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ABSTRACT

In this communication we discuss the in vivo parameters
such tissue distribution, body clearance and toxicity
following administration of carbon nanotubes (CNT). For
this propose, therapeutically-relevant doses of serum
protein-coated purified CNT (pCNT) and functionalized
CNT (f-CNT) were administered intravenously in rodent
species!' . Striking differences were found between the
liver and lung tissues of animals injected with nanotubes.
PCNT exhibited significant accumulation in both tissues 24
h post-administration. f-CNT circulated in systemic blood
circulation for 5 min, accumulated in the renal cortex and
rapidly trespassed the glomerular filtering system and
excreted in urine in the absence of any tissue accumulation
or damage. The biocompatibility and biodistribution of
CNT appears to be dramatically dependent on the degree of
surface functionalization of these nanostructures, making f-
CNT viable material for a variety of biomedical
applications.
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1 INTRODUCTION

Carbon nanotube (CNT) development for biomedical
applications is in the nascent stages, however it is thought
to lead to novel types of diagnostic, therapeutic and
regenerative nanomedicines'”. The construction of CNT-
based delivery systems able to traffick intracellularly and
deliver drug molecules including nucleic acids requires
engineering nanotube features in order to achieve the
efficiency in delivering the therapeutic molecules at the
target sites and cellular compartments. However, it is
imperative to determine critical in vivo parameters, namely
their toxicological and pharmacological profiles, before any
clinical application of CNT is contemplated”. Here we
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discuss the pharmacological and toxicological profiling of
CNT, along with the limitations and opportunities these
nanostructures bring in order to develop new delivery
systems for nanomedicine.

2 CARBON NANOTUBES (CNT)

CNT have very interesting physicochemical properties
such as: ordered structure with high aspect ratio, ultra-light
weight, high mechanical strength, high electrical
conductivity, high thermal conductivity, metallic or semi-
metallic behavior and high surface area. The combination
of these characteristics make the CNT a unique material
with the potential for diverse applications, including
diagnostics and therapeutics'®.

One of the most important parameters in in vitro and in
vivo studies with CNT is the type of nanotubes used, which
is determined by the process by which they are made
biocompatible. Interactions with cells and tissues have to be
performed using biocompatible CNT, achieved by either
covalent or non-covalent surface functionalization that
results in water-dispersible CNT. A variety of different
functionalization strategies for single and multi-walled
CNT (SWNT and MWNT, respectively) have been reported
by different groups'”\. In our laboratories, CNT were made
compatible to  physiological environments after
functionalization by the 1,3-dipolar cycloaddition reaction
(Figure 1)1,

1) RNHCH,COOH oot
(CH20)n in DMF

2) HClIDCM

Figure 1. Scheme of 1,3-dipolar cycloaddition reaction
performed on MWNT.
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3 TISSUE DISTRIBUTION

In order to determine the tissue distribution of f-CNT,
we have covalently attached onto the nanotube surface one
of the most clinically established chelating molecule
diethylentriaminepentaacetic dianhydride (DTPA), which
was subsequently used to cage the y-emitting radionuclide
"In (Figure 2). Then, the [''In]DTPA-CNT were
dynamically tracked by single photon computed
tomography  (SPECT) imaging immediately after
intravenous injection in rats'®., In addition, the presence of
f-CNT in several tissues was quantified by gamma counting
at different time points after intravenous administration of
the ['"'In]DTPA-CNT in rats and mice!" 2.

{”\9

Figure 2. Molecular structure of ["""In]DTPA-CNT.

[*4n]DTPA

Following the administration by tail vein injection of
[""In]DTPA-CNT, these nanostructures were able to
circulate for ~3 h!". Moreover ['""n]DTPA-MWNT
accumulated in the kidneys and were excreted intact in the
urine within 24 h post-administration'" %,

4 TOXICITY OF CNT

CNT are classified as ‘nanoparticles’ due to their
nanoscale dimensions, therefore unexpected toxicological
effects upon contact with biological systems may be
induced. The nanometer-scale dimensions of CNT make
quantities of milligrams possess a large number of
cylindrical, fibre-like particles, with a concurrent very high
total surface area. This total surface area will also depend
on their degree of bundling and aggregation of nanotubes in
solution. We examined whether the intravenous
administration of different MWNT (Figure 3) induced any
tissue injury or other histological or physiological
abnormality on the organs that have previously been shown
to interact with the nanotubes in vivo during the initial 24 h
following injection in two different rodent species, rat and
mouse™ ). Non-functionalized pMWNT and water-
dispersible -MWNT were compared in order to verify the
impact of functionalization on the in vivo profile of these
nanostructures.

co H COH
(\O/\,OV\ j\,N\/\N/\,cho H

Figure 3. Molecular structures of pMWNT (A), MWNT-
DTPA (B), MWNT-NH;" with high loading of NH;" (C),
and MWNT-NH;" with low loading of NH;" (D).

Intravenous  administration of non-functionalized
pPMWNT led to lung, liver and spleen accumulation. On the
other hand, f-MWNT accumulation in organs was
dependent on the degree of functionalization but was found
to be independent of the characteristics of the functional

5 PROS & CONS

The unique mechanical properties of CNT offer in vivo
stability and the capacity to readily cross biological barriers
opens the door to development of novel delivery systems.
Moreover, the wunique electrical and semiconducting
properties and extremely large aspect ratio offers a template
for the development of multimodal in vivo devices. In
addition, the hollow, fibrous, light structure with different
flow dynamics properties is advantageous in in Vivo
transport kinetics and lastly mass production — low cost
makes CNT attractive to drug development.

However, pCNT (as prepared, non-functionalised) are
inherently hydrophobic, therefore the main obstacle in the
utilization of CNT in biology and medicinal chemistry is
their lack of solubility in most solvents compatible with the
biological milieu (aqueous based). To overcome this
problem the modification of the surface of CNT
(functionalisation) with different molecules is achieved by
adsorption, electrostatic interaction or covalent bonding of
different molecules and chemistries that render them more
hydrophilic. Through such modifications, water solubility
of CNT is improved and their biocompatibility profile
completely transformed. Moreover, the bundling/
aggregation of individual tubes through van der Waals
forces is also reduced by the functionalization of their
surface. Nevertheless, severe limitations persist as the
production of structurally and chemically reproducible
batches of CNT with identical characteristics, high quality
control and minimal impurities is still a challenge to the
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pharmaceutical and clinical

nanomaterials.

application of these

6 CONCLUSIONS

The development of nanomedicine depends on
determining the toxicological and pharmacological profiles
of extremely promising and novel materials. The in vivo
toxicological and pharmacological studies undertaken so far
indicate that f-CNT can be developed, contrary to non-
funtionalized, pCNT. Functionalization renders the surface
of CNT water-soluble, compatible with biological fluids
and leads to their rapid excretion through the renal route,
minimising unwanted tissue accumulation. Therefore, the
door of opportunity for the development of CNT as
diagnostic and therapeutic nanomedicines has opened, and
systematic study of their therapeutic efficacy and safety is
expected in the next few years.
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