, which enables us to visualize cells and inserted MWCNT in order to
track cancer cells and to control therapies on the cellular level such as magnetic
hyperthermia. Here, the container feature of MWCNT is extensively utilized if a
heating element (ferromagnet), a temperature sensor and a contrast agent are either
confined within the same nanocontainer or differently filled MWCNT are mixed.

Table 2 Temperature sensitivity parameters of several filled MWCNT

Material Nucleus dmres/dT (Hz/K) d(T1
-1)/dT (Hz/K)

CuCl2-MWCNT 63Cu 15 0.23
35Cl 1 –

CuI-MWCNT 63Cu – 0.27
127I 14 0.86

CuBr-MWCNT 63Cu 19 0.15
81Br 7 0.75
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Such a combination of different functionalities on a nanoscale would provide
simultaneous heating, temperature control by means of MRI and high spatial
resolution of the image. Furthermore, if clinical usage of the static magnetic field
is contra-indicated and MR imaging is no longer suitable, then the technology
proposed here addresses materials with temperature dependent nuclear quadru-
polar resonance NQR (e.g. cuprous oxide) or zero-field NMR (e.g. Co-based
compounds) parameters that demonstrates versatility of this approach for bio-
medical applications.

6 Summary

Magnetically functionalised carbon nanotubes provide a multifunctional material
in which magnetic properties can be tailored to address various functionalities.
Carbon-coating of active material such as superparamagnetic heaters and tem-
perature sensors provides a multifunctional biocompatible carrier system in which
particular properties can be exploited for therapeutical or diagnostical usage. Our
AC magnetic field studies imply the promising potential of magnetically func-
tionalised MWCNT for magnetic hyperthermia, in particular, if multiple func-
tionalities are addressed. This is particularly highlighted by NMR studies showing
feasibility of a non-invasive temperature control by virtue of a carbon-wrapped
nanoscale thermometer. In general, however, nanotechnologically relevant mag-
netic materials demand elaborate understanding of the magnetic properties of
individual entities, e.g. magnetisation reversal behaviour and domain configura-
tion, which is a precondition to tailor the material appropriately. Here, Hall
magnetometry and Magnetic Force Microscopy are employed to elucidate fun-
damental properties of the single particle. Understanding the interplay between
intrinsic magnetic properties and behaviour as an ensemble is vital for future
application. Especially the behaviour in liquid media is of utmost importance in
the frame of biomedical applications. Our studies hence demonstrate how funda-
mental research on a technologically relevant nanomaterial opens prospects to
applications.
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Nuclear Magnetic Resonance
Spectroscopy and Imaging of Carbon
Nanotubes

Vijay K. Anuganti and Aldrik H. Velders

Abstract Nuclear magnetic resonance (NMR) spectroscopy is one of the most
versatile and powerful analytical tools developed in the last century and have been
proven to be a suitable means for the elucidation of structural properties as well as
physico-chemical characteristics in chemistry and material sciences. In the first
part of this chapter a review is given on the investigation of different types of
carbon nanotube (CNT) structures and properties by solution-state NMR, solid
state NMR and high-resolution magic angle spinning (HR-MAS) NMR spectros-
copy. (Nuclear) Magnetic resonance imaging (MRI) is one of the most powerful
noninvasive diagnostic techniques used in clinical medicine for in vivo assessment
of anatomy and biological functions. CNTs are unique materials that can be used
as a platform for the synthesis of hybrid construct molecules capable of enabling
multiple biomedical applications in vitro and in vivo as molecular transporters for
drug delivery, and potential new therapeutics. In the second part of this chapter the
potential use of CNTs as contrast-enhancing agent for MRI, in vitro, ex vivo and in
vivo, is reviewed.

1 Introduction

Carbon nanotubes (CNTs) are unique tubular structures of nanometer size diam-
eters and large length/diameter ratio. The nanotubes may consist of one up to tens
or even hundreds of concentric shells of carbons with adjacent shells separated by
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*0.34 nm. The tubular structures and CNTs were observed for the first time in
carbon fibers in the 1970s [1]. It came to light when Kroto et al. discovered C60,
called fullerene or buckyball in honor of Buckminster Fuller, in 1985 [2].
However, the structures started to attract intensive attention only after Iijima
observed multi-walled CNTs (MWCNTs) in transmission electron microscopy in
1991 [3]. In 1993 Iijima and Bethune [4, 5] independently observed single-walled
CNTs (SWCNTs). Since then, the unique structures and properties of CNTs have
inspired researchers in physics, chemistry and material science to exploit their
properties. CNTs have unique properties which offer a wide range of opportunities
and application potential also in biology and medicine. For example, the rich
electronic properties of CNTs have been explored for the development of highly
sensitive and specific nanoscale biosensors. The optical absorption of CNTs in the
near-infrared has been used for laser heating cancer therapy. CNTs are currently
being considered to be suitable substrates for the growth of cells for tissue
regeneration, as delivery systems for a variety of diagnostic or therapeutic agents
or as vectors for gene transfection [6].

Many techniques have been used to characterize the structure and properties of
CNTs. It has been proved that NMR spectroscopy is also a useful tool to study the
structure of fullerene [7] and nanotube [8] materials, but the application of NMR
spectroscopy to nanotubes has been more difficult, with substantial progress being
made only in the last few years. CNTs are difficult to separate from the carbo-
naceous and catalytic metal impurities that are co-produced during synthesis.
Advances in SWCNT synthesis and purification have allowed for the observation
of the 13C resonance for SWCNT by solid-state NMR spectroscopy and recently
1H NMR was used to measure water inside SWCNTs.

Nuclear magnetic imaging is a noninvasive technique, which is capable of
producing images of arbitrarily oriented slices through optically nontransparent
objects. Biological tissues, plants, food stuffs and many synthetic materials can be
penetrated by RF waves and the signal is hardly attenuated by absorption and
emission of RF energy at the resonance frequencies of the nuclear spins. The
noninvasive and apparently hazard-free nature of NMR imaging techniques has
inevitably led to their application in the study of biological systems, including man.

The aim of this chapter is to provide an overview of NMR spectroscopy and
imaging studies of CNTs. In the first part of the chapter an overview is given on
solution-state, solid state and high-resolution magic angle spinning (HR-MAS)–
NMR spectroscopy of CNTs. In the second part of this chapter a brief introduction
is given to NMR Imaging and an overview on application of CNTs as contrast
agents in NMR imaging.

2 Nuclear Magnetic Resonance Spectroscopy of CNTs

Nuclear magnetic resonance (NMR) spectroscopy is obviously one of the most
desirable instrumental methods for studying the structures and properties of raw
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and functionalized CNTs, and there is increasing interest in the applications related
to NMR spectroscopic investigations of CNTs. Below the major topics are sub-
divided into three different sections, and regard spectroscopic analyses of CNTs by
solution-state NMR spectroscopy, solid state NMR spectroscopy and HR-MAS
NMR spectroscopy.

Solution-State NMR Spectroscopy of CNTs

Solution-state NMR spectroscopy is a widely used technique for characterizing
organic compounds, from small compounds to biomacromolecules, e.g. 100 kDa
sized proteins. The nuclei of certain isotopes possess spin angular momentum
(‘‘spin’’) and the interaction of this spin with radio frequency radiation in the
presence of a magnetic field provides a probe which is uniquely sensitive to the
chemical environment of the nucleus. Information can be obtained not only about
the chemical environment of the various nuclei present, but also about their
connectivity and topology. In solution-state NMR spectroscopy of CNTs, the
major applications are, 1H NMR spectroscopy of CNTs, diffusion ordered spec-
troscopy (DOSY) of CNTs, 2D correlation spectroscopy (COSY) of CNTs and 13C
NMR spectroscopy of CNTs.

1H NMR Spectroscopy of CNTs

Pure CNTs obviously lack protons, so 1H NMR spectroscopy is not the first tool of
choice to investigate CNTs themselves. However 1H NMR spectroscopy is (for
example) a technique used to study the properties of H2O inside the CNTs under
nanoscale confinement (Fig. 1) [9–12], and can also give information on outer
surface of functionalized CNTs [13, 14]. For example, Chen et al. [15] reported the
use of 1H NMR results to validate their proposed noncovalent d-stacking mech-
anism for the functionalization of SWCNTs with polymers. Holzinger et al. [14]
used 1H NMR to characterize their SWCNT samples functionalized by various
substituted oxycarbonyl nitrenes. The NMR signals from the functional groups on
SWCNTs are often broader than those from the free functionalization material,
with generally similar patterns but sometimes upfield shifting of the signals [14,
15].

Chen et al. proved that, even after Q-factor correction, the proton signal from
the empty NMR MAS rotor in the probe head (Fig. 1d) is noticeably different from
that of the rotor packed with SWCNTs (Fig. 1c). Thus, background subtraction of
proton signal from empty and packed rotors it would be unreliable in studying
water adsorption by SWCNTs, either qualitatively or quantitatively. This sub-
traction method might work if factors such as the pulse length and power strength
were taken into account. However, as they are concerned only with interrogating
the absorbed water in the samples and not other sources of protons, all spectra
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associated with water treated SWCNTs are referenced to those obtained before
adding liquid water (the ‘‘dry’’ spectrum). The effectiveness of this method of
subtracting the ‘‘dry’’ background can be seen by comparing (Fig. 1a, b), before
and after subtracting the ‘‘dry’’ background from the SWCNTs dosed with about
100 wt % water [9].

Ghosh et al. reported that it is also possible to study the freezing phenomena of
confined water inside SWCNTs in the temperature range of 300–200 K. This can
be achieved because the transverse (spin–spin) relaxation time of mobile water
(approximately a few seconds) compared with solid water, i.e. ice (*6 ls) can be
used to monitor the process of freezing, through a signal that emerges upfield,
or at lower ppm relative to bulk water, which was attributed to water inside
SWCNTs [16].

1H NMR spectroscopy has not been among the main tools for character-
ization of organically modified carbon nanostructures. 1H NMR analysis of
CNTs covalently modified with small organic molecules is limited by the low
number of organic functionalities introduced, which improves only slightly the
dispersibility of the derivatives in both organic solvents and aqueous solutions
[17]. A few years ago, Prato and coworkers characterized the conformation of
peptides covalently linked to the sidewalls of SWCNTs using 2D NMR spec-
troscopy [18]. In most cases, the interpretation was made particularly difficult by
the weakness and broadness of the signals of the attached peptides, often below
noise levels. The signals become negligible compared to the intensity of the sol-
vent signals, and therefore very long experimental times are needed to obtain
structural information [13]. Recently, to overcome these limitations, Prato et al.
[19] have investigated the applicability of 1H NMR spectroscopy based on gra-
dient-edited diffusion pulse sequences [1D DOSY] in the characterization of CNT
derivatives.

Fig. 1 1H NMR spectra of a
water absorbed by sealed
HiPCO SWCNTs, b back-
ground correction of (a), c
dry SWCNTs, and d the
empty NMR MAS rotor in
the probe head [9]
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DOSY is a recently rediscovered NMR experiment allowing separation of the
NMR signals from species of different sizes (hydrodynamic radii) on the basis of
their apparent diffusion coefficients. In a typical DOSY experiment, a series of
spectra is recorded with incremented magnetic field gradient (PFG) in a pulsed-
field gradient spin-echo (PFGSE) or stimulated echo (PFGSTE) experiment. The
1D spectra are then converted into a pseudo-2D spectrum by fitting the decay of
the signal as a function of PFG amplitude to the appropriate theoretical expression
(1) and constructing a second, diffusion, dimension with Gaussian line shapes
centered on the calculated diffusion coefficient (D). The decay of the signal in an
ideal pulsed-field gradient echo experiment is described by the Stejskal–Tanner
equation [20–22]

S ¼ S0 e�Dc2d2g2D ð1Þ

where ‘S’ is the signal amplitude, ‘S0’ is the echo amplitude that would have
resulted had there been no diffusion, ‘D’ is the diffusion coefficient, ‘d’ is
the gradient pulse width, ‘c’ is the magnetogyric ratio, ‘g’ is the gradient ampli-
tude, and ‘D’ is the diffusion time corrected for the effects of finite gradient pulse
width.

Prato et al. used a small set of CNT derivatives covalently linked via an
amide bond to organic amines starting from oxidized SWCNTs (ox-SWCNTs).
These derivatives show moderate dispersability in some organic solvents such as
chloroform, dimethyl formamide and dimethyl sulfoxide and were thus suitable
for NMR analysis in deuterated solvents. To confirm the covalent attachment
of the amines to the nanotubes, 1H and 1D DOSY spectra of ox-SWCNT-Phe-
O-tBu were compared to those obtained by mixing ox-SWCNTs and HCl�H-
Phe-O-tBu, without using coupling reagents (Fig. 2a, b). Also the Kaiser test
has been used together with the DOSY to confirm the formation of covalent
derivatives of ox-SWCNTs. It was proposed [19] that this analytical tech-
niques can be extended to other types of functionalized CNT with moderate
dispersibility.

Nelson et al. reported COSY NMR experiments of 4-chlorophenyl-SWCNT, to
facilitate analysis and reveal aromatic spin–spin coupling, which appears to be the
first such spectrum reported for a covalently side wall functionalized SWCNT
[13]. As shown in Fig. 3, the 1H NMR spectrum of 4-chlorophenyl-SWCNT has
two rather broad signals in the aromatic region at 8.12 and 7.94 ppm. This
broadness could be due to short relaxation times, resulting from the large SWCNT
size, or due to the aromatic functionalities associating with other SWCNTs or
other aromatic groups on the same or other SWCNTs. Ju et al. [23] previously
reported a 2D COSY spectrum of SWCNT with diacetylenic amine physisorbed on
the surface, but not covalently bound. The COSY spectrum of 4-chlorophenyl-
SWCNT (Fig. 3) reveals that the two aromatic signals are coupled and 0.18 ppm
apart. Nelson et al. [13] demonstrated that 2D correlation NMR spectroscopy
(COSY) can be applied to characterize functionalities covalently attached to
SWCNT sidewalls.

Nuclear Magnetic Resonance Spectroscopy 129



13C NMR Spectroscopy of CNTs

Although some research has been going on NMR investigations of functionalized
CNTs, still several technical difficulties have hindered 13C NMR spectroscopy of
the functionalized CNT itself in solution. The limitations comprise limited sample
solubility and the presence of impurities, among others, together with the intrinsic
low sensitivity of natural-abundance of the 13C isotope. Kitaygorodskiy et al.
reported the solution-phase 13C NMR study of 13C isotropically enriched func-
tionalized CNTs. High nanotube dispersibility was achieved via functionalization
of SWCNTs with diamine-terminated oligomeric poly (ethylene glycol). The
residual metal catalysts were effectively removed from the functionalized nano-
tube sample in solution via repeated magnetic separation. The solution-phase
NMR results have been compared with those from solid-state NMR measurements
(Fig. 7). The partially resolved nanotube carbon signals in the NMR spectra are
discussed in terms of theoretically predicted difference in chemical shifts between
semiconducting and metallic SWCNTs [24, 25].

Fig. 2 a 1H NMR and b 1D
DOSY spectra of the mixture
of ox-SWCNTs and HCl�H-
Phe-O-tBu at 36.5 G cm-1,
and c 1D DOSY spectra of
ox-SWCNTs-Phe-tBu at
36.5 G cm-1 [19]
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As shown in the Fig. 4, for PEG1500N-13C-SWCNT in D2O (suspension con-
centration *36 mg ml-1 SWCNT equivalent), the nanotube sp2 carbons exhibit a
broad signal centered at *132 ppm [full width half maximum *28 ppm], which

Fig. 3 2D correlation spectroscopy (COSY) 1H NMR spectrum of 4-chlorophenyl-SWNT dis-
plays coupling of aromatic peaks at 8.12 and 7.94 ppm [13]

Fig. 4 The 13C NMR spec-
trum of PEG1500N-13C-
SWCNT in D2O solution
(31,000 45� scans, 2 s
relaxation delay, acquired in
a CP-MAS probe but without
spinning and decoupling).
Shown in the inset is a
deconvolution based on two
Lorentzian peaks (repro-
duced curve). The 70 ppm
signal is due to nanotube-
attached PEG functional
groups [10]
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is consistent with theoretical predictions and close to what is observed in solid-
state NMR [26]. So, nanotube carbons can be detected by 13C NMR in solu-
tion, and the broadness in the signals reflects the chemical shift dispersion of
nanotube carbons, which are likely inhomogeneous due to different nanotube
chiralities, lengths, adjacent defects, etc. However, there are some distinctive
features in the broad signals, which through deconvolution (resolving the
curve into underlying peaks) can be represented by two Lorentzian peaks of
similar line widths of *20 ppm. The ratio of area under the peak centered at
128 ppm to that at *144 ppm is *1.8. A variation of relaxation delay time from
3 to 0.4 s had little effect on the signal shape, with similar line widths and
chemical shifts, and, see (Fig. 8), the two peaks were tentatively assigned to
semiconducting (upfield) and metallic (downfield) SWCNTs. In fact, the differ-
ence in their chemical shifts (16 ppm) is in reasonable agreement with what has
been predicted by Goze-Bac et al. [24, 25] in their theoretical calculations, sug-
gesting that there should be an approximately 12 ppm upfield shift for the semi-
conducting nanotube carbons from their metallic counterparts due to the localized
ring currents.

Solid State NMR Spectroscopy of CNTs

Solid-state NMR spectroscopy rarely produces resolution that is as high as that
from solution-state NMR. This difference is due to anisotropic interactions such
as dipolar couplings, chemical shift anisotropy (CSA) and quadrupolar couplings
and the fact that, in the solid state, chemically equivalent nuclei might be in
different magnetic environments and thus have different resonance frequencies
[27–29]. These anisotropic interactions, on the one hand have the significant
disadvantage of hindering the resolution of distinct sites, but on the other hand,
contain valuable structural and dynamic information. Specifically, the CSA and
quadrupolar interactions provide insight into electronic structure and bonding,
while the dipolar coupling offers direct access to internuclear distances. More-
over, all three anisotropic interactions are formidable probes of dynamic features.
In solution, fast isotropic tumbling of the molecules causes the averaging to zero
of the line broadening due to the anisotropic interactions. Rather than requiring
random isotropic motion of each molecule, it can be shown that a physical
rotation (typically 10–25 kHz) of the whole sample around an axis inclined at an
angle of arctan(H2) (viz. 54.78, referred to as the magic angle) to B0 suffices to
average any second-order tensor interaction to zero. MAS is as successful as a
means of line narrowing, and it is first necessary to recognize that the CSA,
dipolar, and first-order quadrupolar interaction all have basically the same ori-
entational dependence. Solid state NMR spectroscopy has been used to study
different types of CNTs. In this section we briefly discuss 13C MAS NMR spectra
of CNTs, 129Xe and 131Xe NMR studies and 59Co and 57Fe NMR studies on filled
CNTs.
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13C NMR Spectroscopy of CNTs

There have been extensive recent investigations on the detection of CNTs by 13C
NMR spectroscopy. In 13C NMR spectroscopy of CNTs, the following interactions
are taken into consideration; chemical shift interaction, Knight Shift interaction,
bulk magnetic susceptibility and dipole–dipole interaction [24, 30–34].

Figure 5 shows the static spectrum of SWCNTs as well as static and MAS
spectra of 13C enriched double-walled CNTs (DWCNTs). Singer et al. have cal-
culated the mass fraction belonging to the enriched phase relative to the total
sample mass from the integrated NMR signal by comparing it to the NMR signal
of 89% 13C enriched fullerene. They found that the mass ratio of inner tubes as
compared to the total sample mass is 15%, obtained from the SWCNT purity
(50%), &70% volume filling in highly filled samples, and the mass ratio of
encapsulated fullerenes to the mass of the SWCNTs. The measured mass fraction
of the highly enriched phase is very similar to that of the calculated fraction of
inner tubes. They suggest that the NMR signal derives nominally from inner tubes
and that other carbon phases such as amorphous or graphitic carbon are not
enriched [35]. Tang et al. [8] reported the static and MAS–NMR spectra of purified
CNTs (10% enriched in 13C), and determined an isotropic shift of 124 ppm for
these samples. Later on, Latil et al. [32] concluded that the presence of para-
magnetic or ferromagnetic impurities in bundles of SWCNTs broaden the NMR
response at 126 ppm and Hayashi et al. [30] have reported the synthesis of
SWCNTs by catalytic decomposition of enriched 13C methane (99.9%) over Fe
catalysts at 1,073 K. The 13C isotropic shift estimated was 116 ppm. Two

Fig. 5 NMR spectra
normalized by the sample
mass: a static spectrum for
non enriched SWCNT
enlarged by a factor of 15,
b static and c MAS spectra of
13C0.89-DWCNT. Smooth
curve is a simulated CSA
powder pattern. Spinning
sidebands at 8 kHz are
marked with asterisks.
Frequency reference is TMS
(tetramethylsilane) line [35]
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additional bands at 171 and 152 ppm were detected and ascribed to carbon oxi-
dized species at defects or edges after purification with nitric acid treatments.

Goze-Bac et al. reported the high-resolution 13C MAS–NMR spectra of purified
and functionalized SWCNT recorded with proton-decoupling in order to remove
13C NMR line broadenings due to dipolar coupling (Fig. 6). The disadvantage of
SWCNT purification is the modification of the electronic properties of SWCNT
due to nanotube-sidewall functionalization, the formation of defects in the
SWCNT and even the possibility of nanotube-opening by oxidative end-cap
removal. Upon SWCNT purification with 65% nitric acid treatment the NMR line
structure drastically changed. Besides a modification of the sp2 carbon signal, the
appearance of an additional –COOH line as well as an sp3 line is observable. This
is a clear signature of SWCNT functionalization and existence of a large variety of
defects. Even though reversibility of the functionalization by high temperature
treatment was proven, a regeneration of removed SWCNT end-caps is rather
improbable [24, 25].

Theoretical calculations have shown that the total degree of carbon sp2–sp3-
rehybridization required to form the curvature of a nanotube surface is rather
small, constant and independent of nanotube chiralities. Therefore, the Pople part
contribution to chemical shifts in SWCNT should be more or less negligible [36].
This is different from the chemical shift behavior in fullerides, where the
hybridization Pople part is dominant [24]. Furthermore, the Knight shift (obser-
vable in metallic compounds and arises from electron nuclear spin–spin hyperfine
interactions) contribution in pristine SWCNT is rather small and negligible [37]. It
depends on the density of states at the Fermi level which accounts only for about
g(eF) *0.015 states/eV � spin � atom in metallic SWCNT [38]. Therefore, the
difference between the isotropic line position of isolated metallic and semicon-
ducting SWCNT is solely determined by the London ring-current shift contribu-
tion. This leads to a calculated isotropic line splitting of 12 ppm (Fig. 7) [24].
However, this splitting of metallic and semiconducting SWCNT 13C NMR lines

Fig. 6 13C proton decoupled
MAS–NMR spectrum of
functionalized SWCNT (a)
and its deconvolution with
five Lorentzian lines (b) [24]

134 V. K. Anuganti and A. H. Velders



should be rather difficult to observe, since paramagnetic impurities and defects in
SWCNT will broaden NMR spectra.

129Xe and 131Xe NMR Studies on CNTs

Nuclear magnetic resonance spectroscopy of adsorbed xenon is a relatively new
NMR technique, which is able to provide independent information on the structure
of porous adsorbents and catalysts. Using xenon in natural isotopic abundance
allows for studying both 129Xe and 131Xe, and chemical shifts are related to
xenon’s physical state of matter (gas, liquid, or solid), relaxation time measure-
ments reveal information about the nature of the adsorption process and related
activation energies. The chemical shift of xenon gas is pressure and temperature
dependent and is the same for both nuclear isotopes 129Xe and 131Xe. The reso-
nance frequency of free xenon gas is linearly dependent on gas density with a shift
close to 0 ppm [39], and xenon gas extrapolated to zero density is thus used as the
chemical shift reference. Solid xenon resonates at around 300 ppm, and liquid
xenon, which appears as a narrow peak, resonates around 240 ppm. NMR signals
arising from physisorbed xenon can be observed even at room temperature. For
weaker interactions, the adsorbed phase signal becomes visible only at lower
temperatures as observed for oxidatively purified multi-walled CNTs [40]. 129Xe
and 131Xe NMR has been rarely used to probe the properties of carbon materials
and carbon-based catalysts [41, 42].

Clewett and Pietras [41] reported the study of adsorption of xenon gas on
single-walled and multi-walled CNTs with 129Xe and 131Xe NMR spectroscopy.
Overall, the adsorption was weak, with slightly stronger interaction between xenon
and multi-walled nanotubes. Figure 8 shows the 129Xe and 131Xe NMR spectra of
SWCNTs and MWCNTs at various temperatures. As shown in Fig. 8a, b, in the
case of MWCNTs, the Xe gas peak close of 0 ppm is observed in the temperature
range from 213 K, below this temperature its shifts downfield due to increased
interactions with the sample surface. This effect is most obvious in the 129Xe NMR
of MWCNTs, indicating stronger interaction than in SWCNTs (see vertical lines in

Fig. 7 Isotropic 13C NMR
line at 126 ppm and its
deconvolution with two Lo-
rentzian lines attributed to
metallic and semiconducting
SWCNT [25]
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Fig. 8c, d). It has been hypothesized that, on single-walled nanotubes, xenon
preferentially adsorbs on the metal particles that give rise to rapid Korringa
relaxation, rendering adsorbed xenon invisible due to extreme line broadening. As
more layers build up at colder temperatures, the xenon becomes observable by
NMR as a multilayer, bulk-like phase. For the multi-walled tubes, xenon prefer-
entially adsorbs onto defect sites which become rapidly saturated due to their
smaller size, and more xenon remains detectable by NMR.

59Co/57Fe NMR Spectroscopy of CNTs

There is an increasing interest in using filled (Fe/Co) CNTs for biomedical
applications, therapeutics and diagnostics. Vyalikh et al. [43] describe 59Co and
57Fe NMR studies on filled CNTs. Dujardin et al. [44] also carried out 59Co

Fig. 8 129Xe and 131Xe spectra of xenon on single-walled and multi-walled carbon nanotubes at
various temperatures. The vertical lines in the 129Xe spectra highlight the shift of the gas phase
resonance. Signal intensities have been scaled to account for the different number of scans used at
different temperatures, resulting in different noise levels. The relaxation delay was optimized
based on T1. a 129Xe NMR, MWCNT, b 131Xe NMR, MWCNT, c 129Xe NMR, SWCNT and
d 131Xe NMR, SWCNT [41]
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NMR experiments to show that non-metallic cobalt as well as the Co–Ni alloy
are still present in the purified samples of CNTs. Vyalikh et al. proposed that
59Co NMR has an advantage because various NMR active isotopes can be probed
within one substance and different NMR characteristics can be investigated (e.g.
NMR shift, relaxation times, J-coupling, quadrupolar splitting or line width). Due
to very low sensitivity and low abundance in nature of a 57Fe nucleus only a
weak 57Fe NMR signal can be observed in iron-filled CNT even after few hours
of accumulation time at room temperature. The long measurement time and the
low signal-to-noise ratio makes 57Fe NMR spectroscopy an inefficient tool for
thermometry, particularly in the temperature range of the biological interest, i.e.
*300–320 K [43].

Vyalikh et al. have shown the variable temperature 59Co NMR spectra of Co-
filled CNT (Fig. 9) together with the spectra measured on the reference metallic
cobalt powder. Their measurements show the remarkably intense signals result-
ing from the 100% natural-abundance and high sensitivity of a 59Co nucleus. A
temperature shift of the highest peak in the 59Co NMR spectrum (Fig. 9a) arising
from domains in hexagonal close packed (hcp) cobalt renders a high temperature
sensitivity parameter of 26 kHz K-1 that provides a prerequisite for the appli-
cation of Co-based nanothermometers. However, the 59Co NMR spectrum of
Co-CNT (Fig. 9b) is broadened and unresolved due to the distribution of the
resonance frequencies due to distribution of sizes and shapes of encapsulated
cobalt [43].

Fig. 9 59Co NMR spectra of
a metallic Co powder and
b Co-filled MWNT. Dark
symbols and line correspond
to spectra at 295 K, light ones
to spectra at 320 K [43]
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HR-MAS–NMR Spectroscopy of CNTs

High-resolution magic angle spinning NMR spectroscopy has become an extre-
mely versatile tool to study heterogeneous systems. HR-MAS relies on MAS of
semi-solid or dispersed samples to average out to zero magnetic susceptibility
differences in the sample and to obtain resonance line widths approaching those of
liquid-state NMR spectroscopy [45]. HR-MAS experiments are usually performed
on standard liquid-state NMR spectrometers equipped with an HR-MAS probe that
allows spinning the sample at the magic angle typically at few kilohertz. Since the
radio frequency circuits of these probes are designed to withstand only the power
classically available on liquid-state NMR spectrometers, they cannot be used to
perform standard solid-state type experiments. They are usually fitted with a
gradient coil generating a linear field gradient along the magic angle axis that
allows performing coherence selection experiments. Typically the rotors made of
ZrO2 are used to put the sample, these rotors can withstand the strong centrifugal
forces created by high spinning speeds. To optimize the sensitivity of the probe,
the rotor is fitted with Teflon inserts to define a 20–100 ll volume that matches the
detection volume of the solenoidal coil.

1H NMR Spectroscopy of CNTs

The behavior of water confined in nanoscale environments is of great interest, and
CNTs furnish an ideal system to study the water confined spaces. Sekhaneh et al.
[46] reported the 1H HR-MAS studies of water confined in, and adsorbed on,
single-wall CNTs (SWCNTs). The 1H NMR spectrum, which shows at least two
different chemical shift ranges for water, strongly depends on the amount of
absorbed water, the temperature and the amount of remaining catalyst in the
sample. Mao et al. [12] reported the water adsorption of isotherms at room tem-
perature in SWCNTs. Ghosh et al. [16] also reported the water confinement in
SWNTs as a function of temperature from 210 to 300 K.

Figure 10 shows the 1H spectra of water in SWCNTs as a function of increasing
amount of water. The spectra show that at lowest water loading (37 wt%), there
are two lines around 1.3 and -15.1 ppm. Upon increase of the amount of water,
the line at -15 ppm weakens and the line at 1.3 ppm grows in intensity, and also
shifts to low field with increasing amount of water, possibly because of exchange
with the new line that appears at 4.6 ppm around 214 wt% of water. Sekhaneh
et al. [47] also reported that since the inter-tube distance of SWCNT bundles are
0.34 nm, the water cannot penetrate inside the inter-tube void. Therefore, the water
should remain inside the tubes or outside the bundles It has been observed that the
line at 4.6 ppm, very near to that of free water (4.8 ppm), becomes stronger and
stronger by adding more and more water and at very high water content com-
pletely overwhelms the other lines. This is a strong indication that the water
resonating at 4.6 ppm is due to the water present outside the nanotubes.
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NMR spectroscopy is very sensitive in detecting the difference between the
liquid and the solid phase of water [16, 48]. The resonance of ice is approximately
50,000 Hz wide [49], which corresponds to 125 ppm at 400 MHz spectrometer. A
transition from water to ice caused the complete disappearance of the water line
from their spectra. Sekhaneh et al. also reported the proton spectra of the SWCNTs
at water loadings of 87, 214 and 318 wt% as a function of temperature. It has been
shown that the line at around 4.6 ppm disappears at temperatures at around 250 K,
but the water responsible for the line at around 1.3 ppm is liquid down to a
temperature of at least 244 K for 87% of water and down to at least 220 K for
214–366% of water. This finding strongly supports the assignment of the 4.6 ppm
resonance to more or less free water, adsorbed at the outside of the nanobundles
and the 1.3 ppm line to water inside the nanotubes.

At low water content, except for the unassigned line at -15 ppm, Mao et al.
detected one line at 1.3 ppm [12]. Ghosh et al. also shows two lines, but their
behavior with temperature differs from that of their two lines at 4.6 and 1.3 ppm at
higher water loadings; the high field line disappears first when the temperature is
lowered, and assigned [16] assigned these two resonances to water outside and
inside SWCNTs, respectively. With this assignment, the spectra confirm that the

Fig. 10 1H HR-MAS spectra
in SWCNTs as a function of
increasing amount of water
[46]
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first water absorbed by dry SWCNTs is absorbed inside the tubes; moreover, the
water inside the tube freezes at temperatures far below 273 K [50].

3 NMR Imaging of CNTs

Magnetic resonance imaging is a powerful diagnostic noninvasive technique
which can penetrate deep into tissue (unlike optical approaches), provides excel-
lent soft tissue contrast with sub-millimeter resolution on clinical scanners (far
better than nuclear imaging techniques), and does not employ ionizing radiation
(like c- and X-ray imaging). The majority of non-MR-based techniques used for
imaging or for in vivo studies involve ionizing radiation in one form or another.
For example, computer-assisted tomography (CT) uses X-rays, and positron
emission tomography (PET) involves the administration of radioactive tracers.
Imaging can be performed using planar gamma cameras (scintigraphy) or single
photon emission computed tomography (SPECT) systems. Therefore the use of
(N)MR imaging instead of traditional radioisotope techniques, not only minimizes
the exposure of radioactivity to the patient but also eliminates the cost of the
disposal of radioactive materials. Targeted contrast agents add molecular speci-
ficity to the rich anatomical and functional information already attainable by MRI.
The major challenge for molecular MR imaging is sensitivity. In clinical MRI,
water is imaged and contrast arises because of differences in water content among
tissues or differences in the relaxation times, T1 and T2, of the hydrogen nuclei.
Contrast agents catalytically shorten T1 and T2 of water molecules encountering
the agent. Despite high relaxation efficiencies, micromolar concentrations of GdIII

are required to cause detectable T1 change in 55 M bulk water. This concentration
requirement makes detecting proteins by MRI a challenge, but the attributes of
MRI (resolution, no radiation, and shelf-stable contrast agents) make this chal-
lenge worth meeting. Relaxivity (r1 or r2) is the change in the relaxation rate
(D = 1/T1or 2) normalized to the concentration of the contrast agent (CA)
expressed in millimolar. The observed relaxation rate is given by Eq. 2.

Ti½ ��1¼ T0
i

� ��1þri CA½ � i ¼ 1; 2 ð2Þ

Ti
0 is the relaxation time in the absence of a contrast agent. The signal is

proportional to 1/T1 and thus depends upon both the concentration of the agent and
its relaxivity. This differs from nuclear and X-ray agents, which only depend upon
the concentration [51].

The current MRI contrast agents in clinical use are in the form of either
paramagnetic complexes [52] or superparamagnetic nanoparticles [53]. Para-
magnetic complexes, which are usually gadolinium (Gd3+) or manganese (Mn2+)
chelates, accelerate the longitudinal (T1) relaxation of water protons and therefore
exhibit bright contrast where they localize. Gadolinium diethylenetriaminepenta-
acetate (Gd-DTPA) has been the most widely used T1 contrast agent. On the other
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hand, superparamagnetic iron oxide nanoparticles accelerate the transverse (T2)
relaxation of water protons and exhibit dark contrast. Commercially used T2

contrast agents of iron oxide nanoparticles are synthesized in the aqueous phase
via a co-precipitation method and stabilized with hydrophilic polymers, such as
dextran.

The start of MR imaging is attributable to Lauterbur, who generated the first
two-dimensional MR image which depicted the proton (1H) density and the NMR
spin lattice relation time (T1) distribution in two 1-mm tubes containing water, and
proved the relation between location and frequency by causing linear variations of
resonance frequencies using a spatial gradient of the static field B0 [54]. Earlier,
Gabillard [55] investigated one-dimensional distributions of the NMR signal, and
Damadian patented a device for detecting cancer by NMR after discovery that the
T1 s of cancerous tissues are longer than those of healthy tissue [56]. In 1979,
Hinshaw [57] demonstrated NMR imaging in biological systems. In 1977
Damadian [58] performed the first MRI scan of the human body, and Ernst (Nobel
Prize, in 1991), suggested the use of phase and frequency encoding and Fourier
transformation which are routinely used in MRI [59]. In 2003 Lauterbur and
Mansfield [60, 61] were awarded the Nobel Prize for their discoveries concerning
MRI.

In this last section we give an overview of the potential use of CNTs filled and
functionalized with metal complexes as contrast-enhancing agents for MRI of
biological systems. Below we report on fullerenes, single-walled CNTs, Fe-enri-
ched SWCNTs and MWCNTs as MRI contrast agents.

Fullerenes as MRI Contrast Agents

Fullerenes are molecules composed entirely of carbon, in the form of a hollow
sphere, ellipsoid, tube, or plane. Spherical fullerenes are also called buckyballs, and
cylindrical ones are called CNTs or buckytubes. Because of shape, structure and
properties it was speculated that fullerenes might be used to safely encapsu-
late and carry medically useful metals to different parts of the body where they could
then be used for diagnostic or therapeutic purposes. The use of fullerene molecules
as cages or carriers for diagnostic or therapeutic entities was first proposed by
Watson et al. [62]. In an MRI study by Sitharaman et al. [63] polycarboxylated
GdC60 derivatives were tested in vitro in mouse stromal cells and NIH 3T3 mouse
fibroblast cells. Similarly in vivo MRI scans with polycarboxylated gadofullerene
revealed that this gadofullerene acted as an effective MRI contrast-enhancing agent
with a biodistribution similar to Gd(III) based MRI contrast agents with weaker
reticuloendothelial system (RES) uptake [64]. Besides metal encapsulated fullerene-
based contrast agents, other NMR active isotopes such as 19F fluorinated fullerene, a
perfluorinated metallofullerene (C60F60), have also been proposed for MRI studies.
These contrast agents afford the possibility of conducting direct 19F MR imaging
studies [65]. However, owing to the increased tissue toxicity due to high fluorine and

Nuclear Magnetic Resonance Spectroscopy 141



metal concentrations, only a low concentration of the contrast agent can be used.
As a result, the sensitivity and signal strength represent a significant challenge for
applications in vivo. The solubility of C60F60 is also an impeding factor which
renders this agent impractical as an MRI contrast agent for use in vivo. In addition
these fullerene agents are still toxic which prevents the ultimate use in vivo but
efforts to render them non-toxic are ongoing.

MR Imaging of SWCNTs

Single-walled CNTs possess unique characteristics desirable for biomedical
applications, potential drug and contrast agent carrier systems. These nanocarriers
are natural successors for a, b and c cyclodextrins and dendrimers, which have
been widely investigated for their potential use as pharmaceutical carrier systems.
The similarity between a, b and c cyclodextrins and nanotubes lies in their internal
structure and inclusion techniques. CNTs are tubular objects with a high aspect
ratio and a diameter in the nanoscale range [66]. The length of SWCNTs ranges
from few nanometers to few hundred microns, but ultra-short nanotubes
(US tubes) (20–100 nm) are well suited for cellular uptake, biocompatibility, and
elimination from circulation. Additionally, the US-tube exterior surface provides a
versatile scaffold for attachment of solubilizing groups and targeting ligands,
while its interior space allows for encapsulation of atoms, ions, and even small
molecules (Fig. 11) [67, 68].

Sitharaman et al. [69] first reported the application of Gd3+-functionalized
CNT-based contrast agent in MRI imaging called a ‘‘gadonanotube’’. Their
research demonstrated the ability of US tubes to encapsulate smaller ions or
molecules within their framework by successfully loading and confining Gd3+ ion
clusters within US tubes. Relaxometry and magnetometry studies revealed that
these Gd3+ ultra small tube species are linear superparamagnetic molecular
magnets with MRI efficacies 40–90 times larger than any current Gd3+ based
contrast agent in clinical use. As such, gadonantubes, with their embedded 2–5 nm

Fig. 11 Different strategies associated with carbon nanotubes (CNTs) to be used as a carrier
system for various types of drugs and contrast agents
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super paramagnetic Gd3+ ion clusters, demonstrate potential as a completely new
strategy for the development of high performance MRI contrast agents. These
nanotubes could represent a versatile tool for engineering a safer and more
effective contrast agent. Moreover, targeting moieties can be added to specifically
direct the nanotubes to a certain type of cell and/or tumor tissues.

Another study, conducted by Hartman et al. [70] describes nanoscalar, super-
paramagnetic Gd3+ ion clusters confined within pH-sensitive surfactant-suspended
ultra-short (20–80 nm) single-walled CNTs. In that study, gadonanotubes have
also been shown to maintain their integrity when challenged ex vivo by phosphate-
buffered saline solution, serum, heat, and pH cycling. Furthermore, the synthesized
gadonanotubes possessed ultra sensitive pH-smart probes characteristics with their
r1/pH response. In fact, at the pH value of 7.4 or below, the r1 relaxivity of
gadonanotubes, 180 mM-1 s-1, is an order of magnitude greater than for any other
MR contrast agent. As shown in Fig. 12, to confirm its pH-dependent properties of
gadonanotubes, samples were divided into two parts, in which one part was
adjusted to a pH of 7.0 and a second to a pH of 7.4. A T1-weighted inversion-
recovery scan confirmed a large relaxivity difference between the two samples
(Fig. 12), which differed by a mere 0.4 pH units. The relaxivities from the images
were calculated to be 200 mM-1 s-1 (pH 7.0) and 98 mM-1 s-1 (pH 7.4) at 25�C.
This suggests that novel contrast agents composed of nanotubes might be excellent
candidates for the development of clinical agents for the early detection of cancer
where the extracellular pH of tumors can drop to pH = 7 or below. Unfortunately,
the in vivo application of these nanoparticles to any of the gynecological malig-
nancies is yet to be explored.

Al Faraj et al. [71] carried out a noninvasive follow up study to evaluate the
biodistribution and effect of nanotube deposition after exposure directly in vivo.
Combined helium-3 and proton magnetic resonance imaging (MRI) were used in a
rat model to evaluate the biodistribution and biological impact of raw single-wall

Fig. 12 An inversion-recov-
ery scan at a 150 ms time
slice of the gadonanotubes at
pH 7.0 (inset, left) and pH 7.4
(inset, right) at 1.5 T and
25 C; T1 = 110 ms at
pH = 7.0 and T1 = 219 ms
at pH = 7.4. The circles
around the inset slices are not
analyzed regions of interest,
but are present only to indi-
cate coordination with the
proper relaxivity fit [70]
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CNTs (raw-SWCNTs) and super purified SWCNTs (SP-SWCNTs). A gradient-
echo imaging sequence was used to evaluate the presence of SWCNTs in systemic
organs. Since most of the nanomaterials exhibit high uptake in RES, contrast-to-
noise ratios (CNRs) was measured in liver, spleen, and kidneys, and chosen as an
index of SWCNT deposition [71]. Within the liver, ROIs were drawn around
apparent vascular structures and these regions subtracted out of the map to retain
liver parenchyma only. ROIs encompassing the whole spleen and the two kidneys
were manually selected for signal measurement. Figure 13 shows the CNR values
were statistically identical over the 2 weeks of investigation in both raw- and SP-
SWCNT exposed animals. In the raw-SWCNT injected group, a two- to threefold
decrease of CNR (corresponding to proton NMR signal attenuation) in the spleen
and kidneys was observed up to 24 h after injection. This effect decreases grad-
ually with time, and CNR values become comparable to control groups 2 weeks
after instillation Susceptibility effects (decrease of proton signal intensity) were
measured as well in the animal group injected with raw-SWCNT. These findings
indicate that nanotube impurities can be used for the detection of CNTs in sys-
temic organs using standard proton MR techniques.

Major disadvantage of MRI is its inherent low sensitivity, which can only be
partially compensated by working at higher magnetic fields (4.7–14 T), acquiring
data for much longer time periods, and using exogenous contrast agents. Although

Fig. 13 a Graph showing CNR variation of control, instilled (averaged over the 2-week
investigation) and injected animals 6, 24 h, 1 week, and 2 weeks after raw-SWCNT injection in
spleen, liver, and kidneys. Asterisks indicate statistically different values from the control group
(p \ 0.05). b Proton MR images of an injected rat: (1) before, (2) 6 h after, and (3) 7 days after
injection showing signal variation in the spleen and kidneys. The superimposed signal intensity
color maps over kidneys and spleen indicate the MR signal intensity drops post injection [71]
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proof-of-principle studies have been reported for several targets [72], whether
molecular MRI can significantly improve patient management remains to be
elucidated in future studies. Currently, it is unclear whether Gd3+ containing
SWCNTs can be molecularly targeted and perform well in animal studies, which
needs to be demonstrated before any clinical applications can be in place.

MR Imaging of Fe-Enriched SWCNTs

Choi et al. [73] demonstrated for the first time the multifunctionality of func-
tionalized single-walled CNT/iron oxide nanoparticle complexes as dual magnetic
and fluorescent imaging agents. Figure 14 shows a MR image of macrophage cells
incubated with the Fe-enriched SWCNTs. The image (7.68 9 1.92 mm) is gen-
erated on a T2-weighted spin-echo multislice sequence (SEMS) with a pulse
repetition time (TR) of 1.2 s and an echo time (TE) of 10 ms. The macrophages are
specifically chosen because they are involved in the immune defense systems of
vertebrate animals by engulfing pathogens and can easily incorporate extraneous
particles via phagocytosis. The cells were incubated with the Fe-enriched sample
for a nanotube concentration of 10 mg l-1 of the cell medium. After 7 h incu-
bation, the exact amount of the nanostructures engulfed by the cells is unknown,
but the MR image clearly shows the cells as dark spots. Because the iron oxide
nanoparticles are T2 contrast agents, the nanoparticles enhance the negative image

Fig. 14 a Vertical MR image of murine macrophage cells with the Fe-enriched SWCNT sample.
A T2-weighted spin-echo multislice sequence is used with a pulse repetition time (TR) of 1.2 s and
an echo time (TE) of 10 ms. There are 256 pixels in the y axis and 64 pixels in the x axis. Each
pixel has 30 9 30 lm in plane and 250 lm in depth. b Transverse MR image of the initial,
Fe-enriched, and Fe-depleted nanotube samples in water (TR = 1 s, TE = 13 ms). A discrete
contrast is observed according to the concentration of the iron oxide nanoparticles [73]
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contrast. In the control experiments with the Fe-depleted samples and also without
any nanomaterials, no image contrast has been seen.

Choi et al. also imaged the cross-sections of capillary tubes containing the three
nanotube samples in pure water (Fig. 14b). This image was obtained based on a
T2-weighted SEMS with TR = 1 s and TE = 13 ms. There is a differences in the
image contrast: the dark, intermediate, and light-gray areas correspond to the Fe-
enriched, initial, and Fe-depleted samples, respectively [73]. Choi et al suggested
if the Fe-enriched SWCNT are suspended or further functionalized with mono-
clonal antibodies to target specific receptor sites, the complexes could be used as
targeted agents to provide molecular-level contrast and biosensing. Finally, the
potential exists for these complexes to achieve phototherapy and hyperthermia
effects in cells and tissue through NIR laser radiation and the high-speed rotation
of the nanomaterials upon application of an external magnetic field modulated at a
high frequency.

MR Imaging of MWCNTs

Richard et al. reported noncovalent functionalization of the outer surface of CNTs
by amphiphilic gadolinium Gd(III) chelates (GdL) and their effect on water proton
relaxation in vitro and in vivo. Figure 15 shows the MRI Images of MWCNTs/
GdL complexes with different weightings and concentrations. Figure 15a displays
a reference proton density image, where all MWCNT/GdL samples and water
reference sample have a high intensity signal.

In the T1-weighted image, the nanotube samples containing higher GdL con-
centration are in hypersignal compared to the water reference sample (Fig. 15b).
On the other hand, in the T2- and T2

*-weighted images (Fig. 15c, d, respectively)
the tubes with higher GdL concentrations appear in hyposignal, as predicted by the
T1 and T2 values previously measured. T2

* values were too small to be quantified
(suggesting a short value inferior to 5–10 ms). Clearly, the T2 and T2

* effects are

Fig. 15 MRI images of the MWCNT/GdL complex with different weightings and concentrations
measured at 300 MHz. a Rho-weighted SE TR/TE = 15 s/10 ms, b T1-weighted SE TR/IR/
TE = 15 s/1 s/10 ms with hypersignal for the Gd concentrated complex, c T2-weighted SE TR/
TE = 15 s/33 ms with hyposignal for the concentrated Gd complex, and d T2

*-weighted with
relative signal intensity as (c) GE TR/TE = 15 s/9 ms, FOV = 5 cm, final 256 9 256 matrix
resolution [74]
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predominant as compared to the T1 effect. A sufficient T1 contrast would require
considerably high GdL concentrations (here[0.1 mM in vitro). Consequently, T2

weighting was privileged for further in vivo experiments.
To evaluate the efficiency of this novel system for in vivo applications, Richard

et al. performed experiments by injecting 50 lL of the less concentrated suspen-
sion (MWCNT/L at L concentration of 0.05 mM) into the muscle of the leg of
anesthetized mice. As is clearly visible in Fig. 16, a negative contrast is easily
detected as a dark area (white arrow) at the site of injection. When 50 ll of a
solution of the lipid L alone (at identical concentration as above, but without
nanotubes) were injected, no contrast appeared (black arrow). Similar results were
obtained if a suspension of MWCNT/L was injected in the liver. These nanoma-
terials were well tolerated by the mice. No apparent side effects were observed and
100% survival of the animals was obtained after more than 1 month.

4 Conclusions

In this chapter we have given a review of the many NMR spectroscopic techniques
used to characterize and study the structure and properties of different types of raw
and functionalized CNTs. Although 13C is the nucleus of choice for identifying
CNTs, many other isotopes can be useful as well in specific investigations, Even
though pure CNTs lack protons, it has been shown, for example, that 1H NMR
spectroscopy is a powerful tool to investigate the molecular structures and par-
ticularly functionalization, of CNTs by solution-state, solid-state and HR-MAS–
NMR techniques. We have also reviewed different strategies associated with
CNTs to be used as a drug carrier and, filled and functionalized with metal
complexes, as MRI contrast agents. These systems hold the promise of over-
coming many hurdles typically encountered by contrast agents that can enable the
early detection of disease. In contrast, these CNTs are still toxic which prevents
their ultimate use in vivo but efforts to render them non-toxic are ongoing. Thus,
much more research is expected to be done in the field of NMR spectroscopy and
imaging of CNTs for biomedical applications.

Fig. 16 T2
*-weighted gradi-

ent-echo sequence. Coronal
in vivo MR image of mouse
legs after MWCNT/L injec-
tion (left leg, white arrow)
and lipid L injection (right
leg, black arrow) [74]
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Part III
Interaction with Biological Systems



Exploring Carbon Nanotubes and Their
Interaction with Cells Using Atomic Force
Microscopy

Constanze Lamprecht, Andreas Ebner, Ferry Kienberger
and Peter Hinterdorfer

Abstract At present, atomic force microscopy (AFM) offers a unique solution to
study biological specimens on the nanometer scale under near-physiological
conditions without the need for rigorous sample preparation, staining or labelling.
We expect new and significant biophysical insights into the delivery process and
transport mechanism of CNTs into cells employing AFM. Here we give an
overview for the application of AFM to characterize and assess CNT surface bio-
functionalization. Moreover, we show how topographic AFM imaging can be used
to study the binding of functionalized single walled carbon nanotubes (SWCNTs),
double walled carbon nanotubes (DWCNTs) and multi walled carbon nanotubes
(MWCNTs) to various relevant biological membranes, including nuclear mem-
branes and cell surfaces.

1 Introduction

Since its invention in the late 1980s [1], the atomic force microscope (AFM) has
evolved into a powerful research instrument to study most diverse specimens in
nearly every scientific field from material science to molecular biology. The main
application of AFM is imaging of surfaces on scales from micro- to nanometres
with the objective to visualize and properly characterize surface textures and
shapes. Today, the AFM has successfully complemented electron microscopy
(EM) studies of biological membranes and cells. Unlike EM, AFM yields three-
dimensional maps with an exceptionally good vertical resolution, and without the
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need for extensive sample preparation, staining or labelling. Not only is AFM
capable of resolving structures of native membranes in the sub-nanometre range
[2–4], most importantly, it allows the visualization of biological samples in buffers
that preserve their structure and function over an extended period of time. When
applied to living cells, new cellular surface structures and their physiological
functions have been identified [5–7]. In addition to high-resolution imaging, inter-
and intramolecular interactions can be studied directly at the molecular level. [8].
The capability of AFM to resolve nm-sized details, together with its force-
detection sensitivity, has led to the development of molecular recognition imaging
[9]. By combining topographical imaging with force measurements, receptor sites
are localized with nanometre accuracy. Topography and recognition of target
molecules are thereby simultaneously mapped.

Altogether, the AFM offers a versatile tool-box to study, investigate and char-
acterize multifunctional carbon nanotubes, and their interaction with biological
systems under physiological conditions. We expect new and significant bio-phys-
ical insights into transport mechanisms of multifunctional CNTs into cells by
employing the AFM. In the following an overview will be given for the application
of AFM to characterize and assess differently bio-functionalized CNTs in respect to
their surface coating, bundling and aggregation behaviour. Moreover, we present
some of the first AFM experiments towards an understanding of the internalisation
pathway of functionalized CNTs into cells [10]. In these studies AFM imaging has
been used to show binding of CNTs to various biological membranes.

2 Principles of Atomic Force Microscopy

In AFM imaging a micro cantilever with a very sharp tip at the end scans hori-
zontally line by line over a sample generating a topographic image of the surface.
Due to the interaction of the tip with the surface the cantilever is deflected. The
deflection is monitored by a laser which is focused on the very end of the canti-
lever and from there reflected into a four quadrant photodiode. The movement of
the laser spot on the photodiode causes an electric signal, which is used in a
feedback loop in order to keep the force exerted on the sample by the AFM tip
constant.

Within the feedback loop voltage is applied to a piezo electric scanner which
moves either the sample or the tip up and down by retracting or extending, thereby
controlling the distance between sample surface and AFM tip. The surface
topography is then reconstructed from the vertical movements of the piezo
(Fig. 1). Today, high precision piezo electric scanners allow for a sub-nanometre
resolution in z-axis.

According to experimental requirements, topographical imaging can be done in
various modes. In contact-force mode, the tip is always in physical contact with
the sample. The scanner traces the tip over the sample and the contact forces
cause the cantilever to bend upon changes in topography. With this technique
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high-resolution images of biological samples are easily achieved [11–13]. In
dynamic force microscopy (DFM) imaging, however, the AFM tip is oscillated
near its resonant frequency while it scans over the surface. Here, the tip touches
the sample surface only at the very end of its downward movement, which reduces
lateral forces acting on the sample. In DFM not the deflection but the amplitude
reduction upon intermittent tip–surface contact is held constant by the feedback-
loop. DFM imaging is of advantage when imaging soft biological samples like
native membranes and loosely attached specimen [14–16]. For application in bio-
sciences a major advantage of the AFM over other high-resolution microscopic
techniques is the possibility to operate in liquid [16, 17] without the need for a
rigorous sample preparation or labelling. Thus the AFM provides ideal conditions
for measurements under near physiological conditions [18].

3 Characterization of Functionalized CNTs Employing AFM

Topographical Imaging of Functionalized CNTs

Pristine CNTs are inherently hydrophobic and thus have a strong tendency to
aggregate (Fig. 2). Substantial van der Waals attractions among them make CNTs
practically insoluble in any kind of solvent. The ability to form a stable suspension
in aqueous media, however, is a fundamental prerequisite for potential biological
and biomedical applications. The strategies to disperse CNTs to form stable sus-
pensions can be divided into two main categories: covalent and non-covalent
functionalization of the outer CNT surface.

For the non-covalent dispersal method surfactant molecules like nucleic acids
[19–22], proteins and peptides [23–30] or polymers [31–37] are used to adsorb onto

Fig. 1 Schematic to illustrate the principles of atomic force microscopy. A sample is probed by
an ultra-sharp tip mounted on a cantilever, which scans laterally over the sample surface. A
reflected laser beam amplifies and reports deflections of the cantilever to a split photodiode. The
deflection signal is fed into a feedback loop that controls the piezo movement by which the tip is
lifted from or lowered to the surface in order to adjust tip sample interaction. A topographic
image of the sample is then reconstructed from the piezo-movement
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the CNT surface by means of hydrophobic interactions. Their hydrophilic parts
impart the water-solubility of the CNTs. The non-covalent dispersion procedures
usually involve ultrasonication, centrifugation and filtration to remove excess sur-
factant molecules. They are quick and easy, achieving debundling of CNTs, dis-
persion in water and increased biocompatibility in one step, and they do not alter the
surface composition of the CNT itself. Topographical imaging with the atomic force
microscope can be used to visualize the surface coating of individual DWCNTs by
biomolecules and to determine the degree of debundling and dispersion.

In a comparative study of several non-covalent approaches to non-covalently
functionalize DWCNTs, the ability of RNA, BSA and the polymer DSPE-PEG2000-
NH2, as well as a combination thereof, to coat the surface of purified DWCNTs was
investigated [38]. Height profiles along individual nanotubes indicated an increase in
the diameter of the respective DWCNTs depending on the surfactant used for
functionalization and revealed adsorption of single molecules onto the nanotubes
(Fig. 3).

That way, RNA could clearly be seen wrapping around the DWCNT (Fig. 3a).
The height of the RNA-wrapped DWCNTs ranged between 3 and 5 nm, indicating
that most tubes are likely to be wrapped with only a single strand of RNA
(diameter about 0.5–1 nm). For BSA coated DWCNTs (Fig. 3b) bright dot-like
structures were observed decorating the nanotubes densely along the entire length.
From the cross-section profiles along the tubes peak heights of 1–2 nm were
obtained, suggesting the adsorption of single Bovine serum albumin (BSA) mol-
ecules. In comparison, DSPE-PEG2000-NH2 appeared to wrap DWCNTs more
uniformly (Fig. 3c) adding about 1 nm to the DWCNT height. Finally, for the
BSA DSPE-PEG2000-NH2 bi-conjugated DWCNTs (Fig. 3d) BSA (dot-like
structures on the nanotube surface) was found not to cover the entire DWCNT.
Instead, also segments with uniform and soft appearing features were visible on the
DWCNTs suggesting the adsorption of DSPE-PEG2000-NH2 on the same DWCNT.

Fig. 2 Pristine carbon nanotubes are inherently hydrophobic. Thus, dry CNTs are practically
indispersible in any kind of solvent. For contact mode AFM imaging a small amount of dry
DWCNTs was dispersed in 1, 2-dichloroethane under strong sonication and deposited on mica.
Mostly big aggregates and bundles of DWCNTs are visible. The lengths of individual DWCNTs
vary between several 100 nm and a few lm with diameters ranging from 1.4 to 3.4 nm. As
bundles they form long ropes of more than 20 lm length and several 100 nm height. AFM
images: scale bar 2 lm

156 C. Lamprecht et al.



Topographical imaging showed well dispersed and separated CNTs after proper
functionalization. But it also clearly illustrated that the different coating methods
differ in their abilities to successfully debundle and disperse CNTs, as can be seen
in the overview scans in Fig. 3. The functionalization with BSA alone resulted
mainly in smaller bundles instead of well isolated individual DWCNTs. In com-
parison, the use of DSPE-PEG2000-NH2 yielded a higher degree of debundling.
The combination of protein and polymer produced a stable suspension of mostly
individual functionalized DWCNTs and thus proved most efficient for dispersion
of purified DWCNTs.

When preparing carbon nanotubes for Covalent functionalisation of CNTs of
molecules, reactive binding sites are required, which are not present on pristine
carbon nanotubes. Reactive groups are usually generated on the CNT surface by a
rigorous treatment with chemicals, which alter the surface composition and
destroy the regular carbon network [39–46]. A popular method to create binding
sites, primarily in the form of carboxylic groups, is the treatment with a mixture of
concentrated nitric acid (HNO3) and sulphuric acid (H2SO4). This process addi-
tionally renders the nanotubes dispersible in water. Several studies have shown

Fig. 3 Topographical AFM images and height-profiles of biomolecule conjugated CNTs. Dis-
persion of CNTs in aqueous media is a fundamental prerequisite for potential biomedical
applications. A common strategy to disperse CNTs in water is the non-covalent coating with
surfactant molecules like nucleic acids (a) protein (b) or synthetic polymer (c). The dispersion
procedures usually involve ultrasonication, ultra-centrifugation and filtration. Debundling, dis-
persion in water and biocompatibility can be achieved in one step. a DWCNTs wrapped with
yeast-RNA. b BSA-coated DWCNTs. c DWCNTs coated with the bio-polymer DSPE-PEG2000-
NH2. d DWCNT conjugated to BSA and DSPE-PEG2000-NH2
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that acid oxidation of carbon nanotubes creates molecular debris, which covers the
surface of oxidised CNTs [46–48]. This debris is known to consist of partially
oxidised polyaromatic fragments and can be removed from the CNT surface by
washing with an aqueous base [49].

A recent study [50] shows that the presence of molecular debris significantly
changes the dispersibility qualities of different types of oxidised SWCNTs,
DWCNTs and MWCNTs. The oxidised CNT samples and corresponding reference
(unoxidised) samples were washed with sodium hydroxide (NaOH) and were
characterized by spectroscopic and microscopic techniques including topographic
AFM imaging (Fig. 4). From the AFM images it could be observed that after
oxidation all CNTs were well dispersed in water, but the tubes were completely
decorated with globular fragments. In contrast, the amount of debris on the CNT
sidewall was much lower after extensive washing with NaOH-solution, though
increased sedimentation of NaOH-washed oxidized CNTs in aqueous suspensions
was observed. In fact, highly oxidised debris acts as a surfactant and improves the
aqueous dispersion of CNTs. Hence, after removal of this debris the stability of
oxidized CNTs in water can be reduced.

In summary, topographical AFM imaging has proven to be an indispensable
technique as a fast and direct method to assess and characterize functionalized
CNTs. Not only CNT dispersions can be studied but more importantly structural
and surface properties of functionalized CNTs can be visualized with sub-nano-
metre resolution.

Fig. 4 Exohedral functionalization of SWCNTs (a, d), DWCNTs (b, e) and MWCNTs (c, f) by
acid treatment (surface oxidation). Acid oxidation creates molecular debris, which covers the
CNT surface (a–c). The debris is known to consist of partially oxidised polyaromatic fragments
and can be removed by washing with an aqueous base (here sodium hydroxide—NaOH) (d–f).
AFM images were aquired by contact mode imaging in air at a scan rate of 2 lines/s with a very
soft cantilever (spring constant k = 0.03 N/m), all scale bars 1 lm
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Addressing the Bio-Functionalization of CNTs

With the aim to create multifunctional entities for medical applications which
specifically target or sense cognate receptors, CNTs are conjugated (non-cova-
lently or covalently) to a wide range of bio-molecules [51, 52]. Analytical tech-
niques to determine molecular recognition comprise immunological assays (e.g.
ELISA) and spectroscopic methods as well as electrophoresis techniques (gels,
blots). These common methods are ensemble-averaging techniques which do not
give insight into the ability of an individual functionalized CNT to recognize or
bind to a target molecule or receptor. The atomic force microscope offers an
alternative analytical tool to visualize and determine molecular recognition on a
single molecule level.

The avidin–biotin complex is often regarded as the prototype of a receptor
ligand pair, due to its enormously high affinity (KD = 10-13 M) and long bond
lifetime (s (0) = 80 days) [53]. Thus biotin functionalized CNTs, which specifi-
cally bind avidin and streptavidin, were used to demonstrate the possible appli-
cations of the AFM to study CNT surface functionalization.

Figure 5a shows topographical images of DWCNTs non-covalently functional-
ized with biotinylated BSA (biotin-BSA DWCNTs), which were exposed to a
solution of streptavidin. The corresponding height profile analysis for individual
nanotubes showed a peak height of 3–4 nm above the DWCNT baseline while iotin-
BSA DWCNTs without streptavidin have a peak height of 1–2 nm, only (Fig. 3c).

Fig. 5 Non-covalently functionalized CNTs for specific binding of molecules. The bio-mole-
cules, conjugated to the CNT surface, mostly retain their properties and hence can be used to
specifically recognize and bind cognate ligands. a Topographic AFM image and corresponding
profile of biotin-BSA functionalized CNTs after specific binding of streptavidin to biotin-BSA, as
obtained by contact mode imaging in air. b Specific immobilization of biotin-BSA-functionalized
DWCNTs to a dense layer of avidin on mica. The image was captured while operating in buffer
solution. Insets: a rectangular hole was scratched into the avidin layer to expose bare mica. From
the cross-section profile the layer height was determined to be *1.5 nm
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The strong and specific interaction of biotin and avidin has also been suc-
cessfully applied for a tight immobilization of CNTs to a support to enable
imaging of CNTs under physiological conditions, i.e. in buffer solution, without
any tip-induced displacement [10, 38]. A dense layer of avidin molecules was
prepared and subsequently incubated with biotin- BSA CNTs. The sample was
rigorously washed to remove loosely bound CNTs. Topographic images (Fig. 5b)
showed that the CNTs were entirely covered by bright dots representing biotin-
BSA adsorbed to the nanotubes.

4 Visualization of CNT on Biological Membranes with
the AFM

CNT on a Nuclear Membrane

Due to their nano-sized dimensions CNTs have the potential to access into various
cellular compartments including the nucleus. Only recently Porter et al. [54]
provided direct evidence that SWCNT translocated across the nuclear membrane
and could be found in the nucleus. Thus CNTs are promising candidates to deliver
bioactive molecules (such as DNA or siRNA) which exert their therapeutic action
only inside the nucleus. Since the transport of biomolecules, such as regulatory
proteins, rRNA, or mRNA into the nucleus is governed by the nuclear pore
complexes (NPC) [55], it is of particular interest to visualize binding of individual
CNTs to these NPCs.

Figure 6a shows topographic AFM images of the cytoplasmic side of the
nuclear membrane spanned with a special preparation method [56] on a glass slide.
In a zoom-in the typical ring structures of the NPC embedded in the nuclear
membrane is visible with the inner diameter of about 40 nm and a typical outer
diameter of 120 nm. Figure 6b shows the nuclear membrane with tightly packed
NPC and a net of individual RNA coated DWCNTs and smaller bundles on top.
The average roughness of the underlying NPC area was 4–5 nm, while the height
of individual DWCNTs ranged from 2 to 4 nm and the height of bundles from 6 to
15 nm. Here the visualization of single DWCNTs on the nuclear membrane was
achieved while, at the same time, resolving individual nuclear pore complexes at
high resolution. The images demonstrate the potential of the AFM to monitor the
transport of individual CNTs through single nuclear pore complexes with high
lateral resolution.

CNT on Cells

Understanding the internalization pathway of multifunctional CNTs into living
cells is crucial for future clinical utilization. Several groups have studied the
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uptake of biofunctional CNTs in order to elucidate the uptake route and the
transport mechanism inside mammalian cells [19, 21, 57–62]. Experiments
addressing CNT uptake usually make use of fluorescent labelling of carbon
nanotubes and subsequent detection of the dyes by means of fluorescence
microscopy. Label-free observation of SWCNT bundles, internalized inside cells,
has been achieved by energy-filtered transmission electron microscopy (TEM) in
combination with electron energy loss (EEL) spectrum imaging on sliced cell
sections [54]. In comparison to this technique, the AFM has the advantage of
combining nanometre resolution with the ability to operate in liquid media without
the need for extensive sample preparation. With the AFM, measurements can be

Fig. 6 RNA coated carbon nanotubes on a nuclear membrane. a The nuclear envelope of the cell
nucleus is perforated by nuclear pore complexes (NPCs). The image shows the cytoplasmic side
of the nuclear envelope of a Xenopus laevis oocyte with a high density of NPCs. The inner
diameter of an NPC is about 40 nm, the outer diameter is about 150 nm. b RNA-coated
DWCNTs on nuclear membrane as observed in contact mode imaging in air. A 2 ll droplet of an
aqueous suspension of RNA-coated DWCNTs (*0.01 mg/ml) was placed on a preparation of
nuclear envelope. The medium-scale image and the zoom-in show a dense net of DWCNTs on
closely packed NPCs
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performed on live cells under near physiological conditions revealing details and
substructures of native cellular surfaces (Fig. 7).

Figure 8 shows topographic images of HeLa cells after incubation with RNA-
coated SWCNTs over a period of 3 h. To inhibit further uptake and/or release of
RNA-SWCNTs the cells were fixed prior to AFM imaging. Individual SWCNTs
were found lying in close proximity to the cell border and even partially extending
onto the cell surface. However, imaging directly on the cell surface, no RNA–
SWCNTs were observed.

Imaging small diameter CNTs on a soft (and rough) cell surfaces is a particular
challenge. Using flat cells, which exhibit a low surface roughness and form
widespread flat regions can be advantageous. ECV cells, a derivative of human
urinary bladder carcinoma cells, grow in culture as an adherent monolayer. AFM
imaging showed that typical sizes of ECV cells range between 50 and 80 lm. The

Fig. 7 AFM imaging of live ECV cells. a Camera snapshot of AFM cantilevers scanning over a
cell sample. b AFM deflection image of an overview scan showing two live ECV cells. The
dashed lines mark the high areas where the nucleus and most organelles of a cell are located.
Typical ECV cells have a size of 50–80 lm. The nucleus region has a height of *3 lm, as
indicated in the height profile (c) while the cytoplasmic area around the nucleus area is rather flat
with a roughness of less than 100 nm. The fine lines drawn through the cell are the cytoskeleton
which stabilizes the cell and gives its shape. It consists of microtubules (*25 nm), intermediate
filaments (8–11 nm) and actin filaments (*7 nm). d Zoom-in on a flat region of the cell, where
the most prominent features are the microtubules of the cytoskeleton under the cell surface
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nuclear region has a height of about 3 lm while the surrounding cytoplasmic area
is rather flat, with an overall surface roughness of less than 50 nm (Fig. 7b, d).

The ECV cells presented in Fig. 8b were exposed to RNA-coated MWCNTs
after fixation. Following CNT exposure the cells were washed and left for drying
before imaging the sample in air. Gradually zooming-in on the cell border revealed
individual MWCNTs (white arrows) on the dry cell surface, on the cell border and
next to the cell on the underlying glass slide.

AFM images of ECV cells incubated with BSA–DWCNTs are shown in Fig. 9.
The images were acquired with contact mode AFM under near physiological
conditions in buffer solution. Larger bundles of CNTs with heights of 30–80 nm
were observed on the cell surfaces. Some CNT bundles even appeared to be
sticking in the cell surface suggesting possible internalization into the cell.
Beneath the CNT bundles also cellular substructures like filaments from the
cytoskeleton were visible (Fig. 9b, c). The cytoskeleton consists of microtubules
(*25 nm diameter), intermediate filaments (roughly 10 nm) and actin filaments
(*10 nm). In comparison, the size of individual SWCNTs and DWCNTs ranges
between 1–3 and 2–4 nm, respectively (without bio-functionalization). Accord-
ingly, it is difficult to discriminate unequivocally individual SWCNTs/DWCNTs
from cellular filaments.

Fig. 8 Topographic AFM images of dry cells after incubation with RNA wrapped CNTs. In
contrast to a flat support like mica, native biological membranes and especially cells are rarely
homogeneously structured and exhibit a high surface roughness. Resolving individual CNTs even
on dry cells is a particular challenge. a HeLa cells were incubated with RNA-SWCNTs for 3 h
and dried after fixation with paraformaldehyde. Stepwise zooming-in on the border of a cell
reveals a network of tangled SWCNTs. (Images taken from [10]) b ECV cells were exposed to
RNA-coated MWCNTs after fixation and subsequently dried. MWCNTs can be seen as fine lines
on the cell surface and next to the cell on the underlying glass slide
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The results of the experiments described seem to indicate limitations for the
AFM to study binding of individual carbon nanotubes to the cell surface and
furthermore their CNT uptake into the cell under physiological conditions.
However, complementary techniques, namely the combination of fluorescence
microscopy and AFM imaging [63] and simultaneous topographical and recog-
nition imaging (TREC) [64, 65] with a ligand functionalized AFM tip, could
facilitate the localization of functionalized carbon nanotubes on the cell surface
and enable time resolved uptake studies.

5 Summary and Outlook

In this chapter we have introduced the atomic force microscope as a versatile
instrument to study carbon nanotubes and their interaction with biological systems.
We presented in detail the technique of topographic imaging to visualize and
investigate bio-functionalized CNTs alone and in contact with biological
membranes.

Fig. 9 AFM images of fixed cells after exposure to BSA conjugated DWCNTs, captured with
contact mode under buffer conditions. Corresponding cross-section profiles indicate the size of
observed DWCNT bundles. a–c Topographic images of ECV cells which were exposed to BSA–
DWCNTs after fixation. A large DWCNT bundle of 80 nm in height (cross section in c) is visible
lying across the cell. The filamentous structures beneath the bundle show the interlaced network
of the cell cytoskeleton. e–g Cantilever deflection images of two ECV cells, which were incu-
bated with BSA–DWCNT over a period of 3 h prior to fixation. Cell nuclei are marked with black
dashed line, and cell–cell contact regions are marked by a dotted line. Subsequent zooming-in on
the contact region revealed DWCNT bundles of *70 nm sticking in the cell surfaces. (Images
taken from [10])
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We first showed how to determine and assess the effect of different non-
covalent and covalent functionalization methods on the surface structure of
individual CNTs and their bundling and aggregation behaviour. Subsequently,
Biotin-BSA-functionalized DWCNTs were shown to specifically bind streptavidin.
Moreover the tight immobilization of biotin-BSA DWCNTs to a dense layer of
mica-bound avidin presents a method for high-resolution topographical imaging of
bio-functionalized DWCNT in buffer solution. In the future the new and emerging
technique of simultaneous topographical and recognition imaging (TREC) could
be used to directly visualize functional groups on the sidewall of an individual
CNT.

Next we focussed on the application of AFM imaging to study binding of
functionalized CNTs to relevant biological membranes. We presented high-reso-
lution topographical images of CNTs bound to the nuclear membrane. Individual
CNTs could be resolved demonstrating the potential of the AFM to monitor the
transport of individual CNTs through single nuclear pore complexes with high
lateral resolution.

We then showed topographical images of CNTs bound to cell surfaces. The
images were obtained first under dry conditions and second in a near physio-
logical environment in buffer solution, thus illustrating a key advantage of the
AFM with its ability to operate in liquid media without the need for extensive
sample preparation. Yet, the detection and resolution of individual CNTs on a
nanometre scale on cells in buffer seemed to be impaired by the softness of the
cells. Here, complementary techniques, such as the combination of fluorescence
microscopy and AFM imaging or the simultaneous topographical and recognition
imaging (TREC) with a ligand functionalized AFM tip, may turn out to be
promising for localization of functionalized CNTs on the cell surface. In addi-
tion, more insight into the binding event itself between functionalized CNTs and
cell receptors could be gained by employing the method of AFM force
spectroscopy.

In summary, the AFM represents an indispensable tool to properly characterize
CNTs and explore their interaction with biological systems under physiological
conditions. Topographical imaging has already yielded new and interesting results
in that matter and additional AFM techniques like force spectroscopy and TREC
are promising methods to gain further knowledge about CNT functionalization and
CNT-cell interaction.
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Uptake, Intracellular Localization
and Biodistribution of Carbon Nanotubes

V. Neves, H. M. Coley, J. McFadden and S. R. P. Silva

Abstract Carbon nanotubes (CNTs) exhibit unique size, shape and physical
properties, which make them promising candidates for biomedical applications. In
particular, carbon nanotubes have been intensively studied for conjugation with
pre-existing therapeutic agents for more effective targeting, as a result of their
ability to cross cell membranes. However, to utilise them effectively in biological
systems it is extremely important to understand how they behave at the cellular
level and their distribution in vivo. Additionally, in order to consider carbon
nanotubes as candidate delivery systems of therapeutic agents it is important to
ascertain their fate in vivo, but also take into account many factors, such as
solubility, stability and clearance. Issues surrounding their short term and long
term safety are currently the subject of toxicology testing. Herein, we propose to
summarize the main findings on the uptake, trafficking and biodistribution of
carbon nanotubes, with special focus on functionalized carbon nanotubes for
delivery of therapeutic agents.

1 General Considerations on Uptake and Distribution
of Nanoparticles

The clinical administration of therapeutic agents has been limited by multiple
factors such as low solubility, stability and rapid clearance. With the goal of
improving the bioavailability and reducing side effects, the approach of conju-
gating pharmacological agents with nanoparticles has met with great interest from
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the medical research community [1–3]. There are many examples of nanoparticles
being used in current clinical practice and also at various stages of clinical
development [4–6]; these complexed agents show improved pharmacological and
toxicological properties versus the parent non-complexed counterparts. The cir-
culating half-life of the drug complex, maximal tolerated dose (MTD), and target
selectivity are the most important factors culminating in a high therapeutic index.
The therapeutic load is typically conjugated to the surface of nanoparticles, or
encapsulated and protected inside the core. The nanoparticle can also be designed
to provide either controlled or triggered release of the therapeutic molecule [7].
The particle surface can then functionalized by various methods with the objective
of increasing the circulating half-life, and by reducing nonspecific distribution in
some cases by targeting tissue with specific cell surface antigens with a targeting
ligand (peptide, aptamer, antibody, small molecule). Surface functionalization can
address the major limiting factor of long-circulating nanoparticles, notably protein
absorption. Proteins adsorbed on the surface of the nanoparticle promote opsoni-
zation, leading to aggregation with subsequent rapid clearance from the blood-
stream [8–10]. The resultant rapid clearance is due to phagocytosis by the
mononuclear phagocyte system (MPS) in conjunction with the liver and
spleen filtration network. Typically, the majority of opsonized particles are
cleared by a receptor-mediated mechanism within minutes due to the high con-
centration of phagocytic cells in the liver and spleen or alternatively they may be
excreted [9].

Numerous biological barriers exist to protect the human body from invasion by
foreign particles. The biodistribution of any nanoparticle is primarily ruled by their
ability to transverse biological barriers [11]. These barriers include: the reticulo-
endothelial system (RES), endothelial/epithelial membranes, complex networks of
blood vessels, abnormal flow of blood and interstitial gradients. Endothelia
composing the blood vessels have been classified as continuous, fenestrated, or
discontinuous, depending on the morphological features and organ location.
Continuous endothelium morphology appears in arteries, vessels [12], and the
lungs [13]. In contrast, fenestrated endothelium appears in glands [14], digestive
mucosa, and kidney (wherein fenestrae form pores of approximately 60 nm).
Discontinuous endothelium is a characteristic of the liver (fenestrae of
50–100 nm) [15]. Endothelial cells from the blood vessels are able to respond to
the physiological environment, resulting in angiogenic activity. Angiogenesis
pertaining to tumour biology has been well characterized in many studies. During
tumor growth, angiogenesis results in defective hypervasculature and a deficient
lymphatic drainage system, which explains the concept of passive targeting of
nanoparticles to tumors through the ‘‘enhanced permeability and retention’’ (EPR)
effect [16, 17]. The EPR is a unique tumour-related feature, which allows mac-
romolecules or nanoparticles (cutoff size of[400 nm) to preferentially accumulate
and diffuse within tumor tissues [18].

Additionally, boundaries exist at a cellular level, for example, the cell mem-
brane and the different organelles inside the cell, in particular the nuclear envelope
and endosomes [19]. For example, if internalization of nanoparticles is via
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receptor-mediated endocytosis, it is usually through the endosome/lysosome
pathway and can lead to the therapeutic agent to be trapped in the organelle or be
degraded.

More recently, carbon nanotubes have been considered for biomedical appli-
cations and a number of groups are currently involved in elucidating their uptake
and biodistribution.

2 Uptake and Intracellular Localization of Carbon Nanotubes

Pantarotto and colleagues published the first evidence that carbon nanotubes
translocate across cell membranes [20]. In that particular study, water-soluble,
amino-functionalized single walled carbon nanotubes ( SWCNTs) were conju-
gated to a fluorescent dye via either a short organic linker or a peptide. When
incubated with fibroblasts (Human 3T6 and murine 3T3) both conjugates were
internalized but the peptide- SWCNTs were found to accumulate in the nucleus,
whereas the directly labeled SWCNTs were solely confined to the cytoplasm. The
uptake mechanism described was shown to be endocytosis-independent given that
internalization was unaffected by temperature or presence of endocytosis inhibi-
tors. Thus, it was proposed that carbon nanotubes behave like cell penetrating
peptides (CPPs) and related synthetic oligomers [20]. Following this study, uptake
of carbon nanotubes was also demonstrated by means of gene expression [21], for
the use of CNTs for gene delivery. The interaction of SWCNTs with HeLa cells
(human cervical cancer) was reported using transmission electron microscopy
(TEM) with evidence of nanotubes crossing the plasma membrane barrier. A
mechanism whereby carbon nanotubes pass through the cell membrane as
‘‘nanoneedles’’ without loss of cell viability, was proposed [21]. The hypothesis
was put forward that the cationic functional groups bind the nanotubes to the cell
membrane and this facilitates a spontaneous insertion mechanism allowing them to
pass through the biomembrane. Additionally, it was demonstrated that various
types of functionalized carbon nanotubes can be taken up by a wide range of cells,
some of which were deficient in phagocytotic function (i.e. fibroblasts) or lacked
the capacity to undergo endocytosis (e.g. fungi, yeast and bacteria) [22]. Hence the
term ‘‘nanosyringe’’, was adopted to describe these properties and this was further
explored by Lopez et al. They proposed a model whereby nanotubes interact with
lipid bilayers via a diffusion process directly through the biomembrane. The
mechanism involves a two-step process in which the nanotubes are first associated
onto the membrane surface and then reoriented to adopt a transmembrane con-
figuration [23].

As an alternative to the ‘‘nanoneedles’’ mechanism, Kam et al. subsequently
reported uptake of SWCNT and SWCNT-streptavidin by human promyelocytic
leukemia (HL60) and human T cells (Jurkat) via an endocytic pathway. In that
study, not only is it shown that carbon nanotubes are taken up by cells but they can
also carry large cargos such as streptavidin (MW & 60 kDa) [24]. To elucidate
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the mechanism of entry of carbon nanotubes into cells, a membrane/endosome
marker FM 4-64, and reduced temperature were used. By adding both endosome
marker and nanotube conjugates co-localization was observed which provided
direct evidence for the endocytotic uptake. A later study from the same group
further demonstrated uptake of carbon nanotubes conjugated with different labeled
proteins: streptavidin, protein A, bovine serum albumin and cytochrome c in
various adherent and suspension cell line cultures. Data obtained were in support
of an endocytic pathway, showing co-localization of nanotubes with an endosomal
marker but absence of nuclear localisation [25]. To investigate the release of
nanotubes by the endosomes they added chloroquine to cell medium during
incubation of cells with protein- SWCNT conjugates. Chloroquine is a membrane
permeable base capable of localizing inside endosomes, increasing pH giving rise
to endosomal rupture. With chloroquine addition it was shown that the intracel-
lular fluorescence signal was more diffuse and uniform as opposed to a more
punctate staining pattern. To assess the role of Clathrin coated vesicles, further
experiments were carried out in the presence of sucrose and potassium-depleted
medium, which revealed a significantly reduced level of CNT uptake [26]. The
study also demonstrated that the nanotubes were not internalized via the caveolae
or lipid-raft pathway. Moreover, using filipin and nystatin treatment, known to
perturb the cholesterol distribution on the cell membrane had no influence on
uptake of carbon nanotubes. In conclusion, SWCNT, complexed with proteins and
nucleic acids, penetrate cell membranes following a Clathrin-dependent endocy-
totic process.

In the approaches described before carbon nanotube uptake was studied by
visualizing internalization by covalently linkage of a visible-wavelength fluoro-
phore. Caution should be exercised when considering this approach with respect to
parameters such as: chemical linkage which resist enzymatic cleavage, the emis-
sion from the visible-wavelength fluorophore which must be detected above
background endogenous fluorescence. Further, the chemical processing of nano-
particles may dramatically change their biological fate. Cherukuri et al. [27]
presented a technique that permits the observation of pristine, hydrophobic
SWCNTs in biological media by near-infrared (NIR) fluorescence. Carbon
nanotubes present a unique NIR intrinsic fluorescence making them advantageous
for use in biological systems as there is minimal background autofluorescence
from cells, tissues, and other biological molecules in this spectral range. Fur-
thermore, biological tissues facilitate high transmission penetration of NIR light
(near *1 lm) for detection within an organism or under the surface of tissues
[28]. Using this technique mouse macrophage-like cells can be seen to actively
engulf significant quantities of SWCNT, with an average ingestion rate of
approximately one nanotube per second per cell. They also revealed that incu-
bating cells at a reduced temperature of 27�C caused a reduction of uptake of
nanotubes of 60% compared with incubation at 37�C, suggesting an active
ingestion of the nanotubes [27]. Another uptake study involving spectroscopic
measurement of DNA-wrapped carbon nanotubes indicated a length-selective
uptake of nanotubes. The assay determined an approximate uptake threshold of
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approximately 189(±17) nm. After 16 h incubation 32% of nanotubes remained in
solution, suggesting that only a proportion of nanotubes available may be ingested
[29]. Heller et al. used a combined approach of NIR and Raman spectroscopy for
assessment of cellular uptake [30]. Raman spectroscopy is a general, rapid
(*1 min per spectrum) non-destructive technique that operates at standard room
temperature (*300 K) and pressure conditions, and uses readily available Raman
characterization instrumentation [31]. Due to electronic structure and diameter of
carbon nanotubes strong resonance-enhanced Raman bands are produced at
150–300, *1,350, 1,590–1,600, and *2,600 cm-1 away from the excitation
wavelength [32]. The first, termed the Raman: Radial breathing modes (RBMs),
are caused by uniaxial vibrations and depend linearly on the nanotube diameter;
then the tangential mode (or G band), which is caused by stretching along the C–C
bonds of graphene [32–34]; the *1,350 cm-1 for the disorder-induced D band,
and at *2,900 cm-1 for its second-order harmonic, the G0 band [32]. After
incubation, of Murine myoblast stem cell and 3T3 fibroblast cells, with DNA-
wrapped SWCNT, persistent Raman scattering and a parallel marked decrease in
intensity in fluorescence (relative to Raman was observed) due to internalisation of
nanotubes. The deposition of the nanotubes could be determined up to 3 months in
culture. Raman signal of cells incubated with DNA– SWCNT left in culture for
48 h and 8 days showed that the nanotubes concentrated near, but outside, the
nuclei of cells. This perinuclear accumulation of nanotubes was confirmed by
TEM where it is shown that carbon nanotubes formed uniaxial, ordered bundles
inside vesicles located near the nucleus, but not within the nuclear envelope. In
view of these observations it was suggested that there was an endocytic transport
mechanism for DNA– SWCNT aggregates. Interestingly, it was also reported that
aggregates remained in cells during repeated cell divisions [30]. By use of Raman
spectroscopic measurement of, carbon nanotube uptake was also analysed in
SWCNT dispersed in media containing fetal bovine serum or a peptide (nano-1),
demonstrated this to be a time- and temperature-dependent process [35]. Mea-
surements of the G band in different regions within the cell were performed
showing that it was detected in both the cytoplasm and nucleus. However, it was
suggested that the localisation was more realistically associated with carbon
nanotubes at the perinuclear region and/or in the cytoplasm immediately above or
below the nucleus. It was proposed that the intensity of the G band produced was
due to an active uptake of CNTs, as incubation at 4�C resulted in a 98% decrease
in intensity [35]. Yehia et al. conducted a similar study with time-dependent
uptake studied using Raman spectroscopy in conjunction with TEM to examine
intracellular distribution. They reported that CNTs were not associated with
mitochondria, Golgi bodies or the nucleus, but they accumulated in cytoplasmatic
vacuoles [36].

Another label-free approach for visualizing CNT uptake is by AFM. Lamprecht
et al. demonstrated that AFM could be used to visualize non-covalently func-
tionalized single walled ( SWCNT) and double walled carbon nanotubes (DWNT)
immobilized on different biological membranes, such as plasma membranes and
nuclear envelopes, as well as on a monolayer of avidin molecules [37].
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Jin and co-workers [38] reported the first evidence of exocytosis; by single
particle tracking (SPT) they demonstrated that the rate of exocytosis closely
matches that for endocytosis. NIH-3T3 fibroblast cells were exposed to DNA–
SWCNTs for approximately 16 min, followed by media perfusion for a period of
approximately 2 h. Endocytosis took place throughout the duration of the exper-
iment at a slow rate, with uptake of CNT aggregates occurring as a later event. It
has been suggested that the DNA– SWCNT could be recycled back to the
membrane together with its receptors. The endocytotic rate is highest initially, and
the exocytosis rate closely matched with a negligible temporal offset (Fig. 1).
Given that Au nanoparticles of diameters from 14 to 100 nm undergo exocytosis—
according to a size associated linear relationship, with the larger particles being
less likely to be exocytosed [39]. Those data were in agreement with the previ-
ously reported agglomeration observed within cell (as above). However it should
be noted that the accumulation observed represented a small fraction of SWCNT
processed by the cell, as illustrated in Fig. 1. The basis for the endocytotic
mechanism is explained by adsorption of proteins from the media to the surface of
functionalized SWCNT, confirmed by electrophoretic mobility and zeta potentials
of DNA– SWCNT in water and in media [38]. Additionally, the same group has
recently published a study on size-dependent uptake and expulsion of SWCNT
using the same methodology (SPT) [40]. This study comprises a mathematical
model for size dependent uptake and shows that for SWCNT a optimal endocytosis
rate occurs around 25 nm [40].

Neves et al. also describe expulsion of carbon nanotubes, in a study of uptake
and release of RNA-wrapped oxidized DWNT in PC3 cells. The data not only
illustrate, by Raman mapping, the distribution of RBM band inside the cells due to
the internalization of CNTs (Fig. 2), but also provide evidence that nanotubes are
not simply located at the cell surface. This evidence is provided by experiments
performed on whole cell lysate preparations at different time points from 30 min to
24 h. CNT uptake and CNT release occurred within 24 h with no significant
changes on cellular structures or a loss in cell viability. The highest intensity
occurred at 3 h with a peak of 50% of cells with internalized CNTs. Cells grad-
ually released CNTs, with a marked fourfold decrease in cellular accumulation

Fig. 1 A comparison of net
internalisation (endocytosis)
and exocytosis rates (#/s) and
net accumulation (#/cell) over
time by single particle
tracking. This results in
NIH3T3 fibroblast cells,
shows that the data imply that
endocytosis and exocytosis
rates for DNA– SWCNT are
closely regulated
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seen, after 12 h incubation. At 24 h the intensity associated with the presence of
carbon nanotubes was negligible. These findings were supportive of the use of
CNTs as non-toxic carriers of pharmaceutical agents for use in many biomedical
settings, such as cancer therapy. Moreover, it was established that protein and
DNA was being synthesized and that no induced stress was evident after exposure
to CNTs. Stress response was evaluated by means of activation of mitogen-acti-
vated protein kinase (MAPK) revealing that cells exposed to carbon nanotubes do
not present a significant increase in its phosphorylated form (phospho-MAPK).

Intracellular trafficking of CNTs was firstly described by Lacerda et al. [41].
The previously described ‘‘nanoneedle’’ carbon nanotubes ( SWCNT-NH3+),

Fig. 2 Time-dependent uptake and release of RNA-wrapped, oxidized double walled carbon
nanotubes (oxDWNT-RNA) by Raman in intact PC3 cells (a) and in PC3 cell lysates (b) with no
induced stress response (c). a Single cell mapping of whole PC cell showing the distribution of
nanotubes inside the cells at different time points, from 0.5 to 24 h. b Raman intensity of PC3 cell
lysates at the various time points, G band intensity exhibits a maximum at 3 h with a consequent
decrease with the release of nanotubes. c MAPK (Erk2) and phosphorylated MAPK (Erk 1/2)
expression on cells exposed to carbon nanotubes
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which contain a luminescence signal due to the functionalization method, were
incubated with A549 cells (human lung carcinoma) and free cellular stainings. The
results demonstrated that uptake of nanotubes leads to perinuclear accumulation
with no effect on cell viability. As this set of experiments was not performed under
standard tissue culture conditions (absence of serum), which was different from the
experimental conditions used in the exocytosis experiments this could explain the
effects seen on intracellular accumulation [41].

In summary, progress has been made towards our understanding of how nano-
tubes interact with cell. However, it is important to note, that besides different
mechanisms of uptake described, there are many variations on experimental design
and methodologies used,—such as functionalization of the material, concentration etc.

3 Biodistribution of Carbon Nanotubes

Elucidating the pharmacological profiles of in vivo administered CNTs, is very
important when considering their potential for medical use. Potential harmful
effects associated with nanotubes, due to their nanoscale dimensions and carbon
backbone, may arise from their ability to readily enter the respiratory tract, deposit
in the lung tissue, redistribute from their site of deposition, escape from the normal
phagocytic defenses, and modify the structure of proteins. Therefore, nanotubes
might potentially activate inflammatory and immunological responses, affecting
normal organ function [42].

Initial studies of biodistribution of CNTs focused on their toxicological profile in
vivo [43–49]. Studies focused on the effects of CNTs in terms of pulmonary toxicity
following inhalation, intratracheal instillation [45, 46], and pharyngeal aspiration
[47], in addition to their effects on skin toxicity after topical application [43], and
subcutaneous administration [48, 49]. These reports cited acute pulmonary toxicity
effects, induction of granulomas, and inflammatory reactions to CNT. However, all
of those particular studies used pristine, non-functionalized CNT, usually dispersed
in an aqueous buffer with the aid of a surfactant such as Tween 80 [46]. In contrast,
toxicity of acid-treated CNT of two different lengths (200 and 825 nm) subcuta-
neously administered to rats showed, no severe inflammatory response such as
necrosis, tissue degeneration, or neutrophil infiltration [49]. Thus, functionalization
and aqueous solubility contribute significantly to biocompatibility of these mate-
rials, improving dramatically the in vitro toxicity profile [50, 51].

The first in vivo study on functionalized CNT biodistribution was reported by
Wang et al. using mice treated with intraperitoneally (i.p.) administered short
hydroxylated single walled CNTs. SWCNTs were shown to accumulate mainly in
the liver and kidney, lesser so in the spleen and lung, and excreted mainly by the
kidney within 18 days [52]. In another study, using intravenous administration
(i.v.) it was demonstrated that functionalized SWCNT with a chelating molecule
diethylenetriaminepentaacetic (DTPA) and labeled with indium (111In)—
[111In]DTPA- SWCNT, followed by radioactivity tracing using gamma
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scintigraphy, resulted in no retention in any RES organs (liver or spleen) and were
rapidly cleared from the systemic blood circulation again via renal excretion [42].
In addition this study allowed a comparison of the biodistribution of two types of
functionalization: the first with no free amino groups and a second one with 40%
free amino groups resulting in surface charge. Both functionalized SWCNTs were
found in kidney, muscle, skin, and blood after 30 min. However the surface-
charged SWCNTs led to a higher affinity for kidney, muscle, skin, and lung,
leading to their rapid clearance from all tissues. As rapidly as 3 h the nanotubes
were cleared from all organs down to levels of 1–2% (relative to the 30 min time
point). TEM analysis of urine samples indicated high levels of intact functional-
ized CNTs showing that they are rapidly cleared from the systemic circulation via
the kidney [42]. Subsequently, Lacerda et al. presented an elimination mechanism
for CNT complexes using [111In]DTPA-MWCNT. The CNT complexes tail vein
injected showed very rapid entry into the systemic blood circulation followed by
rapid urinary clearance (Fig. 3) [53]. The reason for rapid elimination observed
here, when compared to with surfactants functionalization is that once in the blood
these surfactants desorbed from the CNTs which leads to bundles circulating and

Fig. 3 Rat distribution of radioactive labeled multi-walled carbon nanotubes ([111In]DTPA-
MWCNT). a Dynamic anterior planar images of whole body distribution of [111In]DTPA-
MWCNT within 5 min after intravenous administration in rats. b Static anterior planar images of
whole body distribution of [111In]DTPA-MWCNT within 5 min, 30 min, 6 h and 24 h post-
injection. c %ID radioactivity per gram tissue at 24 h after intravenous administration of
[111In]DTPA-MWCNT quantified by gamma counting (n = 3 and error bars for standard
deviation) [53]
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consequent accumulation in the liver tissue. The mechanism of [111In]DTPA-
MWCNT eliminations has been shown to be via the kidney glomerular filtration
system. It is important to note that [111In]DTPA-MWCNT complexes used in this
study were considerably larger than the dimensions of the glomerular capillary
wall. Hence, the length does not appear to be a critical parameter in their renal
clearance. The mechanism by which CNTs pass through the glomerular filtration
system is believed to involve the acquisition of a conformation in which the
longitudinal dimension of the nanotube is perpendicular to the glomerular fene-
strations (cross section is between 20 and 30 nm) and small enough to allow
permeation through the glomerular pores [53]. This hypothesis was later confirmed
by TEM imaging, where individualized, well-dispersed MWCNTs were observed
in the renal capillary lumen. During their translocation through the glomerular
filtration barrier their longitudinal axis was shown to be vertically oriented to the
endothelial fenestrations [54]. Moreover, histological examination of the different
tissues confirmed that those MWCNT complexes did not induce any physiological
abnormality after 24 h post-injection [55].

Systemic clearance of SWCNT was also demonstrated by NIR fluorescence
(near-IR). SWCNTs were dispersed in a solution of Pluronic F108 surfactant and
injected in rabbits showing that the concentration of nanotubes in the blood serum
decreased exponentially with a half life of 1 h. Moreover, near-IR fluorescence
microscopy on tissue revealed that only SWCNTs in the liver were detected at
significant levels at 24 h [56].

Considering the safety and efficacy of CNT-complexes for medical applications
its not only relevant that they are cleared rapidly from the body. They need to
achieve good biodistribution and show good target specificity in order to have
therapeutic efficacy. The targeted accumulation of CNTs in vivo was first dem-
onstrated by Lui et al. using PEGylated SWCNT linked to an arginine-glycine-
aspartic acid (RGD) peptide [57]. They generated U87MG human glioblatoma and
HT-29 human colorectal tumour models by injecting 5 9 106 cells in PBS into
front legs of mice and allowed to reach a tumour volume of 200–300 mm3. Fur-
thermore, with the purpose of increasing the circulating half-life, two different
lengths of PEG chains were used (molecular weight of PEG chains = 2,000 and
5,400, respectively). The lengths of the PEG molecule influenced biological
behaviour, with the longer PEG chain leading to increased blood levels and
reduced RES uptake when compared with the shorter chain complex. The expla-
nation for this was suggested to be due to the fact that PEG5400 renders SWCNT
more hydrophilic and resistant to protein non-specific binding (NSB). These
properties were not seen with the CNT complex involving functionalization with
PEG2000, which was unable to prevent protein NSB to SWCNT. In addition, the
linking of the RGD peptide, which is a ligand for cell-surface integrins, led to an
increased in uptake into the tumor, with PEG5400 achieving higher tumor accu-
mulation due to its increased plasma half-life. Moreover, the study used Raman
spectroscopy to directly detect SWCNT in the various murine tissues. The analysis
revealed the existence of SWCNT in the liver and tumor samples with high G band
Raman intensities, proving the tumor uptake of the complex [57]. Subsequently,
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Raman spectroscopy was also used to image the localization of SWCNT in live
rodents [58]. Similar to the previous study, increased accumulation of RGD-
SWCNT in tumor was demonstrated as opposed to plain- SWCNT. These findings
demonstrated the ability of Raman spectroscopy to non-invasively localize tar-
geted SWCNT in vivo [58]. The biodistribution and long-term fate of CNTs
injected intravenously in vivo, was later studied, using the same technique, of
Raman spectroscopy [59]. Besides the enhancement in blood half-life of CNTs (up
to 15 h), SWCNT have also been detected in various organs and tissues of mice ex
vivo over a period of up to 3 months. To study in depth the excretory pathway
CNTs were injected at high dose in mice and urine and faeces collected at different
time points. There was evidence for CNTs in faeces and intestine revealing
excretion via the hepato-biliary pathway. The Raman signal was measured in the
kidney and bladder after 24 h, suggesting SWCNTs are also excreted through the
renal pathway, as demonstrated in other studies. Since the average of lengths used
in that study exceeded the renal excretion threshold and the majority of CNTs
accumulated in the liver, it was suggested the urinary excretion occurs for a small
percentage of CNTs of very short length (\50 nm in length, diameter 1–2 nm).
The overall conclusion from these studies is that in fact CNTs are excreted chiefly
via the biliary pathway, with faecal elimination [59]. In addition, necropsy, his-
tology and blood chemistry reveal no toxicity in mice injected with SWCNT with
no impact on body weight or mortality [59].

The findings described above have revealed that CNTs can be designed in many
ways to form pharmaceutical complexes, which allow them to enter blood cir-
culation, target cells, deliver pay-loads, be exocytosed and finally eliminated from
the body. A variety of approaches have been described above, for example,
chemical modification via functionalization, which increased circulatory half-life
and led to enhanced tumor accumulation. As a nanoparticle for medical applica-
tions, the carbon nanotube, shows promise in offering lower toxicity with
enhanced efficacy.

References

1. Zhang, L., et al.: Nanoparticles in medicine: therapeutic applications and developments. Clin.
Pharmacol. Ther. 83(5), 761–769 (2008)

2. Shaffer, C.: Nanomedicine transforms drug delivery. Drug Discov. Today 10(23–24), 1581–
1582 (2005)

3. Alexis, F., et al.: New frontiers in nanotechnology for cancer treatment. Urol. Oncol. 26(1),
74–85 (2008)

4. James, N.D., et al.: Liposomal doxorubicin (Doxil): an effective new treatment for Kaposi’s
sarcoma in AIDS. Clin. Oncol. (R Coll. Radiol.) 6(5), 294–296 (1994)

5. Muggia, F.M.: Doxil in breast cancer. J. Clin. Oncol. 16(2), 811–812 (1998)
6. Schluep, T., et al.: Preclinical efficacy of the camptothecin-polymer conjugate IT-101 in

multiple cancer models. Clin. Cancer Res. 12(5), 1606–1614 (2006)
7. Pridgen, E.M., Langer, R., Farokhzad, O.C.: Biodegradable, polymeric nanoparticle delivery

systems for cancer therapy. Nanomedicine 2(5), 669–680 (2007)

Uptake, Intracellular Localization and Biodistribution of CNTs 179



8. Romberg, B., Hennink, W.E., Storm, G.: Sheddable coatings for long-circulating
nanoparticles. Pharm. Res. 25(1), 55–71 (2008)

9. Moghimi, S.M., Hunter, A.C., Murray, J.C.: Long-circulating and target-specific
nanoparticles: theory to practice. Pharmacol. Rev. 53(2), 283–318 (2001)

10. Owens 3rd, D.E., Peppas, N.A.: Opsonization, biodistribution, and pharmacokinetics of
polymeric nanoparticles. Int. J. Pharm. 307(1), 93–102 (2006)

11. Ferrari, M.: Cancer nanotechnology: opportunities and challenges. Nat. Rev. Cancer 5,
161–171 (2005)

12. Simionescu, M., Simionescu, N., Palade, G.E.: Morphometric data on the endothelium of
blood capillaries. J. Cell Biol. 60(1), 128–152 (1974)

13. Brigham, K.L.: Estimations of permeability properties of pulmonary capillaries (continuous
endothelium). Physiologist 23(1), 44–46 (1980)

14. Ryan, U.S., et al.: Fenestrated endothelium of the adrenal gland: freeze-fracture studies.
Tissue Cell 7(1), 181–190 (1975)

15. Braet, F., et al.: Contribution of high-resolution correlative imaging techniques in the study of
the liver sieve in three-dimensions. Microsc. Res. Tech. 70(3), 230–242 (2007)

16. Maeda, H.: The enhanced permeability and retention (EPR) effect in tumor vasculature: the
key role of tumor-selective macromolecular drug targeting. Adv. Enzyme Regul. 41, 189–207
(2001)

17. Greish, K.: Enhanced permeability and retention of macromolecular drugs in solid tumors: a
royal gate for targeted anticancer nanomedicines. J. Drug Target. 15(7–8), 457–464 (2007)

18. Hobbs, S.K., et al.: Regulation of transport pathways in tumor vessels: role of tumor type and
microenvironment. Proc. Natl. Acad. Sci. USA 95(8), 4607–4612 (1998)

19. Sanhai, W.R., et al.: Seven challenges for nanomedicine. Nat. Nanotechnol. 3(5), 242–244
(2008)

20. Pantarotto, D., et al.: Translocation of bioactive peptides across cell membranes by carbon
nanotubes. Chem. Commun. (1), 16–17 (2004)

21. Pantarotto, D., et al.: Functionalized carbon nanotubes for plasmid DNA gene delivery.
Angew. Chem. Int. Ed. 43, 5242–5246 (2004)

22. Kostarelos, K., et al.: Cellular uptake of functionalized carbon nanotubes is independent of
functional group and cell type. Nat. Nanotechnol. 2(2), 108–113 (2007)

23. Lopez, C.F., et al.: Understanding nature’s design for a nanosyringe. Proc. Natl. Acad. Sci.
USA 101(13), 4431–4434 (2004)

24. Kam, N.W.S., et al.: Nanotube molecular transporters: internalization of carbon nanotube-
protein conjugates into mammalian cells. J. Am. Chem. Soc. 126(22), 6850–6851 (2004)

25. Kam, N.W.S., Dai, H.J.: Carbon nanotubes as intracellular protein transporters: generality
and biological functionality. J. Am. Chem. Soc. 127(16), 6021–6026 (2005)

26. Kam, N.W.S., Liu, Z.A., Dai, H.J.: Carbon nanotubes as intracellular transporters for proteins
and DNA: an investigation of the uptake mechanism and pathway. Angew. Chem. Int. Ed.
45(4), 577–581 (2006)

27. Cherukuri, P., et al.: Near-infrared fluorescence microscopy of single-walled carbon
nanotubes in phagocytic cells. J. Am. Chem. Soc. 126(48), 15638–15639 (2004)

28. Meinke, M., et al.: Chemometric determination of blood parameters using visible-near-
infrared spectra. Appl. Spectrosc. 59(6), 826–835 (2005)

29. Becker, M.L., et al.: Length-dependent uptake of DNA-wrapped single-walled carbon
nanotubes. Adv. Mater. 19(7), 939–945 (2007)

30. Heller, D.A., et al.: Single-walled carbon nanotube spectroscopy in live cells: towards long-
term labels and optical sensors. Adv. Mater. 17, 2793–2799 (2005)

31. Jorio, A., et al.: Structural (n, m) determination of isolated single-wall carbon nanotubes by
resonant Raman scattering. Phys. Rev. Lett. 86(6), 1118–1121 (2001)

32. Saito, R., Dresselhaus, G., Dresselhaus, M.S.: Physical Properties of Carbon Nanotubes.
Imperial College Press, London (1998)

33. Strano, M.S., et al.: Assignment of (n, m) Raman and optical features of metallic single-
walled carbon nanotubes. Nano Lett. 3(8), 1091–1096 (2003)

180 V. Neves et al.



34. Doorn, S.K., et al.: Resonant Raman excitation profiles of individually dispersed single
walled carbon nanotubes in solution. Appl. Phys. A Mater. Sci. Process. 78(8), 1147–1155
(2004)

35. Chin, S.F., et al.: Amphiphilic helical peptide enhances the uptake of single-walled carbon
nanotubes by living cells. Exp. Biol. Med. 232(9), 1236–1244 (2007)

36. Yehia, H., et al.: Single-walled carbon nanotube interactions with HeLa cells.
J. Nanobiotechnol. 5(1), 8 (2007)

37. Lamprecht, C., et al.: AFM imaging of functionalized carbon nanotubes on biological
membranes. Nanotechnology 20(43), 434001–434007 (2009)

38. Jin, H., Heller, D.A., Strano, M.S.: Single-particle tracking of endocytosis and exocytosis of
single-walled carbon nanotubes in NIH-3T3 cells. Nano Lett. 8(6), 1577–1585 (2008)

39. Chithrani, B.D., Chan, W.C.W.: Elucidating the mechanism of cellular uptake and removal of
protein-coated gold nanoparticles of different sizes and shapes. Nano Lett. 7(6), 1542–1550
(2007)

40. Jin, H., et al.: Size-dependent cellular uptake and expulsion of single-walled carbon
nanotubes: single particle tracking and a generic uptake model for nanoparticles. ACS Nano
3(1), 149–158 (2009)

41. Lacerda, L., et al.: Intracellular trafficking of carbon nanotubes by confocal laser scanning
microscopy. Adv. Mater. 19(11), 1480–1484 (2007)

42. Singh, R., et al.: Tissue biodistribution and blood clearance rates of intravenously
administered carbon nanotube radiotracers. Proc. Natl. Acad. Sci. USA 103, 3357–3362
(2006)

43. Maynard, A.D., et al.: Exposure to carbon nanotube material: aerosol release during the
handling of unrefined single-walled carbon nanotube material. J. Toxicol. Environ. Health. A
67(1), 87–107 (2004)

44. Huczko, A., et al.: Combustion synthesis as a novel method for production of 1-D SiC
nanostructures. J. Phys. Chem. B 109(34), 16244–16251 (2005)

45. Lam, C.W., et al.: Pulmonary toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol. Sci. 77, 126–134 (2004)

46. Warheit, D.B., et al.: Comparative pulmonary toxicity assessment of single-wall carbon
nanotubes in rats. Toxicol. Sci. 77, 117–125 (2004)

47. Shvedova, A.A., et al.: Unusual inflammatory and fibrogenic pulmonary responses to single-
walled carbon nanotubes in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 289(5), L698–
L708 (2005)

48. Yokoyama, A., et al.: Biological behavior of hat-stacked carbon nanofibers in the
subcutaneous tissue in rats. Nano Lett. 5(1), 157–161 (2005)

49. Sato, Y., et al.: Influence of length on cytotoxicity of multi-walled carbon nanotubes against
human acute monocytic leukemia cell line THP-1 in vitro and subcutaneous tissue of rats in
vivo. Mol. Biosyst. 1(2), 176–182 (2005)

50. Sayes, C.M., Fortner, J.D., Guo, W., Lyon, D., Boyd, A.M., Ausman, K.D., Tao, Y.J.,
Sitharaman, B., Wilson, L.J., Hughes, J.B., West, J.L., Colvin, V.L.: The differential
cytotoxicity of water-soluble fullerenes. Nano Lett. 4(10), 1881–1887 (2004)

51. Sayes, C.M., et al.: Functionalization density dependence of single-walled carbon nanotubes
cytotoxicity in vitro. Toxicol. Lett. 161(2), 135–142 (2006)

52. Wang, H., et al.: Biodistribution of carbon single-wall carbon nanotubes in mice. J. Nanosci.
Nanotechnol. 4(8), 1019–1024 (2004)

53. Lacerda, L., et al.: Dynamic imaging of functionalized multi-walled carbon nanotube
systemic circulation and urinary excretion. Adv. Mater. 20(2), 225–230 (2008)

54. Lacerda, L., et al.: Carbon-nanotube shape and individualization critical for renal excretion.
Small 4(8), 1130–1132 (2008)

55. Lacerda, L., et al.: Tissue histology and physiology following intravenous administration of
different types of functionalized multiwalled carbon nanotubes. Nanomedicine 3(2), 149–161
(2008)

Uptake, Intracellular Localization and Biodistribution of CNTs 181



56. Cherukuri, P., et al.: Mammalian pharmacokinetics of carbon nanotubes using intrinsic near-
infrared fluorescence. Proc. Natl. Acad. Sci. USA 103(50), 18882–18886 (2006)

57. Liu, Z., et al.: In vivo biodistribution and highly efficient tumour targeting of carbon
nanotubes in mice. Nat. Nanotechnol. 2(1), 47–52 (2007)

58. Zavaleta, C., et al.: Noninvasive Raman spectroscopy in living mice for evaluation of tumor
targeting with carbon nanotubes. Nano Lett. 8(9), 2800–2805 (2008)

59. Liu, Z., et al.: Circulation and long-term fate of functionalized, biocompatible single-walled
carbon nanotubes in mice probed by Raman spectroscopy. Proc. Natl. Acad. Sci. USA
105(5), 1410–1415 (2008)

182 V. Neves et al.



Recognition of Carbon Nanotubes
by the Human Innate Immune System

Malgorzata J. Rybak-Smith, Kirsten M. Pondman, Emmanuel Flahaut,
Carolina Salvador-Morales and Robert B. Sim

Abstract A major function of the human innate immune system is to recognize
non-self: i.e., invading microorganisms or altered, damaged self macromolecules
and cells. Various components of the human immune system recognize foreign
synthetic materials, including carbon nanotubes (CNTs). The complement system
proteins in blood, and the collectins, SP-A and SP-D in the lungs bind to carbon
nanotubes, in competition with other plasma proteins, and may influence their
subsequent adhesion to and uptake by cells and their localization in the body.
Modification of the surface chemistry of carbon nanotubes alters their binding to
complement proteins and collectins, and provides information on the mechanism
by which binding of these proteins occurs.
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1 The Innate Immune System

Multicellular living organisms have developed very varied systems to protect
themselves from attack by organisms of other species. One aspect of these pro-
tective mechanisms is an immune system, which has evolved to protect multi-
cellular organisms from attack by small parasites or from infectious
microorganisms, such as bacteria, viruses and fungi. Most multicellular organisms
also have to solve a problem, which occurs as they grow and develop: this is to
remove their own obsolete, dying or damaged cells. Parts of the immune system
appear to have evolved to take on this role also, so that the immune system can
recognize not only foreign microorganisms, but also altered or damaged host cells
and macromolecules. Recognition of these foreign or altered particles is mediated
by specific proteins, which bind to the foreign or altered particle (target); then
trigger downstream reactions, which lead to the destruction of the target.

Vertebrate animals, including humans, have sophisticated immune systems,
which can conveniently be divided into two parts: innate immunity and adaptive
immunity. In innate immunity, recognition of the target is mediated by proteins
which are encoded directly by genes of the host organism, and are usually present
at all times in the blood, body fluids or tissues of the host, throughout its life-span.
For adaptive immunity, however, new recognition proteins are created in response
to a challenge by an invading microorganism, by rearrangement and mutation of
genes in specialized cells (lymphocytes) of the host. This is called somatic
mutation and creates antibodies (B cell receptors) and T cell receptors.

In this review, we will discuss only the innate immune system, which has
evolved generalized mechanisms to recognize, on the surface of targets, repetitive
patterns of chemical groupings, which are not present in healthy host cells [1]. In
this way, the innate immune system can distinguish between ‘‘self’’ and foreign or
altered-host materials. However, since many synthetic materials are polymer-
based and have repetitive surface chemical groupings, the innate immune system
can recognize these also. Carbon nanotubes, as discussed below, are one of many
synthetic polymers recognized by vertebrate innate immune systems [2, 3].

Innate immune system components include:

1. Soluble proteins (in the blood or other body fluids). The complement system
and collectins are the major protein systems involved.

2. Cells, of many types but mainly phagocytes (macrophages and neutrophils in
the body fluids or in tissues), with their repertoire of surface receptors. The
main receptor types involved in innate immune recognition are the toll-like
receptors (TLRs), scavenger receptors, integrins, and sugar-binding receptors
(lectins), such as the mannose receptor or dectin.

A common feature of recognition of targets by innate immune system com-
ponents is ‘‘multiple low-affinity binding’’ [4]. In such binding, a site on the
recognition protein binds weakly to (recognizes) a molecular motif, such as a small
charge cluster (2 or 3 negative charges), a single neutral sugar (monosaccharide),

184 M. J. Rybak-Smith et al.



vicinal hydroxyl groups (vicinal diols), or single acetyl groups. This one-to-one
weak interaction is not enough to hold the target and recognition protein together,
nor is it enough to confer specificity (distinction of self from non-self). These
problems are overcome by polymerization or multivalency, so that the recognition
protein takes the form of a polymer, presenting multiple binding sites, which can
recognize multiple similar or identical motifs on a target surface. The multiple
binding gives high avidity, strong interaction, and the geometric spacing of the
motifs recognized confers specificity. Alternatively, the recognition protein may
not polymerize, but may be present in hundreds of copies on a cell surface, which
can engage simultaneously hundreds of motifs on the target surface.

2 Complement

The complement system is a group of over 40 soluble and cell surface proteins
which interact together to recognize and opsonize foreign and altered-self mate-
rials [4–6]. Complement system recognition proteins bind to the target and trigger
activation of proteases (see Fig. 1) [7, 8]. Activation occurs by any of three dif-
ferent pathways (classical, alternative or lectin) each of which recognizes a dif-
ferent spectrum of targets. In the classical pathway, the recognition protein C1q
binds to charge clusters or hydrophobic patches on targets. When it binds, two
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Fig. 1 The complement system. As discussed in the text, complement proteins C1q, MBL or
ficolins recognize and bind to ‘‘foreign’’ materials, activate proteases including C1r, C1s and
MASP2, which in turn activate the protease C4b2a, which cleaves C3. Many molecules of C3b
bind covalently to the target, and mediate opsonization (mostly via a breakdown product iC3b) or
interaction with the adaptive immune response (via the breakdown product C3d or C3dg).
Fixation of C3b onto C4b2a also allows C5 to be activated, which leads to the formation of a C5b,
6, 7, 8, 9 complex [the membrane attack complex (MAC)] which can lyse cellular targets. The
alternative pathway has a more complex initiation procedure, but goes through similar steps up to
the activation of C3

Recognition of Carbon Nanotubes by the Human Innate Immune System 185



proteases (C1r and C1s) which are bound to C1q are activated, and C1s in turn
activates the complement proteins C4 and C2. They form a complex protease,
called C4b2a, which activates C3, the most abundant complement protein. Acti-
vated C3 (called C3b) binds covalently to the surface of the target, and when
hundreds of copies of C3b are bound, the target is opsonized. Phagocytic cells
have surface receptors for C3b (and a further breakdown product iC3b) and so the
C3b/iC3b-coated target binds strongly to the phagocyte and is ingested, then
digested in the lysosomes of the cell. During C3 activation, one C3b will bind
covalently onto C4b2a, forming C4b2a3b, which binds and activates the next
complement protein, C5. Activated C5 (C5b) forms a large protein complex C5b–
C6–C7–C8–C9 (C5b–9), the membrane attack complex (MAC), which can insert
into lipid bilayers and will lyse targets which have a lipid bilayer.

In the lectin pathway, the recognition proteins are MBL (mannose-binding
lectin) or the ficolins, of which there are three (L-, H- and M-ficolin) [9]. MBL
binds to vicinal diols on sugars, such as mannose, fucose or glucosamine. The
target recognition specificity of the ficolins is not well established, but L-ficolin
will bind to many acetylated species, such as N-acetyl galactosamine or N-acetyl
glucosamine, and some sialic acids [10]. L-Ficolin does bind several bacteria and
parasites, such as Mycobacterium tuberculosis and Trypanosoma cruzi [11, 12].

When MBL or the ficolins bind to a target, a protease called MASP-2 (similar
to C1s) is activated, and cleaves C4 and C2, starting off the same series of
complement protein reactions as described for the classical pathway [8, 13].

C1q, MBL and the ficolins are all multimeric proteins [13–15], which bind to
targets by multiple low-affinity binding. The general structure of these proteins is
shown in Fig. 2. C1q is made up of three homologous polypeptide chains, A, B
and C, each about 23 kDa. The N-terminal part of each chain has collagen-like
amino acid sequence (repeating Gly-X-Yaa triplets, where X can be any amino

Fig. 2 The structure of C1q. Three homologous polypeptide chains, A, B and C combine to form
a trimeric subunit, which then polymerizes to form a six-headed ‘‘bunch-of tulips’’ shape. Each of
the six globular heads contains three lobes, derived from the homologous A, B, C chains. Each
of these lobes recognizes a different spectrum of targets (with some overlap). The structures of
MBL, ficolins and SP-D are similar except that each is a homopolymer, i.e. contains only 1 type
of polypeptide. SP-A contains two types of polypeptide. MBL, the ficolins and SP-D assemble on
average to a four-headed structure, not six-headed as for C1q and SP-A. In each protein, the
polypeptides are made up of a globular region, and an extended collagen-like sequence. Figure
provided by Mayumi Bradley
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acid, and Yaa is often proline or hydroxyproline). The C-terminal part is a globular
domain, which binds to targets mainly via charge interactions. These chains
associate together to form a trimeric subunit, and the collagenous regions form a
collagen triple helix. The subunits then polymerize, with some disulphide bridging
between them, to form a hexamer of subunits.

Each globular region can bind to a target. The final hexameric form of C1q has
18 globular domains (three in each ‘‘head’’) so it can bind to a target by up to 18
interactions. MBL has a similar structure, but it has only one type of polypeptide
chain, which assembles in trimeric subunits. The polymerization of MBL is vari-
able, however, and it forms mostly tetramers of subunits, although dimers, trimers,
pentamers and hexamers also occur. Each MBL polypeptide has one globular
domain (called a C-type lectin domain) through which it can bind one sugar (e.g.
Mannose), in a Ca++-dependent interaction. Each subunit therefore has three C-
type lectin domains, and the fully assembled molecule has 12–18 lectin domains.

Each ficolin, similar to MBL, has only one type of polypeptide, and assembles
mainly to form tetramers of subunits: so each ficolin molecule can bind to a target
by 12 sites. The binding domain of ficolins is called a fibrinogen (fbg) domain. The
fbg domains of H, L and M ficolins are homologous, but not identical, and each
recognizes a different spectrum of targets [10, 16].

The alternative pathway does not have any recognition molecule of the type
represented by C1q, MBL or ficolins. A hypothesis which is both old (1950s) and
new (2007) suggests that another type of multimeric protein, properdin, may
initiate alternative pathway activation [17]. Properdin binds to charge clusters.
Properdin has a single type of polypeptide chain, about 50 kDa, which is made up
of six similar domains (called TSRs, or thrombospondin domains) [18]. These
chains form variable oligomers, from dimers to tetramers. The tetramers may have
four charge-cluster binding sites, or may have a multiple of four, since it is not
known whether more than one of the TSRs in each chain can participate in
binding. Once properdin binds to a target, C3b, formed either from classical or
lectin pathway activation, or from another low rate spontaneous activation process,
binds to the properdin. Factor B then binds to the C3b, and is cleaved by the
protease Factor D to form C3bBb. This is homologous to the classical pathway C3-
cleaving protease, C4b2a, and it activates more C3b, mediating the same C3, C5
turnover and MAC assembly as for the classical pathway (Fig. 1). The alternative
pathway C3-activating enzyme is C3bBb: it contains C3b, the activation product
of C3. This is a huge amplification mechanism. The enzyme makes C3b, which
then binds Factor B, and makes more enzyme, C3bBb. Whenever some C3b is
made by the classical or lectin pathways, it will trigger alternative pathway acti-
vation, and amplify turnover of C3. However the alternative pathway can be
activated independently of the other two pathways.

C3 turnover is controlled by Factor H, an important down-regulator of com-
plement activation: Factor H binds to C3b and competes out the binding of Factor
B, preventing formation of C3bBb. Once a C3b–FH complex has formed, factor I,
a protease cleaves C3b to a form called iC3b, which does not participate in
forming C3bBb.
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3 Collectins

The collectins are a small family of proteins which are collagenous lectins [19,
20]. MBL, discussed above, is a collectin. However there are several other col-
lectins which do not activate the complement system. In humans, the other
important collectins are two proteins found mainly in lung, called surfactant
protein A (SP-A) and surfactant protein D (SP-D). SP-A and SP-D have a mul-
timeric structure similar to C1q and MBL (Fig. 2) and are present in lung sur-
factant, the thin aqueous and lipid layer which forms the interface between inhaled
air and the cells of the lungs. When we inhale, we take in enormous numbers of
particles, including inorganic and organic dust, viruses, bacteria, fungal spores,
allergenic particles, etc. Most of these particles become trapped in mucus and are
moved back up the respiratory tract by the movement of cilia in the trachea. Once
they have been moved back up from the lungs, they can be spat out or swallowed.
Very small particles however, penetrate to the alveoli, and there they can cause
damage, or establish infection, unless they are destroyed by alveolar macrophage.
Although SP-A and SP-D have many roles, a major role is to bind to invading
particles and then to promote their binding to alveolar macrophages. Their main
mode of binding to targets is to recognize vicinal diols on sugar residues on
bacterial, viral, fungal surfaces. This is a calcium ion-dependent interaction, in
which a Ca++ ion, bound to the lectin domain of SP-A or SP-D, interacts with the
diols. Once a particle has become coated with multiple SP-A or SP-D molecules,
these will interact, via their collagenous regions, with receptors on alveolar
macrophage.

Any small particle (including of course nanoparticles) can be inhaled, and so it
is important to know whether these interact with the innate immune proteins of the
lung.

4 Cells and their Receptors

The cells of the innate immune system include all of the white blood cell types
(except most lymphocytes, which are part of the adaptive immune system), red
blood cells, macrophages and dendritic cells in all the tissues, and several other
groups of cells, such as mast cells. These cells have receptors through which they
can recognize and bind many ‘‘foreign’’organisms, such as bacteria, viruses and
fungi. Interaction with these receptors may result in adhesion, phagocytosis and
destruction of the foreign particle, or may signal to the cell to cause it to secrete
cytokines or chemokines. Receptor types involved include TLRs, scavenger
receptors, integrins, lectin-like receptors (which bind to sugars) such as mannose
receptor or dectin. The cells also have receptors which allow them to recognize
particles which already have complement proteins or antibodies bound to them
(complement receptors or, for antibodies, Fc or immunoglobulin receptors).
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When a particle has been recognized by the complement system, it will activate
complement and will have molecules of C1q (or MBL or ficolins) and many
molecules of C3b bound to it. Once C3b has bound, it is gradually broken down by
proteases to forms called iC3b and C3d. Each of these interacts with cellular
receptors. A C3b-coated particle in the blood will bind mainly to red blood cells,
which have a receptor (complement receptor 1 (CR1) which binds C3b (see, e.g.
[21]). As the particle circulates, bound to red blood cells, the C3b will gradually be
converted to iC3b, which binds only weakly to CR1, but binds strongly to CR3 and
CR4 (complement receptors 3 and 4) which are found on phagocytic cells. When
the red blood cells pass through the liver and spleen, where there are many
macrophages, the particles, now coated mainly with iC3b, will transfer to phag-
ocytic cells and be ingested and destroyed. If the particle is in circulation for
longer, iC3b will eventually be broken down to C3d, which binds to a receptor
called CR2. CR2 is not present on phagocytic cells, but is most abundant on B
lymphocytes.

Receptors also exist for C1q, MBL, the ficolins and the lung collectins, SP-A
and SP-D, so that these proteins, when bound to a target, may also promote
adhesion of the target to cells. Generally however, this effect would be weaker than
for C3b or iC3b, because fewer molecules of C1q, MBL or ficolins are bound to
targets. Adhesion requires interactions between hundreds of receptor-ligand pairs,
so C3b or iC3b, which can be fixed to the target in clusters of hundreds of
molecules [22], are more effective. A receptor which will bind all of these col-
lagenous proteins, C1q, MBL, ficolins, SP-A and SP-D has been identified. It is
calreticulin, bound to cell surfaces via CD91 [14, 15, 23, 24].

5 Interaction of CNTs with Plasma Proteins and Components
of Innate Immunity

Plasma Proteins

If carbon nanotubes are to be considered as potential novel compatibile and non-
toxic biomaterials, there is a need for more detailed investigation of the interaction
between CNTs and the innate immune system. Contact with human blood or body
fluids is inevitable in some steps of a drug delivery process, so a deeper under-
standing of the interactions between CNTs and blood proteins in general is also
essential.

Among hundreds of proteins present in human plasma or serum, only a few
bind spontaneously to unmodified (‘‘pristine’’) CNTs and so the binding is highly
selective. This is not unexpected, as most homogeneous wettable surfaces, such as
metal catalysts, silica-based materials and various organic polymers show highly
selective binding of plasma proteins. The very abundant human plasma proteins,
such as human serum albumin, fibrinogen, and high-density lipoprotein (HDL,
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which contains lipid and apolipoproteins AIV, AI, CIII) bind to CNT to the
greatest extent [2, 3]. Other very abundant proteins, such as IgG, IgM, alpha-2
macroglobulin, bind negligibly or not at all (Fig. 3).

In various experimental procedures, CNTs are often pre-coated with proteins
such as bovine serum albumin (BSA) in order to form stable dispersions in bio-
logical buffers. When such BSA-coated CNTs are added to human serum or
plasma, the BSA is gradually displaced by human proteins, with a half-life of
about 0.5–1 h at 37�C (K.M. Pondman, unpublished data). There are several
different modes of binding of proteins to pristine CNTs, and these have not yet
been very extensively explored. Serum albumin (human or bovine), for example,
bind independently of fibrinogen, so the two types of protein are not competing for
the same type of binding site. Precoating of CNTs with either serum albumin or
fibrinogen before exposure to human serum or plasma does not prevent the binding
of the complement protein C1q, and subsequent complement activation, and so
C1q is recognizing a third type of binding site on CNTs (K.M. Pondman,
unpublished data).

Complement

Our studies show that non-functionalized single-walled and double-walled carbon
nanotubes (SWCNTs and DWCNTs), when placed in contact with human serum,
activate complement via the classical pathway, or to a lesser extent through the
alternative pathway [3]. Studies with four types of covalently modified multi-
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Fig. 3 Human plasma proteins bind selectively to DWCNTs. Samples of CNTs incubated with
human plasma and washed were analyzed by SDS-PAGE in reduced conditions. Lane 1
Molecular weight marker, lane 2 human plasma proteins bound to oxidized DWCNTs, lane 3
human plasma proteins bound to less oxidized DWCNTs, lane 4 human plasma proteins bound to
non-functionalized DWCNTs (1st batch), lane 5 human plasma proteins bound to non-
functionalized DWCNTs (2nd batch), lane 6 control–human plasma proteins bound to Sepharose,
used as a carrier for DWCNTs during incubation, lane 7 human plasma. a chain of fibrinogen co-
runs with HSA. Protein bands were stained using a BioRad Silverstain Kit. The method used is
similar to that in [3]
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walled carbon nanotubes (MWCNTs) [25] showed that the extent of complement
activation can be increased or decreased by altering the surface properties of the
CNTs [26]. For example, MWCNTs functionalized with alanine or e-caprolactam
showed [75 and [95% decrease in classical pathway activation when compared
with pristine MWCNTs [26]. Surface alterations, which diminish classical path-
way activation, however, do not necessarily diminish alternative pathway activa-
tion, so both pathways must be studied separately. For classical pathway
activation, the extent of activation was proportional to C1q binding, whereas for
the alternative pathway, extent of activation was inversely correlated with binding
of factor H, a protein which downregulates activation [26].

Direct binding of C1q and factor H to CNTs has been shown. These proteins
bind in much lower quantity than do serum albumin, fibrinogen or HDL. For
biological targets, C1q binds generally by ionic interactions (Table 1) with rear-
rangement to stronger hydrophobic interaction [27]. C1q also binds to many
synthetic materials (Table 2).

Chemical modifications of polymers and other types of nanoparticles (mainly
liposomes) show that coating with heparin or high-density polyethylene oxide
(PEO) or polystyrene sulphonic acid or polyethylene glycol (PEG) tends to
diminish activation. This type of modification has not yet been tested extensively
for CNTs, but Moghimi and colleagues have shown that PEGylated SWCNTs do
still activate complement, not via C1q, but possibly by the binding of L-ficolin [28,
29].

Table 1 Biological activators of complement, which act by binding C1q

Gram-negative bacteria via lipid A of lipopolysaccharides
Gram-positive bacteria via lipoteichoic acids
Viruses, including Moloney, vesicular stomatitis, HTLV-1, HIV-1, DNA polyoma
Polyanions:

Heparin and chondroitin sulfate
Single- and double-stranded DNA and other polynucleotides
Anionic phospholipids in vesicles or on apoptotic cells

Other target-bound proteins:
Ligand-bound pentraxins (C-reactive protein and serum amyloid P-component)
Immunoglobulins: Fc portion of antigen-bound IgM, IgG

Altered-host proteins: amyloids, fibrin clots, prion aggregates

Table 2 Synthetics and non-biologicals,
which activate complement via C1q (a
small selection from recent papers)

SiO2

Polyvinylpyrrolidone-coated nanoparticles
Polyvinylchloride
Polymethylmethacrylates
Polystyrene nanoparticles
Polyacrylonitrile
Carbon nanotubes
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C1q binding alone does not guarantee that the whole complement system is
activated, or that the nanotube becomes coated in C3b. Once C1q has bound, C1r
and C1s are activated, followed by C4 and C2. For the next step, C4b2a has to be
anchored to the surface of the nanotube. For biological targets which activate
complement, the common mechanism for the binding of C4b (and also C3b) is
covalent binding. This occurs by reaction of an internal thiolester in these proteins
with surface OH, NH2 or SH groups on the target. A much less common mech-
anism is hydrophobic adsorption. Pristine CNTs have no such reactive groups, but
in serum, they adsorb other proteins, which could provide the necessary binding
sites. Preliminary experiments (K.M. Pondman, unpublished) confirm that C4b and
C3b do become bound to CNTs during complement activation, but there was no
evidence that they bind covalently to other proteins, and so the binding is likely to
be mostly by direct hydrophobic binding to the CNT surface. This is not entirely
consistent with the finding mentioned above, that pre-coating CNTs with albumin
or fibrinogen does not greatly alter total complement system activation (Fig. 4),
but it does alter C3 and C5 consumption to a greater extent.

By whichever pathway CNTs activate complement, the MAC is the final
product of the enzymatic and non-enzymatic protein cascade for each pathway. A
significant rise in MAC levels after interaction between PEGylated SWCNT and
undiluted human serum has been reported, indicating that complement activation
proceeds through the whole complement cascade [28].

Nucleic acid wrapping or coating of the surface with surfactants, or other
polymers can have a considerable impact on CNT interaction with human blood
proteins, including complement. As shown in Fig. 4, pre-coating with Tween 20
diminishes overall complement activation. Ideally, the coating of CNT should be
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Fig. 4 Complement consumption by DWCNTs pre-coated with different proteins. Whole
complement consumption and C3 and C5 consumption were determined in human serum
incubated with CNTs. CNTs with no pre-coating (CNTs), and CNTs pre-coated with bovine
serum albumin (BSA), human serum albumin (HSA), human fibrinogen (FBG), or the detergent
Tween 20 were used. Ab/Ag is the positive control, representing complement activation by
antibody-antigen complexes in the absence of CNTs. The negative control is serum incubated
with no complement activator. The method used is similar to that in [3]
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stable in contact with blood or body fluids. Although it is very important to make
CNT suspensions stable in conditions similar to physiological and make them
more biocompatible by changing their surface properties, the non-covalent binding
of proteins to DWCNTs is not stable over time and the proteins dissociate from the
CNT surface to be replaced by other plasma proteins. Chemical modification of
CNTs, either covalent or non-covalent, can significantly change the extent or
perhaps the mechanisms by which CNTs interact with the innate immune system.
Impurities present on the surface of CNTs, such as traces of Mo, Co or Fe, etc.,
may also influence the interaction of CNTs with blood proteins and lead to bio-
logical reactions, including reactive oxygen species (ROS) generation.

The chemical composition of CNT surface, size and the presence of catalytic
impurities can affect the way complement is activated and in consequence cause
possible harmful effect for cells or cell tissues. Activation of complement by both
unmodified and chemically modified DWCNTs leads to the generation of peptides,
C3a, C4a and C5a which can cause inflammation, which is strongly undesirable if
the CNTs are to be used as biomaterials in the human body.

Regarding interaction between carbon nanotubes and complement in vivo, very
little has been reported so far. To name one example, Hamad and co-workers have
reported that PEGylated nanotubes can induce complement activation in rats,
which is C4 dependent [28].

Although in vitro complement activation assays, including hemolytic assays
and direct protein binding studies, are very valuable methods to determine whether
CNTs interact with complement and in consequence cause complement activation
in human serum or plasma, further investigation is needed to show whether the
binding of complement proteins (mainly C3b, iC3b) does really influence the fate
of CNT products placed in contact with the blood or other body fluids or influence
the cellular internalization of CNTs by phagocytes and their cellular accumulation
Further in vivo studies could provide more information about the interactions of
CNTs with complement and the potential outcomes that may arise.

Collectins

Inhaled carbon nanotubes can be treated as ‘foreign’ material entering the lungs
and therefore show potential pulmonary toxicity. The interaction of DWCNTs with
collectins was recently investigated for the first time [30]. The lung proteins SP-A
and SP-D selectively bind to DWCNTs and transmission electron microscopy
revealed that the binding occurs through their heads [30]. This binding, unlike that
of C1q or of serum albumin, fibrinogen or HDL, was found to be Ca++-ion
dependent. [30]. With biological targets, SP-A and SP-D bind to surface sugars by
a Ca++-dependent coordination of vicinal diols (adjacent hydroxyl groups). It was
shown that SP-A and SP-D bind to oxidized CNT, and hypothesized that some
binding to CNT which have not been deliberately oxidized is due to inadvertent
oxidation during synthesis and purification. The presence of oxygen-containing
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functional groups on the carbon nanotube surface is an important factor in this
[31]. Figure 5 represents the selective binding of lung surfactant proteins to dif-
ferent chemically modified CNTs.

SP-A and especially SP-D are present in very low quantities, even in the lung,
which is their major site of localization. If a relatively large quantity of well-
dispersed CNT was inhaled, a proportion of these might escape entrapment in
mucus, and reach the lower airways and alveoli. Here they might sequester a large
proportion of the available SP-A and SP-D, leaving the lungs temporarily sus-
ceptible to infection. Chronic exposure to lower quantities of airborne CNTs
would have similar effects. These events are relatively unlikely, but point to the
need for good control of airborne particulates where CNTs are manufactured on
industrial scale. Binding of these proteins to CNTs would be expected to promote
their adhesion to alveolar macrophages, and their ingestion, if they are not too long
or too large (aggregated). CNTs which cannot be ingested may cluster macro-
phages around them, with possible eventual formation of granuloma [30].

SP-A and SP-D have functions other than promoting adhesion to macrophage,
and binding of these proteins may contribute to lung inflammation by other routes.
C. Salvador-Morales (unpublished work) has shown that SP-A coated MWCNTs
induced an inflammatory response in IFN c-primed RAW cells (a mouse macro-
phage cell line), as assessed by MWCNT uptake and measurement of the gener-
ation of nitric oxide.

Cells and Cellular Receptors

There have not yet been any direct studies of the interaction of CNTs with the
types of innate immune system receptors discussed above. However, in general

1   2 3 4  5  6 7

Surfactant protein D

188 kDA

98 kDA

62 kDA

49 kDA

38 kDA

28 kDA

3 kDA

6 kDA

14 kDA

17 kDA

Surfactant protein A dimer

Surfactant protein A

Immunoglobulin heavy chain

Immunoglobulin light chain

Fig. 5 Selective binding of BALF proteins to different DWCNTs. BALF (bronchoalveolar
lavage fluid) was passed through Sepharose and Sepharose-CNT columns as in [26]. After
exhaustive washing in the running buffer, samples were analyzed by SDS-PAGE in reduced
conditions. Lane 1 molecular weight marker, lane 2 BALF proteins bound to less oxidized
DWCNTs, lane 3 BALF proteins bound to oxidized DWCNTs, lane 4 BALF proteins bound to
non-functionalized DWCNTs (1st batch), lane 5 BALF proteins bound to non-functionalized
DWCNTs (2nd batch), lane 6 Control–BALF proteins bound to Sepharose, used as a carrier for
DWCNTs during incubation, lane 7. BALF. Protein bands were stained using a BioRad
Silverstain Kit

194 M. J. Rybak-Smith et al.



terms, using CNTs as potentially efficient drug or protein vehicles involves
understanding of interaction between CNTs and cells and cell surfaces. The
reported fates of CNTs in cells and their localization in cellular organelles varies
widely. Determining their potential cytotoxicity and route of safe excretion from
the cells is important. Drug-targeting involves the design of CNTs with specific
ligand molecules present on the CNT surface which can be recognized by cellular
receptors. Uptake of CNTs into cells is critically dependent on their length and
degree of bundling (aggregation). Many studies of CNT uptake into cells do not
give any information on the size distribution of the particles used in the experi-
ments, and quite major differences in findings can often be attributed to the lack of
characterization of the length distribution and dispersion of the CNTs. The uptake
of DNA-wrapped SWCNTs, for example, is size and length dependent and
endocytosis rate depends on tube bundle diameter [32].

CNTs can be taken up by many cells (primary and established lines), among
them human monocyte derived macrophage (HMM) cells, which play a significant
role in the body’s immune response [33], T cells (Jurkat), Chinese hamster ovary
cells (CHO), 3T3 fibroblasts [34], HeLa cells [35], H596, H446 and Calu-1 lung
tumor cells [36], bacterial, fungal and yeast cells [37]. Unmodified CNTs can be
toxic for many cell lines, including HEK 293 cells [38], Haca T cells [39] and
alveolar macrophages [40] and induce cell death. SWCNTs reduce the amount of
glial cells in both peripheral and central nervous system derived cultures [41], but
the interaction of CNTs with the nervous system remains poorly understood. No
uptake of SWCNTs was reported in A549 cells, BEAS-2B and RAW 264.7 (a
mouse peritoneal macrophage cell line) [42]. CNTs, in contrast to graphite, can be
highly adhesive to human osteoblast-like cells (Saos2) [43].

Certain functionalizations of CNT surfaces can not only reduce their toxicity,
but also eliminate non-specific uptake by the cells and promote their prolonged
circulation in the blood. PEG is frequently used for such surface modifications.
The coating of SWCNTs by PEG adsorbed to their surface blocked their uptake by
the ovarian cancer cell line SKOV-3 [44]. SWCNTs functionalized by PEG can be
additionally functionalized for interaction with cell receptors. SWCNTs were
functionalized by folate and EGF specifically to target FRa and EGFR receptors
expressed on cancer cells [44]. Similar results were obtained with the ovarian
cancer cell line OVCA 433 [44]. SWCNTs non-covalently functionalized with
chitosan, linked with folate and fluorescently labeled were taken up by Hep G2
cells via a folate receptor-mediated pathway that is concentration-dependent [45].
When the folate receptors on the surface of the Hep G2 cell membrane were
blocked, no internalization of the SWCNT was observed [45].

Modification of the surface chemistry of CNTs can change the interaction of
CNTs with lipid bilayers and thereby influence the uptake into the cell. The
compatibility of the CNT surface with biological components or proteins situated
on the cell surface can play a key role in cell–CNT interactions. The CNT surface
is intrinsically hydrophobic and this can lead to non-specific adsorption to the cell
surface. To avoid this, the surface modification of CNTs can be considered as an
effective method of eliminating unwanted non-specific cell adsorption. Mucins are
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present on the surface of many cell lines and present epitopes for receptor-med-
iated cell–cell recognition. Glycosylated polymers on the CNT surface can mimic
mucins. A coating which introduces a-GalNac residues onto the CNT surface, can
be recognized by a specific receptor present on the cells [46].

SWCNTs have the ability to penetrate mammalian cells and serve as trans-
porters for many different proteins. Among those which have been tested are
streptavidin, protein A, bovine serum albumin and cytochrome c [47, 48]. Endo-
cytosis was confirmed as the internalization mechanism for fluorescein-labeled
proteins attached to SWCNTs. The SWCNT-protein conjugates were colocalized
with endocytosis markers for endosomes, lysosomes and cytoplasm [48]. The
mechanism of uptake of CNT can be either energy-dependent or energy-inde-
pendent. In the majority of cases endocytosis is involved, but uptake is also
possible under endocytosis-inhibiting conditions [37] or by incomplete phagocy-
tosis [49]. After being internalized by cells, CNT can be located in different
cellular organelles, such as cytoplasm, endosomes, lysosomes, Golgi apparatus or
mitochondria. TEM studies by Kang et al. [45] revealed that functionalized
SWCNTs are bound to the cellular membrane and then transfer to endosomes and
lysosomes. The SWCNTs caused lysosomal damage and a concentration-depen-
dent apoptosis. Generally CNTs are not localized in the nucleus, but functionalized
SWCNT can be found in the perinuclear region [33, 37].

Macrophages play a central role in clearing particles from the alveolae of the
lung. Currently little is known about the fate of MWCNTs in macrophages and the
likelihood of being cleared from the lung via macrophages [49]. It might be
expected that a proportion of CNTs ingested by lung macrophage will be moved
up the airways by ciliary transport and then spat out or swallowed. Gold-labeled
SWCNTs in the lungs can escape phagocytosis and migrate into the alveolar septae
[42].

The interaction of CNTs with cells is very complex and dependent on many
factors, such as the chemical composition of CNTs, their surface charge, length,
dispersion, diameter, type of cells and the presence of cell receptors. Tip and side
wall functionalization of CNTs may be important in cell or tissue engineering [50,
51]. Magnetically drivable CNTs can be used as efficient drug delivery vehicles.
These magnetic CNTs can enter cells and tissues in the presence of an appropri-
ately oriented magnetic field [52].

Being aware of the cellular uptake of CNTs can be very useful in designing new
drug carriers. Additional information, like cytotoxicity, efficacy, cellular locali-
zation and the fate of CNTs inside the cell are also valuable.

6 Potential Toxicity and Immunotoxicity of CNT

In Sect. 5 the interaction of various CNTs with the complement system was
described. Such interactions may or may not be desirable, depending on the
intended function or targeting of the CNTs. Activation of complement may have
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potential harmful effects (inflammation) on human tissues. Complement activation
is not the only criterion in preclinical safety assessment of biocompatibility.
Interaction of a potential drug candidate with blood cells, platelets and the
coagulation system must also be considered [53]. For example, PEGylated lipo-
somes were reported by Dobrovolskaia et al. [53] to activate complement, but were
approved as a drug called ‘Doxil’, which can still be used in treatment of meta-
static ovarian cancer. It is an aspiration that nanotechnology-based drugs will have
an advantage over conventional drugs, as they can be designed to cause fewer
adverse reactions [53]. However, supposedly CNTs can cause endothelial dys-
function, have effects on blood clotting and suppress immune responses and this
may result in pathophysiological responses, like stroke, thrombosis, autoimmunity
or artherogenesis. Nonetheless, the experimental evidence to support these
potential side effects is still unsatisfactory [54].

Airborne CNTs can be simply inhaled into the lung and this organ is likely the
most important target for potential CNT toxicity. Lungs are composed of more
than 40 different cell types and therefore their interactions with CNTs can be quite
complex. In vitro studies on triple cell cultures consisting of A549 human epi-
thelial lung cells, human monocyte-derived macrophages and monocyte-derived
dendritic cells were carried out by Müller et al. [55] and potential for oxidation
stress and inflammation were observed. As shown by Simon et al. [56], MWCNTs
were cytotoxic for A549, HepG2 and NRK-52E cell lines being models for lung,
liver and kidney cells, respectively.

There are already many reviews discussing toxicity, safety concerns and
potential dangers of CNT exposure to human lungs and other organs [57–62]. The
impact of various types of CNTs on the lung has attracted substantial attention, but
still relatively little is known about the potential toxicity of CNTs to other organs
of the human body. Although CNTs can have asbestos-like structure and therefore
be involved in lung toxicity, they probably do not exist in the air in the fibrous
asbestos-like form [63].

When inhaled, non-aggregated CNTs can penetrate the aveoli and interact with
lung surfactant proteins. As presented in Sect. 5, CNTs can bind SP-A and SP-D.
Pulmonary surfactant proteins, SP-A and SP-D, are the main protein constituents
of lung surfactant and are involved in innate immunity [19, 20]. The absence of
SP-A and SP-D in knockout mice caused infection and emphysema in their lungs.
SP-A and SP-D do not activate the complement system in contrast to mannan-
binding lectin (MBL), another collectin involved in immune defence. SP-A can
modify the inflammatory response in vivo by enhancing macrophage phagocytosis
and clearance of bacteria. Clearance of apoptotic cells in lung inflammation is a
principal role of SP-A and especially of SP-D [19, 20] .

Interactions of CNT with collectins can affect the physiological functions of
these proteins and could potentially lead to bronchial inflammation or increased
susceptibility to lung infection or allergy, therefore it is necessary to understand
the mechanism involved in the interactions. As shown by Salvador-Morales et al.
[30, 31], no binding of SP-A and SP-D from BALF to DWCNTs occurred in the
presence of EDTA, a commonly used divalent cation chelator. The binding of
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SP-A and SP-D to CNTs was dependent on the presence of ketone, aldehyde, ester
or carboxylic acid functional groups on CNT surface.

In in vivo studies of aspiration of MWCNTs suspended in phosphate buffer into
mouse lungs, increased secretion of mucous and of SP-D was observed, with
indications of systemic oxidative stress. These MWCNTs were not oxidized so
probably did not bind SP-D [64, 65].

In further in vivo studies, Mitchell et al. [66] showed that inhalation of
MWCNTs by C57BL/6 male mice affected systemic immunity, but did not cause
lung damage. Studies using a natural killer cell assay showed that the innate
immune response was suppressed by inhalation of MWCNTs [66]. Increased
expression of an indicator of oxidative stress, NQO1, and an indicator of altered
immunity, IL-10 were not observed in lungs, but were seen in spleen. IL-10 is one
of anti-inflammatory cytokines and plays an important role in maintaining
homeostatic control of innate and immune responses mediated by cells. IL-10 is
secreted by macrophages and T cells [66]. Its expression can suppress normal
immune responses and increase receptiveness to infection. The immune function
responses observed in the spleen have not been evaluated in other parts of the body
like the lymph nodes or immune cells in the lungs. The immune response to
inhaled MWCNTs was time- and dose-dependent and was consistently observed
even in the presence of low concentrations of MWCNTs [66].

A mechanism by which inhaled MWCNTs induce systemic immune suppres-
sion was proposed by Mitchell et al. [67]. TGFb secretion in the lung can be
activated by MWCNTs and have an effect on prostaglandin production in spleen
cells, leading to the immune suppression and affect the function of T cells [67].

CNTs can be internalized by macrophages and cleared by the lymphatic system
if they are short and tangled [68]. However, typically they are long and their
prolonged accumulation in the lung (months or even years) can arise from
incomplete phagocytosis [68]. The internalization of SWCNTs in macrophages
can be responsible for activation of various transcription factors such as nuclear
factor jB (NF-jB) and activator protein 1 (AP-1) followed by induction of oxi-
dative stress, release of pro-inflammatory cytokines, leukocytes, gene expression
and activation of T cells [69]. This can cause innate and adaptive immune
responses including chronic pulmonary inflammation and granuloma formation.
Histopathological studies by Warheit [70] revealed that pulmonary exposure to
SWCNTs produced multifocal granuloma. Poland et al. [71] showed that long
MWCNTs caused inflammatory changes to mouse lungs, further developing
granuloma. The uptake of SWCNTs into macrophages induces oxidative stress in
mitochondria. A remarkable increase in SOD2 (superoxide dismutase) expression
in SWCNT-treated macrophages was observed by Chou et al. [69]. SWCNTs
induced the expression of protective and antiapoptotic genes [69].

As shown by Jacobsen et al. [72], apolipoprotein E knockout (Apo E-/-) mice
developed lung inflammation when exposed to SWCNTs. Studies carried out by
Elgrabli et al. [73] showed that MWCNTs can be present in rat lungs even
6 months after intratracheal instillation and therefore may cause pathological
changes in lungs. Studies on female C57BI mice revealed that exposure to
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MWCNTs can be more toxic than to ozone, which is known to cause pulmonary
toxicity [64]. Pathological changes in the lungs of mice exposed to aerosolized
MWCNTs were reported by Li et al. [74]. Exposure to SWCNTs caused lung
inflammation and granuloma formation in rats that was lethal for several animals,
as shown by Warheit et al. [75]. SWCNTs caused interstitial inflammation in mice
and granuloma in contrast to the lungs of mice treated with carbon black as
reported by Lam et al. [76]. Suppressed immune function was observed for mice
inhaling low concentrations of MWCNTs [77]. Carbon nanomaterials, among
them MWCNTs suspended in saline containing SDS, can induce pathological
changes in guinea pig lung tissues on intratracheal exposure, as reported by Hu-
czko et al. [78].

As discussed above, many studies performed on rodent models revealed CNT
lung immunotoxicity, but some researchers report CNTs to be non-toxic. As
reported by Qu et al. [79], carboxylated MWCNTs, well-suspended in PBS con-
taining Tween-80, did not cause pathological changes in mouse lungs and liver and
are more easily eliminated from the body as they do not form as many aggregates
as less dispersed MWCNTs. However, the same MWCNTs caused mouse heart
injuries, but no histopathological changes were observed in the brain [79].

No acute toxicity was observed by Pulskamp et al. [80] on macrophages
(NR8383) and human A549 lung cells after SWCNT and MWCNT exposure.
Purified CNTs had no effect on the formation of intracellular reactive oxygen
species or the MMP potential of A549 cells, but a loss of mitochondrial func-
tionality was reported. CNTs also affected the MMP potential in mitochondria in
NR8383 cells [80].

As noted above, NF-jB and AP-1 are activated by the uptake of SWCNTs by
macrophages [69]. This can cause oxidative stress and release of proinflammatory
cytokines. NADPH oxidase activation in macrophages can cause oxidative stress
as a result of superoxide anion radical O2

�- and hydrogen peroxide H2O2 genera-
tion. In the presence of transition metals the most reactive hydroxyl radical HO.

can be produced from O2
�- [54].

Generation of HO� from H2O2 is common in physiological conditions, for
instance during phagocytosis of particles by alveolar macrophages. It was reported
by Fenoglio et al. [81] that purified MWCNTs in aqueous suspensions did not
generate HO� and carbon-centred radicals, like CO2

�-. It was found by Shvedova
et al. [82] that SWCNTs did not generate O2

�- or the nitric oxide radical NO� in
RAW 264.7 macrophages. No O2

�- generation was reported when high purity
SWCNTs (significantly reduced metal content) were exposed to human alveolar
epithelial A549 cells, but unpurified SWCNT caused peroxynitrate ONOO- and
O2
�- production [83]. No significant changes in the level of O2

�- generation were
noted after treatment of peripheral blood mononuclear cells with CNTs [84]. ROS
can be generated during phagocytosis of foreign particles by the activation of the
NADPH oxidase system, which catalyses the conversion of O2 to O2

�-. CNTs can
stimulate the release of TNF-a and ROS in in vitro conditions. After treatment of
monocytic cells by CNTs ‘frustrated phagocytosis’ as a negative response to CNT
was observed [84].
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NADPH oxidase-derived ROS play a role in determining the route of the
pulmonary response to SWCNTs [85]. Exposure of SWCNTs to NADPH oxidase-
deficient C57BL/6 mice resulted in significantly higher levels of pro-inflammatory
cytokines: TNF-a, IL-6 and MCP-1 compared to non-deficient control animals.
The level the anti-inflammatory cytokine, TGF-b, was also shown to be signifi-
cantly higher [85].

It appears that CNTs may not generate ROS if there are no catalyst impurities
present. Purified MWCNTs have the ability to effectively scavenge HO�, generated
by both Fenton reaction and photolysis of hydrogen peroxide H2O2. Superoxide
anion O2

�- can be generated by either physiological or pathophysiological pro-
cesses. In the presence of MWCNTs the formation of O2

�- was shown to decrease
when detected spectrophotometrically by reduction of cytochrome c generated in
reaction catalyzed by xanthine oxidase. Although the scavenging properties of
CNTs have been observed, this is still poorly understood [81].

Regarding the toxicity of CNTs, currently relatively little is known about other
organs, as most researchers carry out studies on lungs. Murray et al. used engi-
neered skin murine epidermal cells (JB6 P+) exposed to unpurified SWCNTs
containing 30% iron and this caused HO� formation and activation of AP-1, in
contrast to SWCNTs containing much less iron (0.23%). Unpurified SWCNTs
caused oxidative stress to immune-competent hairless SKH-1 mice [86]. Inflam-
matory cytokines IL-6, IL-10, TNF-a or IL-12p70, etc., production and collagen
accumulation were also observed for the dermally exposed mice [86].

Observed discrepancies in reports of toxicity caused by CNTs can be a function
of many factors, such as their physicochemical properties, including size, length,
presence of metallic impurities on the surface, hydrophobicity or hydrophilicity of
the surface, its smoothness and the degree of oxidation. Other factors along with
the ability of CNTs to form long fibrous particles (like asbestos) and their surface
reactivity leading to the potential generation of ROS, can considerably influence
CNT toxicity. Slow clearance of long and rigid CNT in the respiratory tract and
their aggregation due to van der Waals forces are potentially dangerous for the
body.

The presence of structural defects on CNT surfaces can have an important
impact on their observed toxicity in vitro and in vivo. There are many surface
defects that can be present in nanotubes, among them topological [pentagons
instead of hexagons, pentagon–heptagon (5/7) pairs in the hexagonal structure of
CNTs], rehybridization (between sp2 and sp3 hybridization) or defects caused by
incomplete bonding (vacancies) [87, 88]. The defects can change CNTs’ electronic
properties [89, 90]. It was reported by Muller et al. [91] that the presence of
structural defects of CNTs plays an important role in MWCNT toxicity in in vivo
studies.

Toxic responses have been attributed to metal contamination, CNT length,
oxidation or hydrophilicity. To see how some of these properties relate to toxicity,
Muller et al. [91] and Fenoglio et al. [92] took a preparation of MWCNTs and
modified it by (a) grinding (introducing structural defects) and subsequently
heating in a vacuum at 600�C (to reduce oxygenated carbon adducts and metallic
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oxides) or in an inert gas at 2,400�C (causing elimination of metals and annealing
of defects) or (b) by heating at 2,400�C in an inert gas and subsequently grinding
(introducing defects in a metal-depleted carbon framework). Unlike some toxic
materials, CNTs may quench oxygenated free radicals, not generate them. The
capacity of the MWCNTs to scavenge hydroxyl radicals was evaluated by spin
trapping. The original ground material exhibited a scavenging activity toward
hydroxyl radicals, which was eliminated by heating but restored by grinding. The
scavenging activity appeared to correlate with both defects and genotoxic and
inflammatory activity of the MWCNTs.

7 Modification of Surface Properties to Enhance
Biocompatibility

The exceptional physicochemical properties of nanoparticles make them of great
interest for biomedical applications. Different classes of nanoparticles including
liposomes, polymers, metallic nanoparticles, quantum dots, carbon nanomaterials,
their potential toxicity, and their pharmacological applications have been reviewed
by Medina et al. [93].

However, the same physicochemical properties which make nanoparticles so
unique, sometimes can cause their failure in biomedical applications. The inter-
action of various nanoparticles, liposomes, micelles and CNTs with biological
systems depends on particle size, surface properties, and surface charge. Addi-
tionally, the presence of defects on their surfaces, length, hydrophobicity and
surface roughness can significantly diminish their utility in biomedical applica-
tions. Non-functionalized SWCNTs ([90% purity) and MWCNTs ([95% purity)
were shown by Schrand et al. [94] to be less biocompatible than nanodiamonds in
studies carried out on neuroblastoma and alveolar macrophage cell lines. Different
degrees of hydrophobicity of various latex nanoparticles was shown to have an
impact on the amount of protein adsorbed on their surface [95]. Lück et al. showed
in vitro plasma protein adsorption was dependent on the surface properties of
polymeric nanoparticles with and without covalently bound charged functional
groups [e.g. NR3

+ or C(NH2)2
+]. Such modified latex had different particle sizes,

surface charge densities, electrophoretic mobilities and hydrophobicities. Different
amounts of proteins adsorbed to latex with various functional groups on their
surface [96]. Purification of CNTs plays an essential role in CNT biocompatibility.
Chłopek et al. [97] reported good cellular biocompatibility of high purity
MWCNTs on the level observed for polysulfone currently in medical use. The
interaction of the MWCNTs with osteoblast cell cultures did not cause release of
pro-inflammatory cytokine, IL-6, and did not initiate ROS formation.

There are many limitations for nanoparticles being used as biomedical devices
or drug vehicles. Functionalization of CNTs can significantly improve their utility
as long as the functionalization is not harmful for tissues by itself. Modification of
nanoparticle surface properties can make them more valuable in potential
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biomedical applications. Proteins, including antibodies and enzymes can be
attached to the surface of CNTs and carbon nanofibres (CNF). Naguib et al. [98]
reported that CNFs could be coated with monoclonal anti-CD3 antibodies.
Poly (L-lysine) (PLL) enhanced the binding of proteins to CNTs. The more
hydrophilic the surface of CNFs, the more protein could bind to them. Biocom-
patibility aspects of CNT interactions with neuronal cells, osteoblasts, fibroblasts,
ion channels, cellular membranes, mono- and polyclonal antibodies and the
immune system were reviewed by Smart et al. [99]. The impact of various chemical
functionalizations of CNTs, including covalent modifications (1, 3-dipolar cyclo-
addition) and PEGylation on their biocompatibility has been reviewed [100].
Covalent binding of various biologically active molecules, including streptavidin
and siRNA to different types of functionalized or non-functionalized CNTs was
presented. Encapsulation of small molecules and DNA, RNA and fluorescently
labeled tags was also discussed [100]. Yang et al. [101] showed that positively
charged SWCNTs could be utilized to carry siRNA. These siRNA-SWCNT com-
plexes could be used to modify of functions of dendritic cells.

As discussed above, chemical modification of CNTs can considerably alter the
level of complement activation. Salvador-Morales et al. [3] showed that unmod-
ified SWCNTs and DWCNTs activated complement via both classical and alter-
native pathways, which may initiate inflammation or granuloma formation. The
same researchers showed that covalent modification of MWCNTs can consider-
ably change their biochemical properties and therefore increase their biocompat-
ibility in human blood plasma. Complement activation by classical and alternative
pathways was tested on four chemically modified MWCNTs [26]. e-Caprolactam-
modified MWCNTs and L-alanine-modified MWCNTs showed significant
reduction in activation of complement by the classical pathway in contrast to
unmodified MWCNTs.

Studies carried out by Mooney et al. on COOH-functionalized SWCNTs and
OH-functionalized MWCNTs showed that the COOH-functionalized SWCNTs
were less toxic to human mesenchymal stem cells (hMSC). The localization of
these SWCNTs in various cell compartments was also elucidated [102]. Bio-
compatibility tests were performed on fibroblast L929 mouse cells by Lobo et al.
[103] for MWCNTs on titanium and silicon surfaces. Carrero-Sánchez [104]
showed that MWCNTs doped with nitrogen were more tolerated by mice than pure
MWCNTs.

Modification of CNTs with hydrophilic agents can influence CNT compatibility
in vivo and in vitro. Coating of CNTs can modify their interaction with blood
proteins and cells. Hemocompatibility studies of PEGylated alcohol/polysorbate
nanoparticles (PEG-E78 NPs) and non-pegylated (E78 NPs) were performed by
Koziara et al. [105]. Both types of nanoparticles had potential blood compatibility,
did not activate platelets, did not cause blood cell lysis and did not have an effect
on whole blood clotting time in the concentration range 0–250 lg/mL [105].

Kam et al. showed that SWCNTs functionalized by folic acid were internalized
by folate receptor-overexpressing (FR+) cells. The same SWCNTs were not
internalized by normal cells without folate receptors. SWCNTs functionalized
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with Cy3-labeled DNA were shown to transport DNA inside of HeLa cells. Such
modified SWCNTs can potentially be used in selective targeting of cancer cells
[106].

Nanoparticles can be considered as effective drug vehicles if they can deliver
the drug to the site of action without causing harm to human tissues and organs.
Improvement of delivery of drugs to tumors by increasing drug bioavailability and
abrogating drug resistance are major purposes in targeted drug delivery. Polymer
micelles with cross-linked ionic cores consist of hydrophilic nanospheres and
porous ionic cores. Block ionomer complexes of poly(ethylene oxide)-b-
poly(methacrylic acid) (PEO-b-PMA) copolymer and Ca2+ cations were templates
for these cross-linked polymeric micelles. The core of these cross-linked poly-
meric micelles is hydrophobic and consist of many functional groups which can be
covalently attached to hydrophobic drugs, like cisplatin [107, 108]. Poly(ethylene
oxide)-b-poly(methacrylic acid) (PEO-b-PMA) [109], Pluronic P85-b-poly(acrylic
acid) [110], F87/poly(acrylic acid) [111] and poly(ethylene oxide)-block-poly(b-
benzyl-L-asparate) [112] block copolymers were studied as potential delivery
systems for cationic drugs, like doxorubicin. Effective encapsulation of potential
drugs in cores of micelles can protect them from premature release in the human
body. Additionally, hydrophilic PEO chains can provide increased solubility and
prevent interactions of plasma components with the drug encapsulated into the
core of the micelles. Paclitaxel, camptothecin and other anticancer agents can be
carried by micelles, polymer conjugates and liposomes and a few of them are
currently in medical use. Different clinical stages of anticancer agent-incorporating
micelles in oncology were reviewed by Matsumura et al. [113, 114].

The main limitation of nanoparticles in drug delivery is their rapid uptake by
the mononuclear phagocyte system (MPS). The presence of PEG chains on the
surface of nanoparticles can significantly change their interactions with blood
proteins. Extensive studies on these aspects of biocompatibility have been carried
out on nanoparticles other than CNTs, but the findings from this work are likely to
be applicable to CNTs. Studies on various nanoparticles consisiting of poly(lactic
acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and poly(e-caprolactone) (PCL)
core and PEG coronas were carried out by Gref et al. [115] and showed the
differences in uptake of these modified nanoparticles by polymorphonuclear cells
(PMN), changes in plasma protein adsorption and zeta potentials.

The biological activity of pluronic block copolymers consisting of PEO and
poly(propylene oxide) (PPO) blocks and pluronic micelles used in drug delivery
was broadly reviewed by Batrakova et al. [116]. Vittaz et al. [117] showed very
low complement consumption caused by poly(ethylene oxide)-poly(lactic acid)
diblock copolymer (PLA-PEO) compared to poly(lactic acid) stabilized by plu-
ronic� F68 (PLA-F68). PLA-PEO phagocytosis was significantly reduced com-
pared to PLA-F68.

Physicochemical properties of liposomes, especially their charge, can signifi-
cantly influence their interactions with blood proteins and protein adsorption
patterns. Gel filtration was used by Diederichs et al. [118] for the separation of
liposomes from plasma to examine bound proteins. Chonn et al. [119] showed that
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liposome surface charge can determine the pathway by which complement is
activated. Positively and negatively charged liposomes activated the alternative
and classical pathways, respectively. Liposomes with no charge on their surface
were shown not to activate the complement system in vitro.

A review by LaVan et al. [120] presents different types of nanoparticles among
them liposomes, as having potential in vivo drug delivery. The authors present
techniques that are useful to improve biocompatibility of potential nanoscale drug
vehicles.

Prolonged circulation of nanoparticles in the bloodstream is crucial for drug
delivery purposes (i.e. particles should not be cleared by the liver and spleen
before reaching their target). Moghimi et al. [121] reviewed protein-binding
processes to stealth nanoparticles, including the influence of surface PEGylation
on complement activation and the fate of these particles.

Salvador-Morales et al. showed differences in complement activation by vari-
ous surface modified lipid–polymer hybrid nanoparticles (NPs). The NPs with
methoxyl surface groups and amine surface groups induced the lowest and highest,
respectively, complement activation via the alternative pathway. The modification
of surface properties of NPs results in different protein binding patterns. NPs
consisting of a lipid monolayer between a hydrophilic polymeric shell and a
hydrophobic polymeric core can be utilized as drug delivery vehicles or novel
adjuvants for vaccination [122].

The modification of surface of a variety of types of nanoparticles can change
their reactivity and therefore make them more biologically active. This can con-
siderably enhance their chances to be used in pharmacology and biomedical fields.
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Toxicity and Environmental Impact
of Carbon Nanotubes

E. Flahaut

Abstract As the number of applications of carbon nanotubes (CNT) in the field of
nanomedicine is growing quickly (imaging, drug delivery, scaffolds for tissue
engineering), questions are raised about their potential toxicity. Because their
annual production is now reaching hundreds of tons per year, their application in
composite materials is becoming a reality. Dissemination in the environment could
also happen during different steps of their life cycle, from their production to their
processing, use and finally during disposal or recycling. We will review in this
paper the state of the art in the field of toxicity and ecotoxicity of carbon nanotubes
and try to highlight some recommendations.

1 Introduction

As the number of industrial applications of CNT increases constantly with the
production capacity at the worldwide level estimated to be a few hundreds of tons
in 2007, it is reasonable to ask the question of their potential impact on both
human health and the environment. It is important to consider that the number of
different kinds of CNT (SWNT, DWNT, MWNT) and different synthesis routes
[arc-discharge, laser ablation, (catalytic) chemical vapour deposition (C)CVD]
make the investigation of the toxicity of CNT more complex, and comparison of
the results already published almost impossible. CNT are most of the time not
found as individual objects but in the form of bundles, or more likely as large
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micrometric aggregates. All samples contain different levels of residual catalyst(s),
depending on the synthesis route and purification steps that they may have
undergone. Usual purification treatments involve the combination of acids and
oxidising agents, which lead to at least partial functionalisation of the outer wall,
making the treated samples more hydrophilic. SWNT and DWNT usually form
long and flexible bundles (typically hundreds of micrometers) while MWNT are
generally shorter (tens of micrometers) and more rigid. MWNT also have more
surface defects, which enhances their chemical reactivity. The specific surface area
(m2 g-1) can range from a few tens of square metres per gram in the case of
densely packed MWNT to just below 1,000 m2 g-1 in the case of SWNT and
DWNT [1] (the theoretical limit being 1,300 m2 g-1 in the case of individual
closed SWNT) [2].

Toxicity is generally defined as the degree to which a substance can harm. It
can be acute or chronic. Acute toxicity involves harmful effects in an organism
through a single or short-term exposure. Chronic toxicity is the ability of a sub-
stance or mixture of substances to cause harmful effects over an extended period,
usually upon repeated or continuous exposure. Genotoxicity refers to alterations of
the cell genetic material (DNA). Its effects are usually not visible in the short-term
range and it is thus an indicator of potential long-term effects (mutagenesis,
carcinogenesis).

The main exposure routes (Fig. 1) for dry CNT are first inhalation and then
dermal contact (the latter being also possible in the case of suspensions of CNT).
Ingestion is generally not considered likely to be accidental, although it is in fact

Fig. 1 a Main target organs, b details of lung anatomy
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more or less related to inhalation because part of inhaled particles generally leave
the respiratory system and reach the stomach from the upper airways (via the
mucociliary escalator). Injection in the bloodstream is envisaged, but would not be
accidental (biological applications such as imaging, targeted cell delivery,
hyperthermia, etc.).

After entry in the body, and depending on the route, migration to other organs
could be possible. This would be especially true if the nanoparticles are able to
reach the blood circulation. Typical target organs would then be the liver and the
kidneys, as well as the cardiovascular system in general. It has also been reported
that nanoparticles could reach the brain via the olfactory nerve [3], although there
is currently no evidence in the case of CNT.

2 Main Characteristics of CNT in Terms of Toxicity
Investigation

Real CNT are usually not perfect cylindrical tubes made of pure sp2 carbon. Their
shape can vary from short and straight (typical for arc-discharge MWNT) to long
and flexible (SWNT, DWNT). Their diameter can range from a nanometer
(SWNT, DWNT) to ca. 100 nm (large MWNT). They can be individual (rare) or
gathered into bundles. The diameter of the bundles can vary from a few nano-
metres to hundreds of nanometres. Interconnexions between the bundles are very
often observed (web-like material). The size and shape are very important because
they will determine the mobility of the nanoparticles within the body and their
ability to be cleared or not (biopersistence): it is well known (and rather intuitive)
that fibres are less mobile than spherical particles. In terms of length, macrophage
will not manage to eliminate particles longer than them (about a few tens of
micrometers for humans, depending on the organ where they are located). We have
already mentioned that CNT can be more or less aggregated and this will also play
a role in terms of biological interaction.

The chemical composition of CNT samples can vary strongly depending on
their purity. Whatever the synthesis technique (arc-discharge, laser ablation,
(catalytic) chemical vapour deposition), they usually still contain some catalyst
(typically transition metals such as Fe, Co or Ni, as well as other additives
including Y, Mo, S, etc.). The amount of residual catalyst can vary from a few tens
of wt% in as-prepared samples to a few ppm in highly purified CNT. In purified
samples, it is generally assumed that the residual catalyst is encapsulated in
graphitised shells or within the CNT and cannot directly interact with the envi-
ronment [4]. The presence of such metals can favour the production of free rad-
icals such as reactive oxygen species (ROS) which can themselves modulate
different biological functions.

Other parameters such as the specific surface area and the surface chemistry are
also very important. Functionalisation of CNT can be deliberate (for example in
the case of targeted delivery, or to stabilise a suspension by addition of surfactants)
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or not (when it occurs during purification) and will control the interface with
biological environments because of the resulting surface charge or modification of
wettability for example.

The interactions of the CNT with their local environment may vary with time
and will affect subtly the interaction with the target sites (Fig. 2).

In the case of the toxicity of nanoparticles, the relevant unit to quantify the
exposure is probably the number of particles, and not the weight or even not the
specific surface area. A simple comparison between MWNT and SWNT shows
that the same weight of material can correspond to very different amounts of
individual particles.

3 Models

Toxicity can be assessed both by in vitro and in vivo experiments. In the case of in
vitro assays, cell cultures (usually immortalised cancer cells, but also primary
cultures or even stem cells) are exposed to suspensions of CNT. The way the
suspension is prepared (with or without addition of a surfactant, dispersion by
sonication with a bath or a tip, etc.) and exposed to the cells are both very
important. In the case of in vivo assays, the animals (mice, rats, worms,
amphibians, fishes, etc.) are exposed either to aerosols (inhalation) or mainly to
suspensions of CNT which will be administrated according to different protocols
depending on the study (intra-tracheal instillation, injection, contact with the skin,
etc.). It must be noted that transposition of toxicity results from animals (or even
worse from cells) to humans is very uncertain but the data are however very useful

Fig. 2 Potential modifications of particles due to their environment (adapted from [5])

214 E. Flahaut



for the sake of comparison in a given system and with given experimental
conditions.

In the case of the use of suspensions, the main issue concerns their stability.
This question has been widely studied worldwide and the general approach is the
addition of a surfactant in order to stabilise the CNT in the liquid. The main
problem is that all commonly used surfactants are toxic to a certain extent and thus
cannot be used in the presence of living cells or animals for in vitro or in vivo
investigations, or must be used at such low concentrations that they no longer play
anymore the role there are supposed to play. Although a few natural surfactants
such as proteins [6], starch [7], Gum Arabic [8] or sugar derivatives [9] have been
investigated, the stability of the suspensions in the presence of living organisms is
often very different (fast destabilisation leading to flocculation).

4 Inhalation

Among respiratory tract cells, the lung (alveolar) ones are the most studied
(nothing has currently been published about nasal cells for example). The target
respiratory cells in the lungs are the epithelial cells and the macrophages. In
particular, epithelial cells provide a selective and permeable interface between the
lumen and the underlying tissue, for exchange of gases and other molecules. The
intra-tracheal instillation of mice with suspensions of SWNT (purified or not) [10]
led to an inflammatory response in the alveolar area. Granuloma (spheroidal
accumulation of immune cells trying to destroy a foreign body) were observed
after 90 days of exposure due to frustrated phagocytosis (impossibility for the
macrophages to destroy or remove the CNT). Similar observations were reported
in the case of other SWNT samples, but the granuloma vanished after 3 months
[11]. The influence of the length of the CNT was investigated and it was shown, in
the case of MWNT, that shorter nanotubes were much better dispersed in the lungs
[12]. Recent studies have compared CNT and asbestos because of the well-known
‘‘fibre paradigm’’ in pulmonary toxicology: long thin fibres (longer than the cells
of the lung that usually gets rid of fibres and other dusts—that is longer than about
15 lm and thin enough to enter the lungs—less than about 5 lm) tend to be
biopersistent in the lungs and are likely to lead to mesothelioma. Poland et al. [13]
have used peritoneal injection to compare the effect of different kinds of MWNT
(different diameters, different lengths) with amosite, a known pathogenic form of
asbestos. The results suggest that long and straight MWNT may be pathogenic in
the same manner as amosite but both the small number of animals used in this
study [13] and the unrealistic exposure conditions must moderate the validity of
the conclusions. In another study involving mesothelial cell cultures, it was also
shown that non-purified SWNT induced the activation of molecular pathways
associated with oxidative stress [14], similarly to asbestos. In this case, it can
clearly be questioned whether the oxidative stress came from the CNT themselves
or from residual catalyst [15].
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5 Contamination Through the Skin

It is generally admitted that nanoparticles do not cross a healthy dermis and may
only accumulate in the upper layers of the epidermis, although they may reach the
dermis along hair follicles (TiO2) [16]. Only a few examples of skin penetration
have been reported (in the case of Ag nanoparticles [17]), but none in the case of
CNT. In vitro cytotoxicity of CNT versus keratinocytes was however shown [18].
Oxidative stress, alterations of cellular membrane, internalisation and production
of pro-inflammatory cytokines were also described after in vitro exposure of
human epidermal keratinocytes to MWNT [19].

6 Translocation

After the CNT have entered in the body, they could travel following different
routes depending on the entry point (movements from one organ to another are
called translocation) but also mainly on their physico-chemical characteristics.
Objects recognised as non-self by the immune system usually end up in the liver or
the kidneys if they can be transported there, and could possibly be excreted
(eliminated) from the body. In the general case, CNT will just accumulate
(biopersistence).

7 Mechanisms of Protection and Elimination

Foreign particles are usually intercepted by macrophages (cells present in all
tissues the role of which is to phagocytose (engulf and then digest) cellular debris
and pathogens as well as to stimulate lymphocytes and other immune cells to
respond to the pathogens). Taking into account the small size of macrophages as
compared to that of CNT aggregates, bundles or even individual CNT, the latter
usually do not manage to eliminate the CNT by phagocytosis. However, they try to
do so and thus release reactive oxygen species (ROS), enzymes, cytokines
[interferons (IFN)], etc. and aggregate around them to isolate them from the body.
Proteins present in the blood and most biological fluids (complement system–
innate immunity) will play a similar role by ‘‘labelling’’ of the CNT [20]
(opsonisation) and possibly generating some inflammation reactions. The com-
plement system strongly interacts with the leukocytes. These natural phenomena
have deleterious consequences on the surrounding tissues: inflammation in a first
instance, formation of granuloma (commonly observed in the lungs after exposure
to CNT). Each target organ has its own phagocytic cells (Kupffer cells in the liver,
Langerhans cells in the skin, etc.).

As soon as CNT are in contact with a biological fluid, their surface chemistry is
likely to be modified very quickly by adsorption of proteins (complement system
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[20], surfactants [21], etc.); this adsorption can be very specific [20, 21] and is
likely to be dynamic and influenced by the affinity of the molecules for the surface
of the CNT (pristine or functionalised). It is thus obvious that the surface chem-
istry of the CNT will play a very important role.

8 Genotoxicity

Genotoxicity deals with gene alterations and mutations and corresponds to the
‘‘hidden risk’’ during classical toxicity investigations because the consequences
(mutagenic, carcinogenic effects) only appear after a long period of time and are
thus not observed during the assay. Genotoxicity was only scarcely investigated in
the case of human studies. A few papers by Muller et al. [22] however suggest a
potential genotoxicity of MWNT and report chromosomal alterations in human
epithelial cells or the observation of micronuclei after exposure of rat liver epi-
thelial cells (immortalised) [23]. In the latter case, it was shown that the chemical
purity of the MWNT samples played an important role. Recent publications also
confirm the potential genotoxicity of CNT [24].

9 Environmental Impact of CNT

The potential use of CNT in commercial products (sports equipment such as tennis
rackets, baseball bats or bikes are for example already available, flat-screen dis-
plays are expected to be soon available, use as additives in tyres and automobile
industry under study, etc.) begs the question of their fate at the end of their life-
cycle. If the impact of CNT on human health has been under investigation already
for a few years now, it is noteworthy that the environmental impact has hardly
been investigated. Only a few publications are currently available. A few studies
on different aquatic organisms exposed to CNTs are available: aquatic worms
exposed to SWNT [25], estuarine copepods exposed to SWNT [26], freshwater
crustaceans (Daphnia magna) exposed to functionalized SWNT [27], cladocerans
and amphipods exposed to raw and oxidized MWNT [28], zebrafish embryos
(Danio rerio) exposed to SWNT and DWNT [29], trout exposed to dispersed
SWNT in the presence of a surfactant [30] and amphibian larvae (Ambystoma
mexicanum, Xenopus laevis) exposed to DWNT [31, 32]. In the last case, no
genotoxic effects could be observed. All of these studies indicated that exposure to
CNT leads to biological disorders at different levels, usually from or above
10 mg L-1, which is much higher than what could be reasonably found in the
environment (or this could only be very localised). Due to the potentially very high
specific surface area of CNT, they could act as vectors for pollutants adsorbed on
their surface [PAH, (polycyclic aromatic hydrocarbons) for example, ions, etc.],
even if they themselves do not show any significant sign of toxicity.
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10 Conclusions

There is currently no consensus about the toxicity of CNT, although ca. 600 papers
have already been published on this topic within only the last 6 years. Despite the
worldwide effort devoted to this field of research, the huge variety of CNT types,
shapes, composition, etc. will make it very difficult to answer this simple question:
‘‘are CNT toxic?’’ The ‘‘principle of precaution’’ should not stop all research in
this area but only draw the attention to a more responsible attitude for people
working on their synthesis or manipulating them, and industrials willing to include
them in consumer products. As well as adhering to local rules and safety practices,
sensible precautions should be adopted at all times when handling CNTs in order
to minimise exposure. Gloves should be worn at any time as well as an adapted
(FFP3 type) disposable dust mask. Wearing a lab coat is recommended to limit
contamination of clothes. CNT wastes should always be burnt.
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Carbon Nanotubes Loaded
with Anticancer Drugs: A Platform
for Multimodal Cancer Treatment

Elena Heister, Vera Neves, S. Ravi P. Silva, Johnjoe McFadden
and Helen M. Coley

Abstract Approximately every fourth person in the world currently dies of can-
cer. Although many efficient anticancer drugs have been developed over the last
60 years or more, most therapeutic approaches still lack specificity for their
intended site of action in the body, resulting in reduced effectiveness and severe
side effects. The emerging field of nanomedicine provides a whole range of
materials and techniques to develop customizable drug delivery vehicles that assist
the targeting of therapeutic agents to the desired site of action. Amongst these,
carbon nanotubes have emerged as promising candidates, being capable of pene-
trating mammalian cell membranes and allowing for the attachment of high loads
of drugs and targeting agents on their surface or the inner cavity. This chapter will
discuss the principles of targeted, anticancer chemotherapies and introduce carbon
nanotubes as novel tools for vector-based, targeted drug delivery.

1 Introduction

Medicine in the twentieth century has mainly been driven by the quest for new
active pharmaceutical agents. Drug companies started to synthesize constantly
expanding collections of compounds by means of organic chemistry with sub-
sequent screening for pharmacological activity. However, at the onset of the
twenty-first century, an increasing part of pharmaceutical research focuses on the
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optimization of therapies already successfully used in the clinic, additionally to the
discovery of new drugs. This comprises compound optimization, as well as opti-
mization of administration, distribution, and selectivity of drugs, since interactions
of materials with the human body not only depend on their effect on the molecular
level, but also on physicochemical characteristics, such as particle size, shape,
aggregation state, and surface properties. In this respect, nano-sized materials are
becoming increasingly important. Their unique properties can enhance the per-
formance of medicines by improving solubility and bioavailability, increasing in
vivo stability, and minimizing side effects by acting as a targeting platform to
guide therapeutic agents to the desired site of action.

Targeted, selective therapies are of particular importance in the field of
oncology, since so many molecular features are shared by cancerous cells and
healthy cells alike. Many different types of nano- or microscaled drug delivery
systems are currently being developed, including quantum dots, silica nanoparti-
cles, dendrimers, micelles, and liposomes. Amongst these, the carbon nanotube has
emerged as a novel tool for the delivery of therapeutic molecules into cells. Carbon
nanotubes are possibly one of the most striking discoveries in the quest for new
materials in recent years, as they possess unique physical properties, such as
tremendous strength, an extreme aspect ratio, and excellent thermal and electrical
conductivity. Furthermore, their nanoscale dimensions enable them to bypass
biological barriers, such as cell membranes, and their high surface area allows for
the attachment of a whole spectrum of chemical and biological entities. The
combination of these outstanding properties makes them promising candidates as a
platform for the delivery of drugs.

This chapter will discuss the use of functionalised carbon nanotubes as a tar-
geted drug delivery system in the setting of oncology.

2 A Brief Insight into Cancer: Pathophysiology
and Problems of Conventional Cancer Therapies

Cancer is among the top three killers in modern society, next to heart disease and
stroke. In 2009, more than 1,500 Americans died from cancer every day. Although
much progress has been made in reducing mortality rates, stabilizing incidence
rates, and improving survival, cancer still accounts for more deaths than heart
disease in people under 85 years [1].

Cancer Pathophysiology

Cancer is the result of a process caused by multiple factors, which begins when
one cell of an organ or tissue gets damaged or altered in a way that causes it to
break free from its regulatory controls, resulting in uncontrolled growth, invasion
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of the surrounding tissue and metastasis (Fig. 1). This abnormal behaviour is the
result of a series of mutations in key regulatory genes. The cells become pro-
gressively more abnormal, as more genes become damaged. Genetic abnormalities
found in cancer typically affect two classes of genes: cancer promoting ‘‘onco-
genes’’ and ‘‘tumor suppressor genes’’. The activation of oncogenes and/or the loss
of tumor suppressor activity introduce malignant properties to healthy cells, e.g.
limitless replicative potential, invasive growth and metastasis, insensitivity to anti-
growth signals, self-sufficiency in growth signals and inhibited apoptosis. In case
of solid tumors, the supply with oxygen and nutrients must be ensured. In order to
expand, tumors encourage blood vessel growth, a process called ‘‘angiogenesis’’,
which allows the tumor to grow beyond the limitations of passive nutrient diffu-
sion and become connected to the bloodstream. Angiogenesis is induced by spe-
cific signals sent out by tumors, which cause nearby blood vessels to form new
extensions to the tumor, delivering nutrients and oxygen. Importantly, the blood
vessels also serve as a passageway for the movement of tumor cells to other parts
of the body, thus preparing the ground for metastasis.

The exact causes of such mutations are still the subject of intense investigation.
Several substances have been identified as ‘‘mutagens’’ (substances that cause
DNA mutations) and ‘‘carcinogens’’ (mutagens that cause cancer) over the last 300
years. Prominent examples are tobacco smoke, which contains over 50 known
carcinogens [2], or asbestos, a naturally occurring fibrous silicate mineral that has
been widely used in a variety of building and household products, until it was
found to cause an almost 100% lethal type of cancer called mesothelioma [3].
Apart from chemical carcinogens, a variety of other causes can be responsible for

Fig. 1 Development and spread of cancer (adapted from the website of the Cancer Council New
South Wales)
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the induction of DNA damage, for example prolonged exposure to ultraviolet
radiation from the sun or artificial sources [4], or viral and bacterial infections [5].
Furthermore, gene mutations may be passed down from a parent to a child and
result in an increased cancer risk, which is known as ‘‘hereditary cancer syn-
drome’’ [6]. However, DNA damage and mutations may also occur without any
known external cause.

Problems of Conventional Cancer Therapies

The major therapeutic approaches for the treatment of cancer are surgery, che-
motherapy, radiation therapy, hormone therapy, and immune therapy. This rather
wide range of treatment modalities already indicates that cancer is not a ‘‘simple’’
disease. In fact, cancer can be regarded as a multitude of independent disorders
resulting in malignant cell growth. Even though all cancers have to overcome the
same spectrum of regulatory controls in order to develop, the involved cell types
and affected genes may differ, which results in a vast heterogeneity of more than a
hundred different types. In the light of this overwhelming complexity, it becomes
apparent why the development of a single cure or a so-called ‘‘magic bullet’’ has
so far proven elusive.

In many cases, chemotherapeutic drugs exert their destructive effect on cells by
damaging DNA, impairing mitosis or inhibiting some aspect of DNA synthesis.
Although many available anticancer drugs have distinct mechanisms of actions,
they lack specificity for cancerous cells. In fact, most of them simply ‘‘target’’
rapidly dividing cells, as cancer cells have largely been associated with unre-
strained growth. However, fast-dividing cells can also be found in hair follicles,
the bone marrow, the stomach, or the bowel lining, which explains some of the
most common side effects of chemotherapies. Furthermore, this therapeutic
approach is only effective for tumors with reasonably high growth fractions, such
as some types of leukemia and aggressive lymphomas, and can induce resistance
over time. For this reason, cancer chemotherapy may often comprise the use of
drug combinations to increase effectiveness, for example of drugs targeting DNA
in combination with drugs targeting microtubules.

3 A Brief Overview of ‘‘Classic’’ Anticancer Drugs

Anticancer drugs can be categorised according to their mechanism of action. Most
of them affect cell division or DNA synthesis and function in some way, for
example by damaging the DNA of the affected cancer cells (genotoxic drugs), by
inhibiting the synthesis of new DNA strands to stop the cell from replicating
(antimetabolites), or by inhibiting mitosis (spindle inhibitors). The first drug ever
used for chemotherapy was originally developed for an entirely different purpose,
namely as a chemical warfare agent during World War I. Since people exposed to
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mustard gas were found to have very low white blood cell counts, it was reasoned
that a similar effect might be achievable for cancerous cells, particularly those of
the lymphocyte population, such as the high levels seen in lymphoma patients.
Follow-up medical studies rapidly confirmed this assumption and soon, the
nitrogen mustards became the prototype for a whole class of chemotherapeutic
drugs: the alkylating agents.

Alkylating agents belong to the class of genotoxic drugs, which stop tumor
growth by cross-linking guanine bases of DNA strands, thus preventing the strands
to uncoil and separate in the process of cell division. Commonly used alkylating
agents are nitrogen mustard derivatives (cyclophosphamide, chlorambucil), and
platinum-based drugs (cisplatin, carboplatin, and oxaliplatin). Another type of
genotoxic drugs inhibit key enzymes—the topoisomerases—which are involved in
DNA replication by cutting and reconnecting DNA strands. Drugs like irinotecan
or etoposide inhibit either class I or II of the topoisomerases and thus cause DNA
damage. Antimetabolites, another class of chemotherapeutic agents, also interfere
with DNA synthesis, but in a different way. Molecules belonging to this group
possess similar structures to the building blocks of DNA—adenine, guanine,
thymine, and cytosine—but are yet different enough to prevent their incorporation
into DNA strands. As a result, the treated cells are unable to synthesize new DNA
strands and are hence unable to divide and grow. Examples for antimetabolite
chemotherapeutic drugs are 6-mercaptopurine, 5-fluorouracil, and gemcitabin. An
entirely different mechanism of action to prevent cells from dividing is observed
for the so-called spindle poisons. Mitotic spindles are part of the cytoskeleton in
eukaryotic cells and help to separate the chromosomes into the daughter cells
during cell division. Spindle poisons, such as the vinca alkaloids (vincristine,
vinblastine) and the taxanes (paclitaxel, docetaxel) disrupt the formation of these
spindles by interacting with their subunits—the microtubules—and therefore
interrupt cell division.

Apart from these three main groups, many other chemotherapeutic agents exist,
whose mechanisms of action do not neatly fit into one of these categories. The
‘‘anthracyclines’’, which are among the most important antitumor drugs available,
are one such example. Their exact mechanism of action is complex: they are
known to interact with DNA by intercalation and inhibition of topoisomerase II
and further cause free-radical generation, chromosome damage, mitochondrial
effects and membrane effects [7]. A prominent representative of this category is
doxorubicin, which is widely used for the treatment of several solid tumors, and
daunorubicin and idarubicin, which are used exclusively for the treatment of
leukemia.

A characteristic attribute of all mentioned chemotherapeutic drugs mentioned is
their inherent toxicity, leading to common side effects, such as nausea, bone
marrow toxicity, hair loss, loss of appetite, and tiredness. However, some drugs
can also cause much more severe side effects in some individuals, such as car-
diotoxicity (doxorubicin), nephrotoxicity (platinum-based drugs), ototoxicity
(platinum-based drugs, vincristine), or hepatotoxicity (cyclophosphamide, meth-
otrexate, 6-mercaptopurine). Thus, the challenge for oncology in the twenty-first
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century is to design targeted therapies, which aim at delivering the drugs directly
to the target location and thereby not only allow for the application of smaller drug
doses by increasing therapeutic effectiveness, but also minimise the damage to
non-cancerous cells and its associated side effects.

4 Drug Targeting: As Crucial as the Drug Itself

As discussed in the previous sections, most cancer treatments suffer from a lack of
effectiveness due to insufficient selectivity for their target. In this context, different
types of targeting strategies are currently under investigation. Principally, onco-
logical targeting strategies can be divided into three categories (Fig. 2): molecular
targeting, active targeting, and passive targeting. The following subsections will
discuss these three categories with a particular focus on drug delivery systems.
This will set the stage for the final subsection, which will present carbon nanotubes
as a platform for targeted drug delivery.

Molecular Targeting Strategies

Molecular targeting strategies comprise drugs and other therapeutic agents, which
block the growth and spread of cancer by interfering with specific molecules or
proximal events in signaling transduction cascades involved in tumor growth and
progression [7]. This includes drugs interfering with cell growth signaling (signal
transduction inhibitors), tumor blood vessel development (angiogenesis inhibi-
tors), promoting the specific death of cancer cells (apoptosis inducers), or stimu-
lating the immune system to destroy cancer cells (immune system modulators).
Examples for FDA approved molecular targeted drugs are the so-called ‘‘tyrosine
kinase inhibitors’’, which interfere with tyrosine kinase-dependent cellular sig-
naling pathways involved in tumor development and progression, such as imatinib
(Gleevec�) or dasatinib (Sprycel�). The first therapeutic monoclonal antibody that
gained FDA approval for human use is trastuzumab (Herceptin�). It binds to the
human epidermal growth factor receptor 2 (HER-2), which is expressed at high
levels in some breast cancers, and possibly prevents it from sending growth-
promoting signals.

Although molecular targeting can be extremely effective in individual patients
(namely those who possess the target for the drug in question), and furthermore
causes relatively low toxicity, response rates in the general patient population for a
particular cancer are often as low as 10–20% due to the high complexity of the
disease and genetic variation. In comparison, conventional, ‘‘old-style’’ anticancer
drugs, which often target the downstream consequences of activated signaling
pathways, exhibit a rather broad efficacy, but are highly toxic due to their lack of
specificity [8].
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Active Targeting Strategies

Active targeting strategies usually involve the conjugation of a therapeutic agent to
a recognition moiety. This may increase the effective drug concentration at the
target area [9], which allows for lowering the dose of the drug and hence may
prevent associated toxicities, especially in chronic treatments. Targeting agents
can either be conjugated directly to anti-cancer drugs, rendering the so-called
‘‘immunoconjugates’’, or by attaching both entities to a nanocarrier.

5 Types of Targeting Agents

The characteristics of the targeting moiety are very important for circulation time,
cell uptake, and elimination. The most intensively studied targeting agents, at least
from a historical perspective, are monoclonal antibodies and Fab fragments

Fig. 2 Schematic overview of cancer targeting strategies
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(protein structures containing only the variable region of an antibody). Both rec-
ognize specific surface structures, so called ‘‘antigens’’, which are overexpressed
on tumors or cancerous cells. Ideally, antigenic targets for monoclonal antibodies
should be expressed on malignant cells only, be present in abundance on the cell
surface, and should not be shed into the blood circulation or the surrounding
interstitium. Examples for tissue-specific cell surface markers are the proteins
CD20, CD33, CD52 and other representatives of this class, which are found on B
cells, leukemic blasts, and T- and B-lymphocytes and are already used in FDA-
approved drug- and radioimmunoconjugates, as described in the last section.
Furthermore, growth factor receptors, such as HER2/neu and the epidermal growth
factor receptor have emerged as good targets for antibody-targeted therapies.
Another example for an antigen of clinical importance is carcinoembryonic anti-
gen (CEA), a peripheral membrane protein overexpressed by colorectal carcino-
mas and also a number of lung, breast, ovary, and pancreas carcinomas [12, 13].
As it is often released into the circulation by these tumours to cause elevated serum
concentrations, it has gained great importance as a diagnostic tumor marker,
although this fact is rather disadvantageous for the use of CEA as a therapeutical
target.

Overall, monoclonal antibodies are quite effective targeting agents—however,
they are associated with several innate problems, such as insufficient tumour
penetration, circulating free antigen, binding to non-specific Fc receptors changes
in the antigen over time, and interaction with the immune system [10, 11]. Besides,
the conjugation method has a great influence on antibody affinity: when carried out
in a random way, for example by creating stable amide bonds between carboxylic
acid groups of the nanocarrier or drug and primary amine groups of the antibody or
Fab fragment, the binding site of the antibody can become blocked [12]. It is thus
advantageous to employ a conjugation method, which allows for attaching the
antibody in a correctly oriented manner—for example by the use of Protein A,
which binds to the Fc fragment of antibodies.

To overcome these bottlenecks of antibody-targeting, many researchers started
to investigate other active targeting strategies. A rather novel approach is the use
of aptamers, which are synthetic, single-stranded nucleic acid molecules able to
fold up into unique 3D structures, which gives them molecular recognition
properties similar to antibodies. Aptamers offer the advantage to be readily pro-
duced by chemical synthesis and eliciting little or no immunogenicity in thera-
peutic applications. Furthermore, they can be produced for a variety of targets,
ranging from small molecules over amino acids and peptides to proteins, and
usually retain their binding properties even after immobilization on a carrier
material [13]. However, RNA-based aptamers are particularly prone to hydrolytic
breakdown by cytoplasmic nucleases and are generally rapidly eliminated from the
human body by renal clearance [14]. These problems may be overcome by
modifications of the molecules, such as methylation of the bases, end cap modi-
fications, or conjugation of PEG or cholesterol as anchor groups [15, 16]. Nev-
ertheless, the use of aptamers as targeting agents is still at an early stage and their
future role in drug delivery applications remains to be seen.
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Another type of active targeting is based on ligand–receptor interactions. An
example from the anti-angiogenetic area is the targeting of integrins avb3, which
are endothelial cell receptors for extracellular matrix proteins possessing the RGD
sequence (arginine-glycine-aspartic acid) and are highly expressed on neovascular
endothelial cells [17, 18]. Conjugation of RGD peptides to nanovectors can lead to
higher levels of cellular internalization and furthermore affect vascular endothelial
growth factor receptor-2 (VEGFR-2) signaling due to an intrinsic association with
this signaling pathway [19], leading to downregulation of the receptor and finally
to reduced angiogenesis. Another example for active targeting based on ligand–
receptor interactions relevant to the area of cancer therapeutics is the interaction of
folate with its receptor [20, 21]. Folic acid is a vitamin and necessary for the
synthesis of nucleotides, the DNA building blocks. Its counterpart, the folate
receptor, is significantly upregulated by a broad spectrum of human cancers, in
some cases by two orders of magnitude, facilitating cellular internalization of
folate-conjugated nanovectors by receptor-mediated endocytosis [22, 23]. Normal
cells, however, will only transport folate via this receptor, but not folate conjugates
of any type [10], which adds an extra level of specificity. The folate targeting
approach has been widely employed in the last decade using various types of
vectors, and remains very promising for future applications. Especially for che-
motherapy, folate-conjugated nanovectors loaded with anticancer drugs have
shown huge potential in overcoming the problem of multi-drug resistance by
evading P-glycoprotein-mediated efflux, which is considered to be a common
problem in cancer drug administration [24, 25].

6 Immunoconjugates

Immunoconjugates are antibodies conjugated to a second molecule, which can be a
toxin, radioisotope or label. In 2000, the first antibody-drug immunoconjugate
(Mylotarg�) was approved by the FDA for the treatment of some patients with
acute myeloic leukemia. It consists of the monoclonal antibody gemtuzumab,
which is targeted at the cell surface protein CD33 present on the surface of
leukemic blast cells, and the drug ozogamicin, which prevents DNA synthesis.
Once the complex binds to CD33, the receptor-antibody conjugate is internalized
and the drug released by hydrolysis. So far, Mylotarg� remains the only FDA
approved antibody-drug immunoconjugate—however, two radiolabeled antibodies
targeting the CD20 cell surface protein overexpressed by certain types of B-cell
non-Hodgkin lymphoma, Bexxar� and Zevalin�, have also made their way into
the market.

Besides conventional immunoconjugates, so-called ‘‘pretargeting strategies’’
are currently the focus of intense investigation. In this approach, antibody-based
targeting and delivery/generation of the toxic agent is separated into two steps
[26]. The most prominent example is ADEPT, or ‘‘antibody-directed enzyme
prodrug therapy’’, in which target selectivity is achieved by an antibody in an
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antibody-enzyme conjugate binding to antigens preferentially expressed on the
surface of tumor cells or the tumor interstitium. In the first step, this complex is
administered and accumulates at the target site. In the second step, a non-toxic
prodrug is injected, which is converted into a cytotoxic drug in situ by the enzyme
in the conjugate at the tumor [27]. A major advantage of ADEPT is the amplifi-
cation effect, as one molecule of enzyme catalyses the conversion of many pro-
drugs into their cytotoxic form. This leads to higher drug concentrations at the
tumor site compared to direct injection of the drug alone. Furthermore, a broad
array of prodrugs can be used for site-specific activation, especially those exhib-
iting high toxicity.

Overall, therapies employing immunoconjugates have evolved a great deal over
the past few years. Although several challenges still lie ahead, advances in protein
engineering are likely to permit a greater control of antibody-based targeting,
clearance and pharmacokinetics for the next generation of immunoconjugates,
which will result in significantly improved delivery to tumors [26].

7 Drug Delivery Systems Featuring Active Targeting Agents

Another option for improving the clinical efficacy of active targeted drugs lies in
the use of a drug delivery system. Many nano-sized carriers have been developed
for this purpose in the last decades, as their small size enables them to pass through
narrow capillaries and endothelial spaces. Furthermore, they possess high adapt-
ability, allowing for the loading of various types of therapeutic agents and tar-
geting moieties. Typically, a nanocarrier designed for targeted drug delivery
consists of a core constituent material, a therapeutic payload, and a targeting agent
[28]. This multifunctional concept allows for the delivery of large amounts of
therapeutic agents per targeted site of action, which is a major clinical improve-
ment over simple immuno-targeted drugs. So far, a plethora of materials has been
investigated as vectors for drug delivery applications, including nanoparticles,
nanocapsules, nanotubes, dendrimers, liposomes, and many more. Figure 3 shows
an example for a drug delivery system, which was developed in our own lab.
Therein, carbon nanotubes serve as a delivery platform, anti-CEA antibodies as
targeting agents, and doxorubicin as an anticancer drug.

Passive Targeting Strategies

Besides active targeting, drug delivery systems also allow for passive targeting
strategies, which often relying on mechanisms based on the size and physical
properties of the nanocarriers or involve cleavable bonds. These are mostly based
on the so-called ‘‘enhanced permeation and retention (EPR) effect’’, which orig-
inates from the leaky vasculature of tumor-associated, newly created blood
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vessels, and the lack of effective lymphatic drainage in tumor tissues [30]. Both
effects contribute to tumor interstitial drug accumulation, and are widely exploited
by vector-based drug delivery systems. The earliest one was approved by the FDA
over 10 years ago for the treatment of Kaposi’s sarcoma and comprises a
liposome-encapsulated, pegylated formulation of the anthracycline anticancer drug
doxorubicin (Doxil�/Caelyx�) [31]. Since then, three more products have reached
the market: a pegylated, liposomal formulation of daunorubicin (DaunoXome�), a
non-pegylated, liposomal preparation of doxorubicin (Myocet�) and a product
featuring the anticancer drug paclitaxel bound to albumin nanoparticles (Abrax-
ane�). The latter is a major improvement compared to traditional paclitaxel
formulations in terms of toxicity: since paclitaxel is very hydrophobic and hence
poorly bioavailable, it has usually been formulated with the pharmaceutic excip-
ient Cremophor-EL, which is known to cause severe hypersensitivity reactions and
toxic tissue side effects. Albumin, however, is the major protein in human blood
and hence much more biocompatible than Cremophor-EL, thus allowing for the
delivery of higher drug doses at lower toxicity.

Another passive targeting approach applied by vector-based drug delivery
systems exploits distinctive features of the tumor microenvironment to achieve
drug accumulation at the target site. For example, solid tumors often exhibit a
lower extracellular pH than the surrounding tissues due to lactic acid produced by
hypoxic cells [32], whereas the intracellular pH is essentially identical or slightly
more basic in tumors than in normal tissue. As a consequence, the cellular pH
gradient is substantially reduced or reversed in these tissues; a fact that has been
exploited by various studies for drug delivery applications. One such example is
the work of Ko et al. [33], who developed pH-responsive and biodegradable

Fig. 3 Example for a vector-based drug delivery system developed in our own lab, featuring a
carbon nanotube as the delivery vector, doxorubicin as therapeutic agent and monoclonal anti-
CEA antibodies as targeting moiety. Adapted from [29]
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polymeric micelles loaded with doxorubicin as a tumor-targeting drug delivery
system, showing noticeable pH-dependent micellization–demicellization behav-
iour with rapid release of the drug doxorubicin from the micelles in weakly acidic
environments, but very slow release under physiological conditions.

In summary, the greatest gain in therapeutic selectivity is most likely to be
achieved by synergistic combinations of active and passive targeting strategies. In
this respect, vector-based targeting strategies offer a great advantage, being
capable of combining the EPR effect as a passive targeting strategy with active
targeting by means of conjugated targeting agents. The next section will discuss
drug delivery systems employing carbon nanotubes as delivery vectors and give an
overview of the literature to date.

8 Carbon Nanotubes as a Platform for Targeted Drug
Delivery

In the last 5 years, carbon nanotubes have emerged as a new type of targeted drug
delivery system, especially in the field of oncology. Both their surface and their
inner cavity allow for loading with drugs and other therapeutic and diagnostic
entities, such as targeting or imaging agents. Furthermore, carbon nanotubes are
capable of penetrating mammalian cell membranes and have been demonstrated to
shuttle a broad spectrum of molecules into mammalian cells, including peptides
[34], proteins [35], genes [36, 37], and drugs [37, 38]. Interestingly, the uptake
mechanism of carbon nanotubes and carbon nanotube conjugates is still under
discussion and seems to depend on the physicochemical properties of the nano-
tubes, as well as on the type of functionalization. Some researchers have described
the internalization process as passive and endocytosis-independent, suggesting a
mechanism in which the nanotubes act as ‘‘needles’’ with a piercing mode of entry
through the cell membrane [34], whereas other groups have reported a clathrin-
dependent, endocytotic uptake pathway [38]. For a more complete discussion on
the uptake mechanism and intracellular distribution of carbon nanotubes, please
refer to Chap. 9.

Functionalisation of Carbon Nanotubes with Anticancer
Agents

In terms of functionalization, many different methods have been developed,
according to the therapeutic requirements. Surface functionalisation techniques
of carbon nanotubes can be divided into covalent and non-covalent methods;
each of them possessing advantages and drawbacks. Covalent conjugation
methods, for example, guarantee strong and stable chemical bonds. This is
useful when the bound molecule is supposed to stay attached to the vector in all
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conditions; molecules that are to be released at a later stage, however, need to
be conjugated via a bond that is cleavable at the target site. One such example
is the disulfide bond, which is readily cleaved into sulfhydryl groups by the
reductive environment in the cytoplasm, as has been demonstrated by Chen
et al. and Kam et al. for the attachment of a taxane anticancer drug [39] and
siRNA [40] to carbon nanotubes. Another option are hydrazone bonds, which
are cleavable in mildly acidic conditions, such as the interior of lysosomes.
This method has been employed by Lai et al. to attach the anticancer drug
doxorubicin to PAMAM dendrimers [47] and by Prabaharan et al. to attach the
same drug to polymer-coated gold nanoparticles [41], both in the scope of drug
delivery.

Non-covalent conjugation methods, on the other hand, result in less stable
bonds that are mostly based on electrostatic interactions, van der Waals forces or
p-stacking interactions between molecules. The bonds are susceptible to envi-
ronmental factors, such as pH and salt concentration, which can be disadvanta-
geous for in vivo applications, bearing in mind the different conditions an
intravenously applied vector-based drug delivery system has to encounter before
reaching its target location. On the other hand, it can be advantageous for the
release of the drug at the target location; a fact that has been utilized by various
groups, including ours, for the delivery of the anticancer drug doxorubicin [28, 43,
44]. Doxorubicin binds to the surface of carbon nanotubes via p-p interactions in a
pH-dependent manner. At a high pH, the amino group in the sugar moiety of the
molecule is deprotonated/uncharged, promoting strong hydrophobic interactions
with the nanotubes’ sidewalls and poor aqueous solubility. At a lower pH, how-
ever, the amino groups become protonated and charged, which increases the
molecule’s hydrophilicity and solubility in water. This property can be applied for
vector-based drug delivery systems that are taken up by cells via an endocytotic
pathway: the slightly acidic pH inside lysosomes will trigger the release of the
drug from the nanotubes according to the mechanism described above.

A different approach to the functionalisation of carbon nanotubes with drugs is
the filling of the inner cavity, which allows for the protection of unstable drugs and
controlled drug release at the desired site of action in dependence of the tube
diameter. However, although carbon nanotubes have already been filled successfully
with a variety of molecules, including fullerenes, metals, DNA/RNA or polymeric
nanoparticles [42, 45], filling of nanotubes with therapeutic agents is an approach
still in its infancy. Hilder and co-workers have carried out a great deal of theoretical
work on the filling of carbon nanotubes with drugs. In their first article on this
subject, they looked at the suction behaviour of cisplatin, a widely-used,
platinum-based anticancer drug, and concluded that a carbon nanotube should have a
diameter of about 1 nm to entrap cisplatin and take advantage of the maximum
suction energy [46]. In another publication, they investigated the encapsulation of
paclitaxel and doxorubicin, two anticancer drugs with more complicated molecular
structures [47]. In these cases, the highest probability of achieving both encapsu-
lation and maximum uptake (or suction energy) occurs in the diameter range of
about 1.83–2.54 nm for paclitaxel and 1.77–2.10 nm for doxorubicin.
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Drug Delivery Studies

This subsection will present a review of all studies to date that have employed
carbon nanotubes as a vector for targeted drug delivery; starting from early, non-
targeted in vitro approaches to targeted in vivo studies with a special focus on the
applied targeting strategy.

In Vitro Studies

The first study on in vitro drug delivery with carbon nanotubes was carried out by
Wu et al. [48]. They conjugated the antibiotic drug amphotericin B to multi-walled
carbon nanotubes; a drug considered problematic due to its poor aqueous solubility
and narrow therapeutic index. These problems could be resolved by delivering the
drug via a carbon nanotube vector, which lead to reduced toxicity towards cells,
whilst preserving the drug’s antifungal activity [48]. One year later, the same
group reported the delivery of the first anticancer drug to human T lymphocytes.
The drug, methotrexate, is widely used in chemotherapies, but suffers from poor
cellular uptake and induction of drug resistance in cancer cells. Its internalization
could be facilitated through conjugation to multi-walled carbon nanotubes,
although its antitumor activity was not evaluated. In both studies, the drugs were
attached covalently to the nanotubes. One of the first studies employing non-
covalent attachment was carried out by Ali-Boucetta and co-workers, who
attached the anticancer drug doxorubicin to multi-walled carbon nanotubes via p–
p-interactions, as described in the last subsection. A simplified viability assay with
human breast cancer cells demonstrated that doxorubicin-nanotube conjugates
exhibited significantly enhanced cytotoxicity compared to the drug alone, indi-
cating that nanotubes are a feasible option for mediating the delivery of drugs into
cells and enhancing their therapeutic efficiency [49].

These studies have provided a solid foundation for future drug delivery stud-
ies—however, the aspect of targeting had not been considered, yet. The first step in
this direction was undertaken by Feazell and co-workers, who conjugated a plat-
inum(IV) prodrug to single-walled carbon nanotubes via a cleavable disulfide bond
[50]. The use of a prodrug allows avoidance of many pathways in the body that are
known to deactivate platinum(II)-based anticancer drugs. In a cytotoxicity test, a
testicular carcinoma cell line was treated with the free platinum(IV) prodrug and
the nanotube-conjugate to compare therapeutic effectiveness. Whilst the plati-
num(IV) prodrug did not have a significant effect on cell viability, the prodrug-
nanotube conjugate showed a substantial increase in cytotoxicity and surpassed
that of cisplatin alone, a widely used platinum(II) anticancer drug, when compared
on a per platinum basis.

Compared to the passive and simple targeting approach in that study, a sub-
sequent study by Liu et al. [51] applied a much more advanced targeting approach.
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They dispersed pristine, single-walled carbon nanotubes via an amine-terminated,
phospholipid-PEG-based surfactant and loaded them with doxorubicin in the same
way as described before. Next, they attached a cyclic RGD peptide to the amine
groups of the surfactant as a ligand to integrin avb3 receptors, which are up-
regulated in a wide range of solid tumours. Cell viability testing using integrin
avb3-positive U87MG human glioblastoma cancer cells revealed that free doxo-
rubicin exerted the highest cytotoxicity with an IC50 of about 2 lM, followed by
the targeted nanotube-drug conjugates with an IC50 of about 3 lM doxorubicin
and finally the untargeted nanotube-drug conjugates with an IC50 of about 8 lM
(Fig. 4). This demonstrated that targeting of integrin receptors via an RGD peptide
is a valid and promising method in an in vitro setting. Although the free drug was
more effective than the conjugates, this is a result to be expected in in vitro assays,
as there are no real barriers for membrane-permeable drugs. In an in vivo setup,
however, drugs are subjected to many different environments and influences
before reaching their target, and in this scenario, their attachment and delivery by a
vector might be of significant advantage.

Another active targeting approach has been pursued by Chen and co-workers,
who conjugated a taxane prodrug to single-walled carbon nanotubes via a cleav-
able disulfide linker, which releases the drug upon internalization and converts it
into its activated form [39]. Additionally, they attached the vitamin biotin to serve
as a targeting agent. This idea is based on a study of Russell-Jones et al. [23], who
reported that biotin receptors are overexpressed on a wide range of tumor types
and could thus serve as a new tumor-specific target, in a manner similar to the
widely recognized folate receptors. An MTT cytotoxicity assay revealed that the
targeted nanotube-drug conjugates were superior in cytotoxicity than the drug
itself in L1210 leukemia cells. Another study by Dhar et al. [50] followed up the
work of Feazell et al. [50], which was published a year earlier and described the

Fig. 4 Concentration-dependent survival curves of U87MG integrin avb3 positive cells (a) and
MCF-7 integrin avb3 negative cells (b) treated with the various samples as indicated. The drug-
nanotube conjugates had a lower toxic effect than the free drug on both types of cells, while the
targeted nanotube-drug conjugates exhibited increased toxicity to U87MG cells but not to MCF-7
cells, showing that RGD peptides selectively enhance doxorubicin delivery by SWNTs and
toxicity to integrin avb3 positive cells. Adapted from [51]
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delivery of a platinum(IV) prodrug by carbon nanotubes, albeit without a targeting
strategy. Their next study, however, included the conjugation of folic acid to the
nanotube-drug complexes as a targeting ligand for folate receptors [52]. As
described earlier in this chapter, this targeting strategy is based on the fact that
folate receptors are significantly upregulated by a broad spectrum of human
cancers, thus facilitating cellular internalization of folate-conjugated nanovectors
by receptor-mediated endocytosis. Indeed, the cytotoxicity of the targeted
nanotube-drug conjugates was enhanced by a factor of 6.8 compared to complexes
consisting of the drug and the targeting agent only.

Three more in vitro studies will be discussed in the framework of this sub-
section, before moving on to the more significant in vivo studies that have been
carried out with carbon nanotube-based drug delivery systems so far. The first one
carried out by Hampel et al. [53] has embarked on a very different strategy in
terms of drug loading. Therein, the anticancer drug carboplatin was filled into
multi-walled carbon nanotubes by a wet chemical approach (Fig. 5) [53]. In vitro
studies revealed that the carboplatin-filled nanotubes exerted a concentration-
dependent cytotoxic effect on human bladder cancer cells, whereas unfilled
nanotubes did not affect cell viability in a significant manner.

The second study published by Ou et al. [54] focuses on the targeting aspect
without delivering a drug. The applied targeting approach is again based on
integrin avb3 receptors—however, the researchers argue that RGD peptides,
although commonly used as targeting ligands for integrin receptors, have a rela-
tively low specificity due to their universal targeting ability to other integrins.
Furthermore, they state that some RGD peptides are prone to degrade rapidly in
vivo and have therefore decided to use a monoclonal antibody to integrin avb3

receptors instead. The antibody was attached to carbon nanotubes via protein A.
This is an elegant approach, since it ensures site-specific binding of the antibody,
in contrast to random conjugation via EDC/NHS chemistry. Protein A (found in

Fig. 5 Multi-walled carbon nanotube filled with carboplatin clusters. Courtesy of IFW Dresden
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the cell wall of bacteria, and able to bind to the Fc region of immunoglobulins)
was used as a linker between the nanotubes and the antibody ensuring correct
orientation without blocking its binding site.

The last study to be discussed in this subsection is by Zhang and co-workers
[55]. It has not only included a viable targeting option in the form of the folate
system, but also taken a step forward towards controlled drug release. Two
polysaccharides were chosen to wrap the surface of oxidised, single-walled carbon
nanotubes: the cationic chitosan and the anionic alginate. Using them either on
their own or in combination for nanotube functionalization allowed for manipu-
lating the surface potential of the modified nanotubes, which not only controls
efficient loading of the tubes with the selected, positively charged anticancer drug
doxorubicin, but also the release rate of the associated drug inside cells. In fact, the
drug delivery system displayed excellent stability under physiological conditions
whilst efficiently releasing the drug at reduced pH (typical of the tumour envi-
ronment or intracellular lysosomes) and inducing cell death.

In Vivo Studies

Following up the promising achievements of the in vitro studies discussed in the
last subsection, researchers have more recently focused on in vivo settings. So far,
five notable in vivo studies have been carried out using carbon nanotubes as a
delivery vector for therapeutic agents; thereof four anticancer drugs and one
radionuclide.

In the first study, McDevitt et al. [56] designed a SWNT-CD20 antibody
construct to deliver a radionuclide to mice bearing lymphoma xenografts. Apart
from the targeting aspect and quantification of tumor uptake, this study was one of
the first to yield results about blood clearance and the distribution of the nanotube
complexes to key organs. The anti-CD20 antibody employed, also known as
‘‘rituximab’’, has obtained FDA approval in 1997 as a therapeutic antibody for the
treatment of B-cell non-Hodgkin lymphoma resistant to other chemotherapy reg-
imens [57]. The study showed that covalent attachment of antibodies to the
nanotube-radionuclide conjugates dramatically altered biodistribution and phar-
macokinetics when comparing tumor-bearing and non-tumor-bearing mice, indi-
cating that the targeting effect was antibody-mediated and not a result of the CNT
portion of the construct.

In 2008, Liu and co-workers conducted the first successful study that demon-
strated efficient in vivo tumor treatment in mice using carbon nanotubes as drug
delivery vectors [58]. The microtubule binding anticancer drug paclitaxel was
conjugated to branched polyethylene glycol chains on single-walled carbon
nanotubes via a cleavable ester bond. These conjugates afforded much longer
blood circulation times than paclitaxel alone or PEGylated paclitaxel and lead to a
10-fold higher tumor uptake, most likely mediated through the EPR effect.
Additionally, they afforded similar therapeutic efficacy to paclitaxel alone in in
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vitro experiments and a higher efficacy in suppressing tumor growth in the murine
4T1 breast cancer model. Future work is planned to enhance treatment efficacy by
conjugating targeting ligands to their complexes, which would combine a passive
and an active targeting strategy in a synergistic fashion.

In the same year, Villa et al. [59] designed a construct of single-walled carbon
nanotubes functionalized with single-stranded oligonucleotides, radiotracing
moieties and an RGD peptide as targeting moiety—although not for drug targeting
purposes, but as a prototype for targetable nanotube platforms capable of
hybridizing cDNA addresses. Nevertheless, their in vivo experiments rendered
useful information in terms of the biodistribution behaviour of the complexes,
showing that the radiolabeled SWNT-oligonucleotides were rapidly cleared from
the blood circulation with significant retention in kidney, liver, and spleen only.

Shortly afterwards, Bhirde and colleagues published the first study demon-
strating in vivo drug delivery by an active targeting approach [58]. They func-
tionalized SWNTs with the first-line anticancer drug cisplatin, epidermal growth
factor (EGF) as a targeting agent, and quantum dots for imaging purposes by
covalent coupling chemistry (Fig. 6). The targeting approach was designed for
head and neck squamous carcinoma and is based on the fact that many squamous
cancer cells overexpress the EGFR (epidermal growth factor receptor). Pre-
liminary in vitro studies showed that SWNT-cisplatin-EGF dispersions with
1.3 lM cisplatin were more cytotoxic than 10 lM free cisplatin. In the follow-up
in vivo study, nude mice bearing tumour xenografts were injected with the
nanotube-bioconjugates and tumour growth was monitored for 2 weeks. Mice
treated with a non-targeted nanotube-cisplatin conjugate did not show tumor
regression, whereas mice treated with the targeted conjugates showed a rapid
decrease in tumor size.

One of the most recent studies published on in vivo drug delivery with carbon
nanotubes was reported by Wu et al. [61]. They attached the anticancer agent 10-
hydroxycamptothecin (HCPT) to multi-walled carbon nanotubes via the linker

Fig. 6 Drug delivery system by Bhirde et al. a Illustration of chemical reactions used to attach
EGF, cisplatin, and quantum dots to carboxylated SWNTs (red) using EDC as the coupling agent.
b Schematic showing SWNT bundles bioconjugated with EGF and cisplatin targeting the cell
surface receptor EGFR on a single head and neck squamous carcinoma cell. Adapted from [60]
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diaminotriethylene glycol, which is basically a bifunctional PEG molecule with an
extremely short chain length of 3. The approach is based on the fact that even
though PEGylation is viewed as a useful method to avoid uptake by the reticu-
loendothelial system and prolong blood circulation, it has been reported to block
the interactions between nanotubes and cells [62]. Hence, the group compro-
mised on these drawbacks by choosing a PEG spacer with a very low molecular
weight, which was attached to the tubes via a biocleavable ester linkage. The
treatment of mice bearing hepatic H22 tumors revealed that the nanotube-drug
complexes inhibited tumor growth much more efficiently than HCPT injection
alone (Fig. 7). This is due to enhancement of the drug’s bioavailability, prolonged
blood circulation owing to the use of carbon nanotube vectors, enhanced cellular
uptake, and concentrated drug action due to multivalent presentation of the drug
molecules on a single nanotube. Note that this study did not include a targeting
strategy.

9 Conclusion

The promising results of the in vivo studies presented in the last subsection rep-
resent a milestone in the development of carbon nanotubes as therapeutic agents in
the clinical setting. Carbon nanotubes offer several advantages over other nano-
vectors: their high surface area enables higher drug loading on the surface

Fig. 7 a In vivo drug deliv-
ery study by Wu et al [61]. The
antitumor effect of the anti-
cancer drug HCPT and HCTP-
carbon nanotube conjugates
(MWNTs 3), expressed as the
average values of the relative
tumor volume v/v0 (where v
denotes the tumor volume at
test time points and v0 denotes
the corresponding initial tumor
volume at the beginning of
treatment). *P \ 0.05 (vs.
HCPT injection group at the
equivalent dose from the 5th
day). MWNTs 2 represent
amino-functionalized
MWNTs, serving as a control.
b Typical photographs of
excised sarcomas from mice
on the 16th day after treat-
ments with MWNTs 3 (5 mg/
kg equiv), HCPT injection
(5 mg/kg equiv), and saline
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compared to conventional, spherically shaped vectors, thus reducing the amount of
excipient needed for therapeutic formulations. Furthermore, carbon nanotubes that
are taken up by cells via a passive, endocytosis-independent mechanism allow for
cytoplasmic delivery of drugs whilst avoiding the degradative lysosomal pathway.
Finally, the possibility of incorporating drugs into the inner cavity of the carbon
nanotube provides a protective environment for drugs of poor stability and affords
diameter-dependent, controlled drug release.

On the other hand, carbon nanotubes are non-biodegradable and hence, their
elimination from the body after i.v. or intratumoral application needs to be well
understood and controlled. This could for example be achieved by carrying out
rigorous toxicological assessments alongside pharmacokinetic and in vivo thera-
peutic studies. Nevertheless, drug delivery is clearly one of the most promising
bioapplications of carbon nanotubes and the coming years will reveal the suit-
ability of this rather novel material in comparison to more established drug
delivery systems, such as liposomes.

References

1. Jemal, A., Siegel, R., Ward, E., et al.: Cancer statistics 2009. CA Cancer J. Clin. 59, 225–249
(2009)

2. Kuper, H., Adami, H.O., Boffetta, P.: Tobacco use, cancer causation and public health
impact. J. Intern. Med. 251(6), 455–466 (2002)

3. Bourdes, V., Boffetta, P., Pisani, P.: Environmental exposure to asbestos and risk of pleural
mesothelioma: review and meta-analysis—Environmental exposure to asbestos and
mesothelioma. Eur. J. Epidemiol. 16(5), 411–417 (2000)

4. Rigel, D.S.: Cutaneous ultraviolet exposure and its relationship to the development of skin
cancer. J. Am. Acad. Dermatol. 58(2), S129–S132 (2008)

5. zur Hausen, H.: Viruses in human cancers. Science 254(5035), 1167–1173 (1991)
6. Frank, T.S.: Hereditary cancer syndromes. Arch. Pathol. Lab. Med. 125(1), 85–90 (2001)
7. Targeted Cancer Therapies. National Cancer Institute Fact Sheet 749 (2009)
8. Hait, W.N.: Targeted cancer therapeutics. Cancer Res. 69(4), 1263–1267 (2009)
9. McCarron, P.A., Olwill, S.A., Marouf, W.M.Y., et al.: Antibody conjugates and therapeutic

strategies. Mol. Interv. 5(6), 368–380 (2005)
10. Byrne, J.D., Betancourt, T., Brannon-Peppas, L.: Active targeting schemes for nanoparticle

systems in cancer therapeutics. Adv. Drug Del. Rev. 60(15), 1615–1626 (2008)
11. Kirpotin, D.B., Drummond, D.C., Shao, Y., et al.: Antibody targeting of long-circulating

lipidic nanoparticles does not increase tumor localization but does increase internalization in
animal models. Cancer Res. 66(13), 6732–6740 (2006)

12. Lee, L.S., Conover, C., Shi, C., et al.: Prolonged circulating lives of single-chain Fv proteins
conjugated with polyethylene glycol: A comparison of conjugation chemistries and
compounds. Bioconjug. Chem. 10(6), 973–981 (1999)

13. Farokhzad, O.C., Cheng, J.J., Teply, B.A., et al.: Targeted nanoparticle-aptamer bioconjugates
for cancer chemotherapy in vivo. Proc. Natl. Acad. Sci. USA 103(16), 6315–6320 (2006)

14. Proske, D., Blank, M., Buhmann, R., et al.: Aptamers—basic research, drug development,
and clinical applications. Appl. Microbiol. Biotechnol. 69(4), 367–374 (2005)

15. Rusconi, C.P., Roberts, J.D., Pitoc, G.A., et al.: Antidote-mediated control of an
anticoagulant aptamer in vivo. Nat. Biotechnol. 22(11), 1423–1428 (2004)

242 E. Heister et al.



16. Burmeister, P.E., Lewis, S.D., Silva, R.F., et al.: Direct in vitro selection of a 20-O-methyl
aptamer to VEGF. Chem. Biol. 12(1), 25–33 (2005)

17. Garanger, E., Boturyn, D., Dumy, P.: Tumor targeting with RGD peptide ligands-design of
new molecular conjugates for imaging and therapy of cancers. Anticancer Agents Med.
Chem. 7(5), 552–558 (2007)

18. Meyer, A., Auernheimer, J., Modlinger, A., et al.: Targeting RGD recognizing integrins: drug
development, biomaterial research, tumor imaging and targeting. Curr. Pharm. Des. 12(22),
2723–2747 (2006)

19. Ruoslahti, E.: Specialization of tumour vasculature. Nat. Rev. Cancer 2(2), 83–90 (2002)
20. Sudimack, J., Lee, R.J.: Targeted drug delivery via the folate receptor. Adv. Drug Del. Rev.

41(2), 147–162 (2000)
21. Zhao, X., Li, H., Lee, R.J.: Targeted drug delivery via folate receptors. Expert Opin. Drug

Deliv. 5(3), 309–319 (2008)
22. Lu, Y., Sega, E., Leamon, C.P., et al.: Folate receptor-targeted immunotherapy of cancer:

mechanism and therapeutic potential. Adv. Drug Deliv. Rev. 56(8), 1161–1176 (2004)
23. Russell-Jones, G., McTavish, K., McEwan, J., et al.: Vitamin-mediated targeting as a

potential mechanism to increase drug uptake by tumours. J. Inorg. Biochem. 98(10), 1625–
1633 (2004)

24. Shmeeda, H., Mak, L., Tzemach, D., et al.: Intracellular uptake and intracavitary targeting of
folate-conjugated liposomes in a mouse lymphoma model with up-regulated folate receptors.
Mol. Cancer Ther. 5(4), 818–824 (2006)

25. Wu, J., Liu, Q., Lee, R.J.: A folate receptor-targeted liposomal formulation for paclitaxel. Int.
J. Pharm. 316(1–2), 148–153 (2006)

26. Wu, A.M., Senter, P.D.: Arming antibodies: prospects and challenges for immunoconjugates.
Nat. Biotechnol. 23(9), 1137–1146 (2005)

27. Niculescu-Duvaz, I., Springer, C.J.: Antibody-directed enzyme prodrug therapy (ADEPT): a
review. Adv. Drug Del. Rev. 26(2–3), 151–172 (1997)

28. Ferrari, M.: Cancer nanotechnology: opportunities and challenges. Nat. Rev. Cancer 5(3),
161–171 (2005)

29. Heister, E., Neves, V., Tîlmaciu, C., et al.: Triple functionalisation of single-walled carbon
nanotubes with doxorubicin, a monoclonal antibody, and a fluorescent marker for targeted
cancer therapy. Carbon 47(9), 2152–2160 (2009)

30. Iyer, A.K., Khaled, G., Fang, J., et al.: Exploiting the enhanced permeability and retention
effect for tumor targeting. Drug Discov. Today 11(17–18), 812–818 (2006)

31. Gottlieb, J.J., Washenik, K., Chachoua, A., et al.: Treatment of classic Kaposi’s sarcoma with
liposomal encapsulated doxorubicin. Lancet 350(9088), 1363–1364 (1997)

32. Tannock, I.F., Rotin, D.: Acid pH in tumors and its potential for therapeutic exploitation.
Cancer Res. 49(16), 4373–4384 (1989)

33. Ko, J., Park, K., Kim, Y.S., et al.: Tumoral acidic extracellular pH targeting of pH-responsive
MPEG-poly (beta-amino ester) block copolymer micelles for cancer therapy. J Control.
Release 123(2), 109–115 (2007)

34. Pantarotto, D., Briand, J.P., Prato, M., et al.: Translocation of bioactive peptides across cell
membranes by carbon nanotubes. Chem. Commun. (1), 16–17 (2004)

35. Kam, N.W.S., Jessop, T.C., Wender, P.A., et al.: Nanotube molecular transporters:
internalization of carbon nanotube-protein conjugates into mammalian cells. J. Am. Chem.
Soc. 126(22), 6850–6851 (2004)

36. Pantarotto, D., Singh, R., McCarthy, D., et al.: Functionalized carbon nanotubes for plasmid
DNA gene delivery. Angew. Chem. Int. Edn. 43(39), 5242–5246 (2004)

37. Gao, L.Z., Nie, L., Wang, T.H., et al.: Carbon nanotube delivery of the GFP gene into
mammalian cells. ChemBioChem 7(2), 239–242 (2006)

38. Kam, N.W.S., Liu, Z.A., Dai, H.J.: Carbon nanotubes as intracellular transporters for proteins
and DNA: an investigation of the uptake mechanism and pathway. Angew. Chem. Int. Edn.
45(4), 577–581 (2006)

Carbon Nanotubes Loaded with Anticancer Drugs 243



39. Chen, J., Chen, S., Zhao, X., et al.: Functionalized single-walled carbon nanotubes as
rationally designed vehicles for tumor-targeted drug delivery. J. Am. Chem. Soc. 130(49),
16778–16785 (2008)

40. Kam, N.W.S., Liu, Z., Dai, H.J.: Functionalization of carbon nanotubes via cleavable
disulfide bonds for efficient intracellular delivery of siRNA and potent gene silencing. J. Am.
Chem. Soc. 127(36), 12492–12493 (2005)

41. Prabaharan, M., Grailer, J.J., Pilla, S., et al.: Gold nanoparticles with a monolayer of
doxorubicin-conjugated amphiphilic block copolymer for tumor-targeted drug delivery.
Biomaterials 30(30), 6065–6075 (2009)

42. Yudasaka, M., Ajima, K., Suenaga, K., et al.: Nano-extraction and nano-condensation for
C-60 incorporation into single-wall carbon nanotubes in liquid phases. Chem. Phys. Lett.
380(1–2), 42–46 (2003)

43. Leonhardt, A., Hampel, S., Muller, C., et al.: Synthesis, properties, and applications of
ferromagnetic-filled carbon nanotubes. Chem. Vap. Deposition 12(6), 380–387 (2006)

44. Gao, H.J., Kong, Y., Cui, D.X., et al.: Spontaneous insertion of DNA oligonucleotides into
carbon nanotubes. Nano Lett. 3(4), 471–473 (2003)

45. Kim, B.M., Qian, S., Bau, H.H.: Filling carbon nanotubes with particles. Nano Lett. 5(5),
873–878 (2005)

46. Hilder, T.A., Hill, J.M.: Carbon nanotubes as drug delivery nanocapsules. Curr. Appl. Phys.
8(3–4), 258–261 (2008)

47. Hilder, T.A., Hill, J.M.: Probability of encapsulation of paclitaxel and doxorubicin into
carbon nanotubes. Micro Nano Lett. 3(2), 41–49 (2008)

48. Wu, W., Wieckowski, S., Pastorin, G., et al.: Targeted delivery of amphotericin B to cells by
using functionalized carbon nanotubes. Angew. Chem. Int. Ed. 44(39), 6358–6362 (2005)

49. Ali-Boucetta, H., Al-Jamal, K.T., McCarthy, D., et al.: Multiwalled carbon nanotube-
doxorubicin supramolecular complexes for cancer therapeutics. Chem. Commun. (4),
459–461 (2008)

50. Feazell, R.P., Nakayama-Ratchford, N., Dai, H., et al.: Soluble single-walled carbon
nanotubes as longboat delivery systems for Platinum(IV) anticancer drug design. J. Am.
Chem. Soc. 129(27), 8438–8439 (2007)

51. Liu, Z., Sun, X.M., Nakayama-Ratchford, N., et al.: Supramolecular chemistry on water-
soluble carbon nanotubes for drug loading and delivery. ACS Nano 1(1), 50–56 (2007)

52. Dhar, S., Liu, Z., Thomale, J., et al.: Targeted single-wall carbon nanotube-mediated Pt(IV)
prodrug delivery using folate as a homing device. J. Am. Chem. Soc. 130(34), 11467–11476
(2008)

53. Hampel, S., Kunze, D., Haase, D., et al.: Carbon nanotubes filled with a chemotherapeutic
agent: a nanocarrier mediates inhibition of tumor cell growth. Nanomedicine 3(2), 175–182
(2008)

54. Ou, Z.M., Wu, B.Y., Xing, D., et al.: Functional single-walled carbon nanotubes based on an
integrin alpha(v)beta(3) monoclonal antibody for highly efficient cancer cell targeting.
Nanotechnology 20(10), 105102 (2009)

55. Zhang, X.K., Meng, L.J., Lu, Q.G., et al.: Targeted delivery and controlled release of
doxorubicin to cancer cells using modified single wall carbon nanotubes. Biomaterials
30(30), 6041–6047 (2009)

56. McDevitt, M.R., Chattopadhyay, D., Kappel, B.J., et al.: Tumor targeting with antibody-
functionalized, radiolabeled carbon nanotubes. J. Nucl. Med. 48(7), 1180–1189 (2007)

57. Scott, S.D.: Rituximab: a new therapeutic monoclonal antibody for non-Hodgkin’s
lymphoma. Cancer Pract. 6(3), 195–197 (1998)

58. Liu, Z., Chen, K., Davis, C., et al.: Drug delivery with carbon nanotubes for in vivo cancer
treatment. Cancer Res. 68(16), 6652–6660 (2008)

59. Villa, C.H., McDevitt, M.R., Escorcia, F.E., et al.: Synthesis and biodistribution of
oligonucleotide-functionalized, tumor-targetable carbon nanotubes. Nano Lett. 8(12), 4221–
4228 (2008)

244 E. Heister et al.



60. Bhirde, A.A., Patel, V., Gavard, J., et al.: Targeted killing of cancer cells in vivo and in vitro
with EGF-directed carbon nanotube-based drug delivery. ACS Nano 3(2), 307–316 (2009)

61. Wu, W., Li, R.T., Bian, X.C., et al.: Covalently combining carbon nanotubes with anticancer
agent: preparation and antitumor activity. ACS Nano 3(9):2740–2750 (2009)

62. Zeineldin, R., Al-Haik, M., Hudson, L.G.: Role of polyethylene glycol integrity in specific
receptor targeting of carbon nanotubes to cancer cells. Nano Lett. 9(2), 751–757 (2009)

Carbon Nanotubes Loaded with Anticancer Drugs 245



Carbon Nanotubes Filled
with Carboplatin: Towards Carbon
Nanotube-Supported Delivery
of Chemotherapeutic Agents

D. Haase, S. Hampel, K. Kraemer, D. Kunze, A. Taylor, M. Arlt,
J. Thomas, S. Oswald, M. Ritschel, R. Klingeler, A. Leonhardt and
B. Büchner

Abstract Thanks to their capillary-like structure CNTs provide a well-charac-
terized container material for hosting miscellaneous fillings. Here we present basic
studies on the use of CNTs for drug delivery. By introducing carboplatin, an
anticancer drug, into the CNTs via a wet chemical approach, drug-filled nanotubes
have been produced. The maintenance of the structure of carboplatin was proven
using electron energy loss spectroscopy and X-ray photoelectron spectroscopy. It
was shown that the drug is released into cell culture medium leading to cell death.
Cell viability assays performed with bladder cancer cells EJ28 demonstrated the
cytotoxicity of CNTs filled with carboplatin. For comparison a reference of
unfilled, open ended CNTs did not affect the cell viability. These results point out
the general capabilities of CNTs as nanocarriers for drug delivery.

1 Introduction

In the recent past CNTs have grown to a highly attractive subject in biomedical
research. The considerable stability of this carbon allotrope in combination with a
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great potential for chemical and physical modifications opens a wide window for
the development of novel biomedical sensing or delivery systems. It has been
extensively discussed in the literature that CNTs can be modified exohedrally by
diverse methods [4, 12, 13, 17, 19]. The P-system of the outer shells and the
defect sites especially at the end caps or at the sidewalls offer various options for
altering the structure of the tubes. They may be opened [9, 22], cut [16, 21],
functionalized with different functional groups [8, 13, 18, 19] or simply decorated
by non-covalent attachment of long chain molecules wrapping themselves around
the tubes [14].

Besides these modifications based on the reactivity of the C-network of the
shells there is another beneficial way to change the properties of CNTs. Since they
consist of tubular cylinders an easy consideration may be to fill the hollow inner
space. Thus CNTs may act as a smart and safe casing for a chosen filling material
in order to transport it within a system well shielded from the environment by the
carbon shell to the desired location. So far, lots of work has been done regarding
the filling of single-walled (SWCNT) as well as multi-walled CNTs (MWCNT).
Various metals or metal compounds such as ferromagnets [11, 15], several
halides [5, 6] and others have been introduced into the tubes successfully. Fewer
efforts have been published dealing with the filling of CNTs with drugs. In
using CNTs for biomedical applications the most common way is to attach
active substances to the outer shells. However some work by Ajima et al. [1–3]
describe the filling of single-walled carbon nanohorns with cisplatin [cis-
diaminedichloroplatinum(II)].

Here, we present a particular drug delivery system based on MWCNT. Since
these tubes exhibit larger inner diameters, they provide more space for filling as
compared to SWCNT or nanohorns. Carboplatin [cis-diammine(cyclobutane-1,1-
dicarboxylato)platinum(II)] a second generation cytostatic drug, which is more
water soluble and has less adverse effects than its parent agent cisplatin (not
nephrotoxic, less neuro- and ototoxic [10]), has been incorporated into MWCNT.
The feasibility of use of these carboplatin-loaded nanocarriers was investigated
and their effect on human bladder cancer cells was demonstrated in vitro.

2 Experimental Details

Compared with SWCNT it is more convenient to work with MWCNT since they
exhibit several advantages. Due to the smaller diameter and higher surface energy
SWCNT tend to accumulate in bundles. MWCNT are available rather individually
and are thus much easier to disperse than SWCNT. Besides, MWCNT are simply
more stable against chemical interventions since they consist of several graphene
layers offering a stronger shield for internalized fillings against external inter-
ventions. Of course, MWCNT offer a bigger inner diameter than SWCNT thus
providing more space for the potential filler.
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Synthesis of MWCNT

The MWCNT to be filled with carboplatin were synthesized via solid-source
chemical vapor deposition (ssCVD) with ferrocene as the precursor as described
by Ritschel et al. [20]. The resulting CNTs consist of 20–30 walls with inner
diameters of 10–20 nm according to transmission electron microscopic (TEM)
data. The length varies from 10 to 30 lm.

Purification Process

The MWCNT grown by ssCVD are found along with amorphous carbon and free
catalyst particles as is common for most CVD methods. Hence, a purification
process has to be conducted prior to filling. A washing step in hydrochloric acid
(6 M) was used to remove magnesium oxide which acts as supporting mate-
rial for the catalyst for the synthesis. For further purification the raw MWCNT
were treated in air at 450�C for 1 h in order to remove amorphous carbon and
to oxidize carbon shells covering free catalyst particles which are then
removed subsequently by allowing the CNTs to stand in hydrochloric acid (6 M)
overnight. Afterwards, CNTs were stirred in nitric acid (7.2 M) at 80�C
under reflux. In this final step the acid attacks the CNTs themselves. This leads
to open ends and removal of catalyst particles enclosed by CNTs. After
each washing step with acid CNTs were neutralized by washing with distilled
water.

This treatment leads to open ended MWCNT applicable for filling but also
enables a better dispersion since the oxidation also attacks defect sites of the CNTs
apart from the end caps. These opened CNTs are in the following paragraphs
referred to as empty CNTs (e-CNT) since they provide the unfilled starting
material for the filling procedure with carboplatin.

Incorporation of Carboplatin

For filling experiments e-CNT were firstly dispersed in an aqueous carboplatin
solution (infusion solution: 10 mg/ml, Mayne Pharma, UK) by sonication for
10 min and stirred for 24 h at 90�C afterwards (thermal decomposition starting at
200�C). After the process the water was allowed to evaporate at 22�C while
stirring. The dry material obtained was redispersed in distilled water by ultra-
sonication. The CNTs were recovered by filtration and washed with distilled water
several times and rinsed with ethanol. Finally, CNTs were dried at 105�C
overnight.
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Characterization

The samples obtained were investigated in detail. Images were taken using a high
resolution transmission electron microscope (TEM/STEM/Tecnai F30/FEI Com-
pany operated at 300 kV, Hillsboro, OR, USA). The chemical composition of the
material was investigated using energy-dispersive X-ray analysis (EDX/EDAM-
III, Edax, Mahwah, NJ, USA), electron energy loss spectroscopy (EELS/Tecnai
F30, FEI Company) and X-ray photoelectron spectroscopy (XPS/PHI 5600-CI,
Physical Electronics, Chanhassen, MN, USA).

Toxicity Studies

The cytotoxicity of the empty and the carboplatin-filled CNTs (CNT-CP) was
probed by means of tests of cell viability, cell proliferation, apoptosis rate and cell
cycle distribution. A prostate cancer cell line (PC-3, American Type Culture
Collection CRL-1435, Manassas, VA, USA) and human fibroblasts (harvested
from foreskin, Department of Pediatrics, Dresden University of Technology,
Dresden, Germany) were used for toxicity studies with e-CNT and human bladder
cancer cells (lineage EJ28, University of Frankfurt, Germany) for toxicity studies
with drug-filled CNT-CP, respectively. The cells were cultured under standard
conditions (37�C, humidified atmosphere containing 5% CO2) in DMEM (Dul-
becco’s Modified Eagle Medium; 4.5 g/l glucose) with 10% fetal calf serum, 1%
minimum essential medium (MEM), 1% 2-(4-(2-hydroxyethyl)-1-piperazine)-
ethanesulfonic acid (HEPES) and 1% of a stock penicillin–streptomycin solution
(all from Invitrogen, Karlsruhe, Germany). After seeding in 96- or 24-well plates
and adherence for 24 h CNTs dispersed in cell culture medium or carboplatin
solution were added to the culture wells. To achieve well dispersed CNTs all
solutions were treated with a probe tip sonicator for 30 s with a power of 40%
(UW2070 Bandelin, Berlin, Germany) immediately before adding to the cells.
After incubation for 4 h, wells were washed two times with pure physiological
phosphate buffered saline (PBS, PAA, Cölbe, Germany) and after that incubated
with media for further 24, 48, and 72 h. For control experiments, PBS was added
instead of the CNTs dispersions.

Cell viability was evaluated by the widely established water soluble tetrazolium
(WST)-1 assay by adding 10 ll of cell proliferation agent WST-1 (4-[3-(4-iodo-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate; Roche,
Mannheim, Germany) to cells incubated in 100 ll of media. The assay was per-
formed 24, 48 and 72 h after incubation of PC-3 and fibroblasts, 48 and 72 h after
incubation of EJ28, respectively.

Cell proliferation was investigated by automatic cell counting (Z2 Analyzer,
Beckman-Coulter, Krefeld, Germany) of harvested cells in a cell counting diluent.

Apoptosis was assessed by flow cytometry 48 and 72 h after treatment. Cells
were incubated with Annexin V and Propidium Iodide (PI) for labeling the early
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and late apoptotic cells (Annexin V-FITC Apoptosis Detection Kit I; FACScan,
BD Biosciences, Heidelberg, Germany). The Annexin V-FITC-PI plots were
examined by quadrant analysis using the software WinMDI2.8 (http://facs.
scripps.edu/software.html). PI counterstaining allows the quantification of early
(Annexin V-positive, PI-negative) and late apoptotic cells (double positive). The
CycleTest Plus DNA Reagent Kit (BD Biosciences) was used for cell cycle
analysis according to the provider’s instructions. Representative data of cell via-
bility are shown for the toxicity studies performed on fibroblasts and PC-3 with
e-CNT, data from two independent experimental series with similar results for
determination of cell viability, cell count and apoptosis on EJ28 with CNT-CP.

3 Results and Discussion

Characterization of Filled MWCNT

The solution-phase method that was applied for filling the CNTs is both facile and
highly suitable in the case of carboplatin. The driving force of this approach is the
capillarity force. CNTs exhibit diameters in the range of several nm thereby acting
like tiny capillaries into which liquids of certain surface tensions are drawn in
quite easily. According to Ebbesen [7] there is a cut off value for surface tensions
100–200 mN/m below which liquid substances are well suited fillings for nano-
tubes. As water exhibits a low surface tension of 72 mN/m its wetting behavior
towards the CNTs is positive and thus it might act as a carrier for carboplatin.
Additionally, the hydrophilicity of the MWCNT is enhanced due to the oxidation
that occurred by the purification and opening procedure beforehand. The inter-
action between the CNTs and the carboplatin solution is moreover intensified by
increasing the temperature since heating lowers the surface tension of water. The
optimum temperature for the filling process was found out to be 90�C resulting in
an adequate filling yield. The filling yield is quantified by means of atomic
absorption spectroscopy (AAS) by measuring the platinum content. In Fig. 1
platinum contents of samples filled applying different temperatures are shown with
respect to the total mass of samples. It is displayed that the samples produced at
90�C contain the highest amount of Pt.

TEM images of CNT-CP are displayed in Fig. 2. There is clear indication that
the carboplatin is located inside the CNTs. Interestingly, it forms spherical
agglomerates of 1–5 nm in diameter. As depicted in Fig. 2, these clusters are
aligned to the inner walls of the tubes which points out clearly that they are
situated inside the hollow core of the CNTs.

To ascertain the maintenance of the original structure of the complex carbo-
platin (structure shown in Fig. 3a) detailed elemental analyses were performed. By
EDX only platinum was detected aside from the high amount of carbon deriving
from the CNTs (see Fig. 3a). Nitrogen and hydrogen have not been observed in the
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Fig. 2 TEM image of
carboplatin clusters enclosed
by a MWCNT
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spectrum due to the low atomic weight of these elements which makes them
unverifiable for the EDX analysis. EELS on a carboplatin accumulation enclosed
in a CNTs revealed oxygen and nitrogen that correspond to the ammonium and
cyclobutane-1,1-dicarboxylligands of the carboplatin complex. These EELS
results, however, do not clearly verify that the oxygen derived from incorporated
carboplatin only since e-CNT also showed the characteristic energy loss of oxy-
gen. This fact might be due to some carboxylic groups which can be introduced by
HNO3 treatment since it was used as the oxidizing agent for the opening
procedure.

Proof for the constitution of the complex was finally achieved by XPS mea-
surements. XP-spectra of CNT-CP were compared with those of pure platinum
(Goodfellow, Bad Nauheim, Germany) and platinum(IV)-oxide (Johnson Matthey,
London, UK). In CNT-CP the XPS data revealed carbon, oxygen, nitrogen and
platinum, respectively. By comparison of the Pt4f-spectrum of this sample with the
ones of the two reference samples the binding energy of the central atom was
found to be situated between the values of metallic platinum (Pt0) and platinum
oxide (Pt4+) (Fig. 4).

This result reveals that neither an auto-reduction of the central atom to metallic
platinum nor an oxidation to Pt4+ took place during the filling process. In partic-
ular, the original planar carboplatin complex still exists. In accordance to the EELS
measurements XPS revealed the presence of oxygen, too, which might correspond
to carboxyl groups from functionalized outer shells of the CNTs. Hence, the data
clearly imply that nitrogen found in the CNT-CP exclusively originates from the
carboplatin itself since no nitrogen was found in e-CNT via XPS. Oxygen arises
from carboplatin and the carboxyl groups at the outer carbon shells.

A preliminary release experiment with filled CNTs was performed by incuba-
tion of CNT-CP in cell culture medium for several time points (0.5–24 h) and
subsequent analysis by TEM. Although individual nanotubes varied in filling yield
after incubation for 0.5 h the filling yield was relatively high. We noted, however,
that most of the carboplatin clusters were situated at the end of the tubes. A
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decrease of carboplatin clusters within the CNT-CP was recognized after an
incubation period of 24 h as only a few clusters could be detected inside the tubes
then (Fig. 5b). However, for an accurate quantification of the carboplatin release
from CNT-CP into the culture medium and its content in cells further studies are
required.

Toxicity of Empty MWCNT

In order to evaluate the feasibility of CNTs as potential drug carrier systems the
cytotoxicity of unfilled and filled CNTs was investigated by means of cell via-
bility, cell proliferation, apoptosis rate and cell cycle distribution.

For estimation of the toxicity of unfilled CNTs towards cells PC-3 cells and
fibroblasts were incubated with different concentrations of e-CNT. Viability was
measured at 24, 48 and 72 h after incubation. Results are depicted in Fig. 6.
After 24 h fibroblasts exhibit no significant changes in viability. After 48 h a

Fig. 5 HRTEM images of carboplatin-filled CNTs after release experiments. a CNT-CP
incubated in cell culture medium for 0.5 h. Carboplatin clusters located at the end of a CNTs
(inset). b CNT-CP incubated in cell culture medium for 24 h
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small decrease was observable for fibroblasts at higher concentrations of e-CNT
(25, 50, 100 lg/ml). But viability at those concentrations was recovered after 72 h
and no significant differences remained in comparison to the control. For the PC-3
cells no relevant changes were found except after 72 h, where viability increased
for cells incubated with concentrations of 3.1, 6.3, 25 and 100 lg/ml of e-CNT.

Proliferation of PC-3 cells and fibroblasts was not constricted by e-CNT. An
exponential growth with cell numbers comparable to the control conditions was
observable for both lineages.

Toxicity of Carboplatin-Filled MWCNT

The medical virtue of CNT-CP was studied using human bladder cancer cells of
the cell line EJ28 that were incubated with different concentrations of both types of
nanotubes, CNT-CP and e-CNT, simultaneously. The results of the cell viability
assay using WST-1 in Fig. 7 reveal that e-CNT cause no (0.1 lg/ll) or only minor
(0.3 and 0.5 lg/ll) cell viability reduction 72 h after treatment (Fig. 7). Thus,
e-CNT are not toxic towards bladder cancer cells in the conditions tested. How-
ever, the long-term effect of CNTs on cells should be investigated in future studies.

Another basic requirement—besides the lack of toxicity of e-CNT—is the
cytotoxicity of free carboplatin to EJ28 cells, which was shown in a concentration-
dependent way (Fig. 7). 20 lg/ml of carboplatin decreased the viability of the cells
to almost 50%. Similar to free carboplatin, CNT-CP caused a concentration-
dependent cytotoxic effect. 0.1 lg/ll of CNT-CP reduced the viability of EJ28
cells only slightly whereas 0.3 and 0.5 lg/ll of CNT-CP produced a strong
inhibition of viability (Fig. 7). Since we currently have no quantitative data on the
release of carboplatin from CNT-CP a direct comparison of the effects of the free
drug with those of CNT-CP is not possible. However, the data confirm that the
MWCNT used could be promising candidates to deliver cytotoxic drugs. It is also
important to note that the total number of nanotubes is lower in CNT-CP samples
than in samples containing e-CNT since their mass is increased by the incorporated
drug.
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In the case of EJ28, treatment with e-CNT (0.3 lg/ll) did not cause alterations
in cell count, apoptosis rate and cell cycle distribution (data not shown) compared
with untreated cells 72 h after incubation start. Treatment with free carboplatin
alone resulted in a concentration-dependent decrease of cell number which is
shown in Fig. 8, increase of apoptosis rate (Fig. 9) and changes of the cell cycle
distribution in favor of a G2/M arrest (not shown). The treatment with
e-CNT ? 40 lg/ml free carboplatin clearly enhances the cellular effects induced
by monotreatment with 40 lg/ml carboplatin. Yet, it is not clear in which way the
treatment with e-CNT additional to carboplatin causes a synergistic effect. A
possible explanation might be the altered integrity of the cellular membrane
caused by internalization of CNTs, which could lead to increased uptake of car-
boplatin as a positive side-effect. Treatment with 0.3 lg/ll CNT-CP also reduced
cell count, slightly induced apoptosis and a cell cycle arrest in the G2/M phase
(data not shown).

4 Conclusions

MWCNT are shown to be promising templates for the development of nano carrier
systems for drug delivery. Carboplatin-filled CNTs have been produced
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successfully by applying a wet-chemical approach. Evidence for carboplatin
clusters inside the CNTs was given by HRTEM studies. Detailed elemental
analyses using EDX, EELS and XPS confirmed the maintenance of the drug during
the filling procedure. As EDX analysis detected only carbon and platinum, the
presence of nitrogen and oxygen was confirmed by EELS and XPS measurements.
Additionally, the original oxidation state was confirmed by comparing the XPS
spectra of our sample with those spectra of pure platinum and platinum oxide in a
higher oxidation state.

In vitro studies were performed in order to test the CNTs for their toxicity
towards cells. It was demonstrated that our CNTs neither influenced the viability
of malignant (prostate cancer cell line PC-3) nor of non-malignant (fibroblast)
cells. Viability tests also approved the effectiveness of the carboplatin-filled CNTs
in destroying cancer cells of the cell line EJ28. An increase of the concentration of
CNT-CP induced a strong inhibition of cell viability. Furthermore, a decrease of
cell number, an increase of apoptosis rate and a G2/M arrest in cell cycle was
observed. Combining the treatment of empty CNTs with carboplatin solution
clearly enhanced the toxic effects of carboplatin.

In conclusion we have demonstrated that CNTs are well suited matrices for the
development of nanosized drug carrier systems and a promising material for the
design of future therapies working on the cellular level.
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Functionalized Carbon Nanotubes
for Gene Biodelivery

V. Sanz-Beltrán, Ravi Silva, Helen Coley and Johnjoe McFadden

Abstract The principles of non-covalent functionalization of carbon nanotubes
will be described. The abilities of these biomolecules to solubilize carbon nano-
tubes and bind DNA will be also compared. Approaches for using functionalized
carbon nanotubes to deliver genes to target cells and associated problems will be
described. Evidence pertaining to the mechanism of entry of nucleic acid-loaded
carbon nanotubes into mammalian cells will be also presented.

1 Non-Covalent Functionalization of Carbon Nanotubes

One of the most important problems when using carbon nanotubes for applications
in the biomedical field is the inherent difficulty in handling [1]. Carbon nanotubes
tend to aggregate in bundles through strong attractive interactions which are very
difficult to disrupt [2]. The development of methods to disperse carbon nanotubes
from the bundles they form and obtain stable suspensions (a process often called
‘‘solubilization’’) in water is crucial for the progress of the nanotechnology field.
In recent years, new functionalization methods have been developed to disperse
carbon nanotubes in water which allows their applications in physiological envi-
ronments [3]. However, the current production methods generate carbon nanotubes
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with impurities such as amorphous carbon and metal catalysts [4]. The application
of carbon nanotubes in the biomedical field requires both purification and func-
tionalization. Functionalization of carbon nanotubes has been performed by
covalent [5] and non-covalent [6] approaches. The non-covalent functionalization
has many advantages over covalent ones. Non-covalent methods preserve the
structural and electrical properties of carbon nanotubes which may be advanta-
geous for carbon nanotube taking up and processing in the cell. Furthermore, these
procedures are usually quite simple and quick, involving steps such as ultrasoni-
cation, centrifugation and filtration. In addition, most of the surfactants that are
commonly used in these methods are easily available and low-cost. Although
surfactants are efficient in the dispersion of carbon nanotubes, they are known to
permeabilize plasma membranes being cytotoxic on their own which could limit
the possible biomedical applications of such surfactant-functionalized carbon
nanotubes. However, the new functionalization methods involving the conjugation
of carbon nanotubes with biological species such as proteins, carbohydrates and
nucleic acids open new alternatives in the bioapplications of carbon nanotubes. In
the following sections we will describe the different methodologies that have been
developed for the non-covalent functionalization of carbon nanotubes.

Implications of Carbon Nanotube Structure on Non-Covalent
Functionalization

Non-covalent functionalization is based on the binding to the graphene sheet
of carbon nanotubes through hydrophobic, van der Waals, electrostatic and
p-stacking interactions [7]. An amphiphilic surfactant is commonly used which
binds to the carbon nanotube wall through its hydrophobic part, leaving the
hydrophilic part exposed to the solvent, usually water, rendering the complex
dispersible in that medium.

Given that the non-covalent approach implies the interaction of the surfactant
with the nanotube wall some considerations regarding carbon nanotube structure
have to be taken into account. Carbon nanotubes are hollow cylindrical tubes made
of one or more concentric sheets of sp2 carbons whose diameter, curvature and
electronic properties are defined by the way hexagonal rings constituting the
nanotube sidewall are joined together. Given that the carbon atoms in a nanotube
are pyramidalized due to the curvature of its sidewall, the character of the C–C bond
in nanotubes differs from that of graphite. The pyramidalization gives the p-orbitals
of C-atoms some r character and distorts the p-orbitals to be larger and softer on the
exterior of the nanotube. This effect gives nanotubes an intrinsic p-type semicon-
ducting behaviour. Furthermore, curvature in the nanotube makes the p-orbitals
within the graphene sheet not to be pointed towards the central axis of the nanotube.
As the nanotube diameter increases, both the pyramidalization angle and p-orbital
misalignment angle decrease, lowering the chemical reactivity of the C–C bonds.
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Theoretical modeling has shown that the interior of a nanotube is more inert than
the exterior [a]. Given that p-orbital misalignment is inversely proportional to
diameter, wider nanotubes tend to have a greater binding energy for aromatic rings,
due to a better geometric match with planar benzene and a decrease in p-orbital
misalignment. Therefore, the dispersive interactions for surfactants depend on the
nanotube curvature and p-orbital orientation and can be different on the inside and
outside of the nanotube. When van der Waals interactions are dominant, the ratio of
van der Waals diameter of the molecule to carbon nanotube diameter is the main
factor defining the favorable location of the molecule.

The structures that the surfactant molecule adopts when it is attached to the
carbon nanotube wall are diverse (Fig. 1). In the case of charged surfactants,
the dispersion of nanotubes is stabilized by electrostatic repulsion between the
micelles; and in the case of charge-neutral surfactants by the large solvation shell
created by hydrophilic moieties of surfactants assembled around the nanotube. The
length and the shape of alkyl chains determines the efficiency of the dispersion.
Longer and more branched alkyl groups are better than linear and straight ones.
Surfactant molecules containing aromatic groups generally form more specific and
directional p–p stacking interactions with the nanotube wall. Molecules containing
groups such as pyrene, anthracene, porphyrins, phthalocyanins have been reported
to give good interactions with carbon nanotubes. Polymers are better at stabilizing
nanotube dispersions than small molecular weight surfactants. Polymers reduce the
entropic penalty of micelle formation and have higher energy of interaction with
nanotubes. The main problem for polymers is that interactions with mechanically
rigid nanotubes may force them into energetically unfavorable conformation,
although to minimize strain in their conformations some polymers can wrap
around nanotubes in a helical fashion. The interactions of hydrophobic parts of
surfactants can alter the properties of nanotubes.

Non-Covalent Functionalization of Carbon Nanotubes

As was stated above, an amphiphilic molecule may be used to disperse carbon
nanotube in aqueous media. The dispersion yields that are usually achieved with

(a) (b)

Fig. 1 Different structures that surfactants can adopt on the carbon nanotube surface: a micelle
structure and b polymer wrapping around nanotube. Hydrophilic groups are represented by
ellipsoids and hydrophobic groups by black lines
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these methods are in the range of 0.1–1 mg mL-1 which is acceptable for bio-
logical use [8]. Furthermore, the thermodynamic characteristics of the dispersed
complexes have implications in their biomedical applications. The strength of the
surfactant-nanotube interaction determines the non-specific adsorption of biolog-
ical species that can replace the surfactant on the nanotube surface. The detach-
ment of the surfactant can also have cytotoxic implications. The non-covalent
approach has been used not only for functionalization purposes but also for other
kind of applications. For example, the non-specific adsorption of a wide range of
molecules on nanotubes can be avoided by the coating of the nanotubes with
polymers such as polyethylene oxide chains [9]. In addition, some functionaliza-
tion methods show preferential reactivity toward metallic nanotubes over the
semiconducting single-walled carbon nanotubes [10]. Such interactions include the
selective adsorption of bromine, amines and DNA. Different classes of molecules
have been used for carbon nanotube dispersion, mainly polymers and biopolymers.
In the following sections we will describe the different molecules that have been
used to disperse carbon nanotubes by the non-covalent approach.

Polymers

Different nonionic and ionic polymers have been used to disperse carbon nano-
tubes. Carbon nanotubes were found to be dispersed by polymers such as Nafion
[11] sodium dodecyl sulfate (SDS) [8], sodium dodecylbenzene sulfonate (SDBS)
[8], Triton X-100 [8], Tween 20 [12], polyethyleneglycol (PEG) [13], poly-
(m-phenylenevinylene) [14], stilbenoid polymers [15], polyvinyl pyrrolidone [2]
and polystyrene sulfonate [2]. The molecular weight of the polymer and the per-
centage of hydrophilic and hydrophobic parts in the polymer has been shown to have
an important effect on the dispersion yield, as was demonstrated with dispersion
studies with the nonionic polymer Pluronic (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) [16]. Another strategy to prepare polymer-dispersed
carbon nanotubes is based on the synthesis of cross-linked polymeric micelles [17].
In this approach, the hydrophilic outer shell of the polymer-nanotube micelle, which
contains poly(acrylic acid) groups, is cross-linked by a diamine linker.

Another method of functionalization of carbon nanotubes is based on the use of
pyrene-carrying succinimide groups [18]. In this approach, the pyrene group
attaches to the nanotube surface via p–p stacking interaction and the succinimide
groups remain available to couple to a variety of molecules via amide bounds.
Similarly, pyrene-carrying ammonium ions were used to help disperse carbon
nanotubes in water [19] (Fig. 2).

Nanotube–polymer complexes which form stable suspensions in aqueous media
can be prepared by in situ polymerization of phenylacetylene [20]. Short rigid
conjugated polymers, such as poly(arylene ethynylene)s [21], have also been used
as dispersing agents. Activated Tween 20 with 1,1-carbonyldiimidazole (CDI) was
used to functionalized carbon nanotubes for the further covalent binding of amine-
containing molecules [22].
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Carbohydrates

Single-walled carbon nanotubes have been functionalized with monosaccharides
to disperse them in water [25]. The nanotube–carbohydrate complexes have been
studied for immunological purposes, such as direct binding to pathogenic cells via
specific adhesin–receptor interactions [25]. Starch, composed of linear amylose
and branched amylopeptin, has also been reported to wrap single-walled carbon
nanotubes in an helical fashion [26]. Carbohydrates have also been bound cova-
lently to carbon nanotubes with synthetic amino-carbohydrates [27]. Furthermore,
synthetic carbohydrates, such as Gum Arabic [23] and cyclodextrins [24] (see
Fig. 3) can also disperse carbon nanotubes by non-covalent interactions.

Nucleic Acids

It has been reported that a variety of single-stranded DNAs, short double-stranded
DNAs, and RNAs can disperse single-walled carbon nanotubes [28]. The inter-
action between the nanotube and the nucleic acid is based on p-stacking through
the nucleic acid base, with the hydrophilic sugar-phosphate backbone pointing to

Fig. 3 c-Cyclodextrin used
for the functionalization of
carbon nanotubes

Fig. 2 The preparation of micelle-encapsulated single-walled carbon nanotubes (Ref. [17])
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the exterior interacting with the solvent. The use of poly(A) and poly(C) strands,
which strongly self-stack in solution, exhibit much lower dispersion compared to
poly(T), which supports the base-stacking mechanism and is also consistent with
the fact that the interaction with single-stranded DNAs are more favorable than
with double-stranded ones [29]. Non-specific DNA insertion into the opened
cavity of MWNTs has also been reported [30]. Furthermore, RNA can be used to
purify single-walled carbon nanotubes by a two-step method consisting of RNA-
wrapping and treatment with RNAse [31].

Proteins

Functionalization with proteins may have several advantages over nucleic acids,
such as modified immune response, ease of adding further functionalities (e.g.
adding additional groups such as fluorescent dyes via amine and sulfide groups).
Different procedures for the attachment of proteins to CNTs have been already
described. Covalent methods use, for example, the diimide-activated amidation of
nanotubes carrying carboxylic groups after acid treatment, or the reaction of
protein amine groups with a succinimidyl derivative of pyrene adsorbed onto the
sidewall of single walled carbon nanotubes by p-stacking [19]. Proteins can also be
attached to CNTs by means of the biotin–streptavidin system [32]. Many proteins,
such as streptavidin, HupR and cytochrome c, can be spontaneously adsorbed onto
the carbon nanotube surface [33]. However, non-specific protein adsorption can be
prevented by the coating of the nanotube with some polymers, such as PEG.
Immobilization of proteins in a more controllable fashion on carbon nanotubes can
also be achieved. Several studies have been performed on the adsorption of pro-
teins and designed peptides onto carbon nanotubes [34, 35]. The characterization
of the properties of carbon nanotube-protein complexes is important in the
development of nanoelectronic devices and nanosensors [36].

2 Carbon Nanotubes for Gene Delivery

The design of new strategies for the delivery of drugs and molecular probes into
cells is necessitated by the poor cellular penetration of many small molecules and
macromolecules, including proteins and nucleic acids being used as drugs [3, 37,
38]. Strategies in which a poorly permeating drug or probe molecule is covalently
attached to a transporter to produce a cell-penetrating conjugate offer a solution to
this problem. Several classes of transporters have been investigated including
lipids, PEGs, and more recently peptides [39]. The use of non-viral vectors as
delivery systems in gene therapy has been extensively studied recently owing to
their advantages over viral vectors [40]. Although viral vectors are characterized
by their higher transfection efficiency they have several disadvantages such as
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possible immunogenic reactions, possible oncogenic effects, lower stability, and
expensive production, making non-viral vectors an attractive alternative [41].
Nonviral vectors offer various alternatives regarding the size and type of vectors.
They are chemically controllable, and display a reduced immunogenicity. The use
of carbon nanotubes as gene carriers has received considerable interest recently
because of their nano proportions, biocompatibility, low cytotoxicity and their
ability to cross the cell membrane [42–45]. Encouragingly, SWCNTs are reported
to localize in tumours in mice, probably because of increased vascularisation
inherent in tumours, making tumour targeting a feasible approach [46]. However,
the dynamics of SWCNT encapsulation by the cell and the subsequent effects on
gene expression has not been fully explored.

Functionalization of Carbon Nanotubes for Binding Genetic
Material

The use of carbon nanotubes as gene delivery vectors requires functionalization to
disperse the nanotubes in aqueous media but also to render them able to effectively
bind to the genetic material. Functionalization of carbon nanotubes for genetic
material binding has been performed by covalent and non-covalent approaches.
DNA molecules have been attached to carbon nanotubes by covalent linkages [47].
These methods consist of covalently linking thiol-terminated oligonucleotides to
single-walled carbon nanotubes pre-functionalized with diamines by using a
succinimide-maleimide linker, commonly used for thiol–amino coupling. Other
covalent approaches involve the chemical modification of the carbon nanotube
surface to introduce positively charged groups to bind the nucleic acid. In the non-
covalent approaches, cationic surfactants are attached to carbon nanotubes, with
the negatively charged nucleic acid bound to the functionalized carbon nanotubes
by ionic interactions. The main disadvantage of non-covalent functionalization
when used for gene delivery is that subsequent DNA binding to the nanotubes may
be unstable [48].

Different methodologies have been developed for the binding of DNA to carbon
nanotubes based on non-covalent functionalization. In general, these methodolo-
gies are based on the non-covalent wrapping of positively charged groups to bind
negatively charged nucleic acids. On the other hand, positive groups have also
been introduced on the nanotube wall by covalent modifications. For example,
single-walled carbon nanotubes have been functionalized with ammonium and
lysine groups introduced by chemical modification of the nanotube surface for
DNA binding (see Fig. 4) [49]. Furthermore, multi-walled carbon nanotubes have
been grafted with polyethylenimine, a positively charged polymer known for its
excellent binding properties for DNA [50].

Other methods for DNA condensation on or in carbon nanotubes, such as the
DNA insertion and transport in the opened cavity of multi-walled carbon nano-
tubes, have also been reported and could be another means of preparation of gene
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delivery systems [30]. RNA-wrapped carbon nanotubes are an attractive method of
solubilising carbon nanotubes because RNA gives high solubilisation yields and is
non-cytotoxic [31]. However, RNA-wrapping confers negative charges on to the
carbon nanotubes which makes them unsuitable for DNA binding.

Different methods have been used to characterize and optimize the binding of
DNA to carbon nanotubes [49]. For example, the affinity between DNA and carbon
nanotubes has been measured by SPR (Surface Plasmon Resonance). In this study,
the functionalized carbon nanotubes were bound to the gold surface of a chip by an
amide bond between the amine groups on the nanotubes and carboxylic groups on
the gold surface. The sensorgram response was used to study the association and
dissociation of DNA on the nanotubes. The PicoGreen dye exclusion assay was be
used to evaluate the degree of DNA compaction by the nanotubes. The PicoGreen
fluorescence increases when intercalated between the dsDNA base pairs. When
DNA is condensed, the dye is unable to intercalate decreasing the fluorescence.
For this assay it is necessary to correct the background fluorescence from carbon
nanotubes on their own. Agarose gel electrophoresis can also be used to quantify
the amount of DNA that can be attached to the functionalized carbon nanotubes. In
this assay, a fixed amount of plasmid DNA is incubated with decreasing con-
centrations of functionalized carbon nanotubes. Only free plasmid is able to run in
the gel whereas nanotube–plasmid complexes remain in the well. The maximum
amount of plasmid DNA that can be attached to the carbon nanotubes is given by
the lane with the highest carbon nanotube dilution at which there is not free
plasmid band.

Biological Barriers in Gene Transfection with Carbon
Nanotubes

The transfection efficiencies reached with viral vectors are still much greater than
those obtained with non-viral vectors, such as carbon nanotubes, and therefore
further optimization has to be carried out. Most of these problems are related to the

Fig. 4 Ammonium-
functionalized single-walled
carbon nanotubes for plasmid
DNA binding (Ref. 49)
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different barriers at systemic, tissue and cellular levels that the vector has to be
able to overcome in order to reach its target [51, 52]. The intracellular trafficking
of the internalized vector plays an important role in obtaining efficient gene
expression [53–55]. The most important intracellular barriers are: cellular inter-
nalization pathways, DNA degradative processes and nuclear translocation of
DNA. Although it has not been fully elucidated, carbon nanotubes seem to be
internalized by endocytosis and end up encapsulated in lysosomes. Being able to
escape from these degradative cellular compartiments is crucial in getting a
suitable transfection efficiency for therapeutical purposes [56]. When carbon
nanotubes enter by endocytosis [57, 58] they are brought into an endosome, in
which there is no nuclease activity. When the endosome fuses with a lysosome
nuclease activity (DNAse 1) is present. Several strategies have been developed to
overcome the intracellular DNA degradative barrier based on the destabilization of
endosomal and lysosomal membranes [59]. For example, the use of the proton
sponge effect [60] of cationic polymers that causes a swelling and rupture of the
organelles by sequestering protons and their counterions and creates an osmotic
imbalance. Another alternative is the use of fusogenic peptides [61] which become
protonated upon acidification on the endosomes. These hydrophobic fusion peptide
domains interact with the endosomal membrane causing its destabilization. The
addition of lysosomotropic compounds in the cultured media has been reported as
a way to promote lysosomal escape [62]. Lysosomotropic agents are hydrophobic
weak bases that enter the lysosome and become protonated inside the organelle as
a result of the low pH, are then unable to cross the membrane and so being
accumulate in the organelle. Subsequent swelling of the lysosome by the osmotic
pressure causes the destabilization of the lysosomal membrane releases the genetic
material and its carrier. Among the biological barriers, the translocation of DNA
through the nuclear membrane seems to be the limiting step. In order to overcome
this barrier a protein with a nuclear localization signal (NLS) can be used [63].
These proteins bind to cytosolic receptors known as importings enabling the
complex to be translocated to the nucleus. For example, protamine is a small
peptide with NLS and very basic due to its high arginine content which strongly
binds DNA.

Methods developed for the Use of CNTs as Gene Delivery
Systems

As explained in the previous section, the development of a new vector for ther-
apeutic gene transfer requires protection of DNA from degradation and good
nuclear membrane translocation. Plasmid DNA expressing b-galactosidase was
condensed on ammonium-functionalized carbon nanotubes by ionic interactions
and the levels of gene expression on CHO cells was found to be 5 to 10 times
higher than plasmid on its own [64]. However, the transfection efficiency with
carbon nanotubes was improved by the use of carbon nanotubes functionalized
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with PEI, a polymer that has been reported to have a proton sponge effect which
reduces the DNA degradation, enhancing the levels of gene expression [50].
Amino-functionalized multi-walled carbon nanotubes were also found to effi-
ciently deliver plasmid DNA encoding green fluorescent protein gene into mam-
malian cells [65]. Small interfering RNA has also been delivered into cells by
carbon nanotubes functionalized with ammonium groups bound to siRNA (telo-
merase reverse transcriptase siRNA) by ionic interactions [66]. In addition,
covalent approaches based on binding nucleic acids directly to carbon nanotubes
have also been tested. For example, siRNA for gene silencing was covalently
bound to carbon nanotubes using a cleavable disulfide bond [67]. The enzymatic
and acid conditions of the endosomal/lysosomal compartments after siRNA-
nanotube complexes entering allow the release of siRNA into the cytosol and
efficient gene silencing. In a different approach, single-stranded DNA attached to
single-walled carbon nanotubes was used to transport and deliver single stranded
ssDNA [68]. In this method, the ssDNA is released after the ssDNA–nanotube
complex enters the cells by endocytosis by applying a short burst of near-infrared
radiation. Recently, an alternative physical method of gene delivery has been
reported called nanotube spearing [69]. In this method, carbon nanotubes contain
nickel particles on their tips allowing them to respond to a magnetic field. Cells
like Bal 17, B-lymphoma and primary neurons were incubated with magnetic
carbon nanotubes carrying DNA strain encoding green fluorescent protein. A static
magnetic field pulled the tubes into the cells, which were then efficiently
transfected.

Further advances in using carbon nanotubes as gene delivery vectors can be
achieved exploiting the inherent properties of carbon nanotubes. Carbon nanotubes
are versatile materials that can be exohedrically functionalized by attaching dif-
ferent groups or molecules to the external walls but also can be filled with different
compounds [70–72]. Different functionalization methods have already been
developed for the binding of plasmid DNA on carbon nanotubes for gene delivery
based on attaching cationic functional groups on the outside wall. However, the
development of methods for the efficient filling of carbon nanotubes is still an
emerging field [73]. The main problems arise with the design of the nanotube to
obtain a high capability of uptake of the compound in order to get maximum filling
yield together with release of the compound inside the cells. As it was stated
above, DNA can be inserted into carbon nanotubes in an aqueous environment and
the encapsulated nanotube-DNA complex can be further exploited for applications
as gene delivery systems.

Elucidation of the Mechanism of Entry of Carbon Nanotubes
and Implications for Their use in Gene Biodelivery

One important issue to be addressed is the mechanism of entry that regulates the
cellular internalization of carbon nanotubes. Some research groups suggest that
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carbon nanotubes traverse the cellular membrane through endocytosis [58, 74]
whereas other groups have suggested an energy independent nonendocytotic
mechanism that involves insertion and diffusion of nanotubes through the lipid
bilayer of the cell membrane [44, 75]. Endocytosis is an energy-dependent uptake
that is inhibited when incubations are carried out at low temperature or in ATP-
depleted media. Treatment with sodium azide is known to disturb the production
of ATP in cells, thus inhibiting the endocytic pathway. There are different endo-
cytic pathways, including phagocytosis, pinocytosis, clathrin-dependent receptor
mediated and the caveolae or lipid-raft pathway. In clathrin-dependent endocy-
tosis, the clathrin coat forms invaginations on the plasma membrane leading to the
budding of clathrin-coated vesicles which trap the extracellular species and bring
them inside the cells. On the other hand, caveolae are flask-shaped membrane
invaginations on cell surfaces that are rich in cholesterol and sphingomyelin. Pre-
treatment of the cells with sucrose (hypertonic treatment) or a K+-depleted
medium are known to disrupt the formation of clathrin-coated vesicles on the cell
membrane. Pre-treatment of cells with the drugs filipin and nystatin, which are
known to disrupt the cholesterol distribution within the cell membrane, is known
to inhibit the lipid-rafts pathway. Using these pretreatments, it has been possible to
elucidate the mechanism of entry of carbon nanotubes in cells [45, 58]. For
example, it has been reported that single-walled carbon nanotubes with lengths of
\1 lm and functionalized with proteins are internalized in mammalian cells by a
clathrin pathway. However, bundles and aggregates of single-walled carbon
nanotubes, microns in length and submicron in bundle diameter, functionalized
with positively charged peptides have been reported to be internalized by an
energy-independent non-endocytic mechanism. It has been also reported that
unoxidized and therefore hydrophobic areas of the nanotubes could associate with
hydrophobic regions of the cell surface and internalize by endocytosis. It has been
shown that entry of carbon nanotubes into cells is enhanced when they are
functionalized with positively charged groups compared to negatively charged
ones possibly due to the repulsion from the negatively charged cell membrane.
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