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Carbon nanotubes have the potential to address the challenges of combating
infectious agents by both minimizing toxicity by dose reduction of standard
therapeutics and allowing a multiple payload capacity to achieve both
targeted activity and combating infectious strains, resistant strains in par-
ticular. One of their unique characteristics is the network of carbon atoms
in the nanometer scale, allowing the creation of nano-channels via cellular
membranes. This review focuses on the characterization, development, inte-
gration and application of carbon nanotubes as nanocarrier-based delivery
systems and their appropriate design for achieving the desired drug delivery
results in the different areas of infectious diseases. While a more extensive
toxicological and pharmacological profile must be obtained, this review will
focus on existing research and pre-clinical data concerning the potential use
of carbon nanotubes.
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1. Introduction

Carbon nanotubes (CNTs), first defined by Iijima in the early 1990s, are a new
family of highly innovative nanomaterials that are being investigated for their
potential in medicine [1-59,10. CNTs consist of a network of carbon atoms in the
nanometer scale which has great tensile strength as well as high electrical and ther-
mal conductivity. CNTs are considered ideal nano-materials for several applications,
which range from ultra-strong fibers to field emission displays. CNTs have recently
generated great interest in medicine, where suitably modified CNTs can serve a
variety of systems such as vaccine delivery systems or protein transporters [4-10].

CNTs exhibit superb physical and electrical characteristics. CNTs possess high
current carrying capacity, excellent thermal conductivity, low thermal expansion
coefficients and are less susceptible to electromigration when compared to other
conventional materials at that scale, including copper, tungsten and aluminum. In
addition, CNTs exhibit superior electrical and mechanical characteristics, which will
potentially be implemented as future solutions for lab-on-chip applications [10,11-13].

Encouraging feasibility studies have shown the ability of CNTs to be used as
delivery systems for genes, peptides, oligonucleotides, antimicrobial agents and
cytotoxic drug molecules [14-21]. CNTs have delivered these macromolecules success-
fully inside cells. Moreover, one study by Ali-Boucetta demonstrated that multi-walled
carbon nanotubes in aqueous dispersions using block copolymers can form supra-
molecular complexes with aromatic chromophore and chemotherapeutic agents
such as doxorubicin via stacking and thus enhance their cytotoxicity [22].
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Table 1 indicates some of the advantages and disadvantages
of CNTs in nano-medicine. It should be noted that the
toxicological profiles of CNTs have been a subject of debate
for potential use in clinical applications [23-25].

One of the most urgenty needed applications for innovation
is in the area of infectious diseases. Infectious diseases represent
a highly dynamic arena where medications quickly lose
their efficacy due to the emergence of resistant strains. The
time required to introduce new medications is far longer
than the development of resistant strains, which renders
current treatments ineffective. In addition, several potential
innovative treatments are unfeasible due to incompatible
toxicological ~ profiles. Moreover, conventional treatments
demonstrate limited penetration and control to the targeted
region [10,26-31].

The frequency and spectrum of antimicrobial and antifungal
resistant infections have alarmingly increased in both the
hospital and the community. Certain infections have essentially
become untreatable, and have begun to occur as epidemics
both in first world countries and the developing world. The
increasing frequency of drug resistance has been attributed to
combinations of microbial fungal and viral characteristics,
selective pressures of antimicrobial and antifungal use, and
societal and technological changes that enhance the transmission
of drug-resistant micro-organisms and viruses. The increase in
resistance mechanisms has resulted in a significant rise in
morbidity, mortality and healthcare costs. Prevention and
control of these infections will require the use of new antimicro-
bial, antifungal and antiviral agents, prudent use of existing
agents, novel vaccines and enhanced public health efforts to
reduce transmission [26-32].

The aim of this paper is to give an overview of the recent
developments of CNTs for the implementation as potential
drug delivery systems. Several applications will be discussed
that focus on a number of areas in the field of infectious
diseases. The paper will also discuss the existing toxicological

and pharmacological profiles of CNTs.

2. Functionalized carbon nanotubes (f-CNTSs)

New trends in CNTs allow for chemical functionalization in
order to control chemical properties, including solubility and
toxicity. CNTs can be employed in several biological applica-
tions, among which drug delivery appears to be particularly
promising [6,10,33-35]. It has been shown by Singh ez al. that
the toxicity profile of carbon nanotubes can be altered by func-
tionalization, solubility, and biocompability [36]. The properties
indicating the differences between functionalized CNTs and
micro/nanoparticles can be seen in Table 2.

Several functionalization approaches have been investigated
for modification of CNTs. CNTs can be oxidized using strong
acids, resulting in the reduction of their length while generating
carboxylic groups, which increase their dispersibility in aqueous
solutions [13-16,37-39]. Alternatively, additional reactions to
the CNT external walls and tips make them soluble in water.

For example, one of the processes is to use the 1,3 dipolar
cyclo-addition reaction, which allows the CNTs to be water
dispersible and soluble, thereby potentially rendering them
compatible in a biological milieu [13,144042). A structural
drawing of functionalized CNTs can be seen in Figure 1. Solu-
bility under physiological conditions is therefore one of the
key requirements to make CNTs biocompatible and poten-
tially viable for future clinical applications [37-44]. Functional-
ized CNTs (FCNTs) can be potentially used as vehicles for
gene delivery, as they can linked to a wide variety of active
molecules, including peptides, proteins, nucleic acids and
other therapeutic agents [40,43-48].

It has been shown by Kostarelos ez al. that various types of
FCNTs can be internalized by a wide range of cells, which
include both prokaryotic and mammalian types, and can
intracellularly traffic through different cellular barriers. Trans-
portation to the perinuclear region has been observed within
a few hours following contact with cells, even in conditions
which inhibit endocytosis. The functionalization performed
by this group involved the 1,3-dipolar cyclo-addition of
azomethineylides which allows the insertion of amino func-
tions around the sidewalls and at the tips of the CNTs,
thereby allowing the tubes to be highly soluble in aqueous
environments [49]. It has been suggested by Lacerda er a/. (2008)
that each functionalization method is probably producing
CNTs with different characteristics. It has been suggested that
this will lead to differences in the mechanism of CNT metab-
olism, degradation or dissolution, clearance and bioaccumula-
tion [50]. The suggested potential use of CNTs as non-viral
vectors for gene delivery is due their attractive physiochemical
and electronic properties, as well as from very preliminary
in vivo studies that demonstrated efficient mammalian cell
internalization. Although such models have shown a great
promise for gene delivery, as well as DNA and siRNA trans-
fection models, further investigation and fundamental research
work is required to understand the capabilities of CNTs in
terms of functionalization properties, biocompatibility and
toxicological profiles.

Lacerda er al. (2008) investigated the use of functionalized
CNTs and demonstrated preliminary 7z vivo results for the
delivery of DNA and siRNA using non-covalent functional-
ization for both SWCNTs and MWCNTs. Dai ez al. (2009)
investigated a number of non-covalent configurations for
functionalization of SWCNTs, including a biotin—streptavidin
system and adsorption properties, using surfactants and
poly(ethyl) glycol to further investigate surface properties for
binding functional groups as well as proteins onto CNTs.
Therefore, CNTs have a great versatility for functionalization
using both covalent and non-covalent bonds.

With respect to other forms of functionalization, Liu ez 4l.
introduced the concept of partitioning nanotubes, which
involves imparting multiple chemical species with different
functionalities on the same nanotube. These species include
polyethylene glycol (PEG), drugs and fluorescent tags.

Moreover, large surface areas have been demonstrated to exist for
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Table 1. Properties and parameters that determine the advantages and disadvantages of carbon nanotubes in

nanomedicine.

Pros

Cons

High stability in vivo because of their mechanical properties Non-biodegradable

Large surface area available for multiple functionalization

Capacity to easily pass biological barriers leading to novel

biocompatible delivery systems

Unique electrical and conducting properties for the

Large surface area for protein opsonization

Insolubility of as-produced materials — functionalization is required to

render the material compatible in physiological conditions

development of new devices for diagnostics

Empty internal space for encapsulation and transport of
therapeutic and imaging molecules

Bulk production associated with low costs

Strong tendency to aggregate
Limited data on tolerance by healthy tissues

Extremely high variety of carbon nanotube types — standardization difficult

Table 2. Characteristics of functionalized carbon nanotubes in comparison with microparticles and nanoparticles.

Functionalized carbon nanotubes

Micro/nanoparticles

Shape

Manufacturing
Modification (i)
Modification (ii)

Modification (iii)

Routes of administration

Biocompatibility/biodegradability
Cell uptake

Cytotoxicity

Immunogenicity

Adjuvant effect

Storage
Controlled release

Active delivery of molecules

Tubular form
Easy fabrication and processing
Functionalization with different groups

Molecules can be adsorbed or linked to the
external walls. There is the potential to insert
them into the tube cavity

Good control of conjugation

Potential administration via all routes

Biocompatible/non-biodegradable
Good

Low toxicity (tested only in vitro)
Absent

Absent

Not tested

Potential (possibility of tailor-made deliveiy
according to the needs)

Oligodeoxynucleotide, plasmid DNA

Spherical form
Difficult large-scale production
Functionalization with different groups

Molecules can be attached or adsorbed at
the surface or encapsulated

Low loading capacity

Administration via different routes (mucosal,
systemic, transcutaneous)

Biocompatible/biodegradable
Good

Low toxicity

Absent

Absent

Instability of the active compounds into the
spheres

Critical to control drug release rates

Oligodeoxynucleotide, plasmid DNA, antigens

supramolecular chemistry on single-walled carbon nanotubes
(SWCNTs) pre-functionalized non-covalently or covalently
by common surfactant or acid-oxidation routes according to
Liu ez al. 151).

Pristine single-walled CNTs are extremely hydrophobic
tubes of hexagonic carbon (graphene), whereas multi-walled
CNTs have several concentric graphene tubes [37]. Some stud-
ies reveal that CNT hydrophobicity and aggregation tenden-
cies makes them harmful to cultured living cells [(37,52,53].
Single-walled CNTs have diameters as small as 0.4 nm and
lengths of up to few micrometers, whereas multi-walled CNTs
can have diameters of up to 100 nm and lengths that range

from micrometers up to several millimeters [37,54-60) This type
of CNTs are shown in Figure 2.

Different methods have been proposed to deal with the
solubility of CNTs. Covalent modifications by the organic
functionalization of end-groups and sidewalls of CNTs have
been among the most commonly proposed methods. Water
soluble nano-hybrids have been created by starch, or oligomers
such as poly(vinylpyrrolidone), which are able to wrap and
transport SWCNTs into aqueous buffers. Oxidized CNTs
exposed to strong acids to create hydroxyl and carboxyl groups
at their ends allows coupling to a variety of biomolecules as well
as an increase in dispersion in aqueous solutions [37-44,54-60].
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Figure 1. Structural drawings of functionalized carbon nanotubes.

3. CNTs and bacteria

Bacterial infections present a challenge in infectious disease
therapeutics. Their constant modification mechanisms have
been a major challenge for the research and development of
antibiotics. Gene modification and transfers from different
sources have been an important method of resistance mech-
anism. Antibiotic inactivation or modification such as the
use of B-lactamases to disrupt the B-lactamase ring of peni-
cillin is a common resistance mechanism. Alteration of the
antibiotic binding site is another mechanism, which causes
resistance to antibiotics seen in the ubiquitous Methicillin
Resistant Staphylococcus Aureus (MRSA) strains in hospi-
tals. An alternative metabolic pathway is involved in some
of the sulfonamide-resistant bacteria which do not require
para-aminobenzoic acid like their counterparts [26-32].

Cirz et al. demonstrated that inhibiting a mutation could serve
as a novel therapeutic strategy for combating the evolution of
antibiotic resistance. By interfering with the activity of the pro-
tease LexA, pathogenic Escherichia coli have been demonstrated
to be unable to evolve resistance 77 vivo to ciprofloxacin or
rifampicin. This corroborates the need to develop a drug delivery
system, which can introduce such a targeted activity [61,62].

Another focus of current research is that of host defense
peptides. These antimicrobial peptides are endogenous peptide
antibiotics, playing an essential part in the immune system.
They are involved in the direct killing of bacteria as well as
having roles in antiviral and immunomodulatory functions.
Delivery of similar peptides, which is difficult with current
delivery modalities, will have an important impact in combating
infections, particularly in patients where these peptides are scant
in production [63-64].
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Figure 2. Transmission electron microscopy (TEM) photographs of pristine SWNT (left) and MWNT (right). These images were
taken on pristine samples purchased from Carbon Nanotechnology Inc. (SWNT) and Nanostructured & Amorphous Materials Inc. (MWNT).

SWNT: Single-walled carbon nanotubes; MWNT: Multi-walled carbon nanotubes.

Interestingly, the potential for CNTs can also be applicable
for mycobacterium infections, such as tuberculosis, with
resistance strains in particular. These bacterial infections also
produce resistance strains which require careful administration
of therapeutic agents to decrease the threat of the emergence
of resistant strains [31,32].

3.1 Carbon nanotubes and antibacterial effects

It has been demonstrated that CNTs exhibit antibacterial effects,
and that the dimensional characteristics of the CNTs play a
significant role [17,65-691. An increased surface area leads to an
increased opportunity for interaction with living cells. Single-
walled CNTs (SWCNTs) exhibit significant cytotoxicity to
human and animal cells. Multi-walled CNTs (MWCNTs)
exhibit mild effects on the same type of cells. It should be
noted that the results of cytotoxicity of CNTs can be contra-
dictory to efficacy, as functionalization and differing purities
can affect the toxicity [70-78].

It has been shown that a large population of E. coli cells
was inactivated following direct contact with highly purified
SWCNTs. SWCNTs were deposited without any culture
medium. It is still unclear as to what specific mechanisms
were involved in the process [69].

A recent article by Elimelech ¢t 4l shows that CNTs
exhibit antibacterial effects and that the most likely CNT
cytotoxicity mechanism is cell membrane damage by direct
contact with CNTs [66]. Gene expression data showed that
in the presence of both MWCNTs and SWCNTs, E. coli
expresses high levels of stress-related gene products, with
the quantity and magnitude of expression being much
higher in the presence of SWCNTs. Experiments with well-
characterized SWCNTs and MWCNTs demonstrated that
SWCNTs are much more toxic to bacteria than MWCNTs,
and may have the potential to be used as alternative agents

to combat microbial infections resistant to traditional
antibiotic treatments [67].

Kang et al. also demonstrated that SWCNTs exhibit a
much stronger antibacterial activity than MWCNTs, thereby
suggesting that the CNTs size plays an important role in
the process [67]. It has been suggested by Kang e al. that
this may be attributed to smaller nanotubes due to the
following reasons:

* Increased facilitation of partitioning and partial penetration
into the cell wall.

* Increased interaction with the cell membranes due to
increased contact area.

* Unique chemical and electronic properties translated into
greater chemical reactivity.

Several cytotoxic mechanisms have been suggested
concerning CNTs. Disruption of intracellular metabolic
pathways, oxidative stress, physical membrane damage causing
rupture and the generation of reactive oxygen species and
oxidative stress have been among the proposed cytotoxic
mechanisms. Human cells, incubated with CBTs, induce the
production of tumor necrosis factor-alpha (TNF-o) and
oxidative stress, leading to the production of nuclear factor-
kappa B (NF-xB). Interestingly, there has been no direct exper-
imental evidence of oxidative stress related to CNT-derived
free radicals. Instead, CNTs have been shown to have free
radical scavenging activity [67.70-78].

3.2 Nanoscale electroporation

Electroporation is a technique in which biomembranes are
permeabilized by pulsed fields of several kV cm™ amplitude
and microsecond duration, which typically requires high electric
field pulses. These pulses can lead to irreversible permeability
and cell lysis (79-81].
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CNTs have been demonstrated to target bacterial cells and
allow a subsequent plasmid delivery using different microwave
pulse durations which create temporary nanochannels across the
cell envelope. This effect allows miniaturization of electropo-
ration systems to the nanoscale, and provides selective targeting,
as well as electroporation of cell organelles in eukaryotic cells
and prokaryotic microorganisms (79-81].

It has been shown that exposure of E. coli cells to short
microwave irradiation and low concentrations of CNTs had
no detrimental effect on cell morphology and viability. The
permeabilized sites reseal spontaneously, allowing the cells to
continue to grow.

A system demonstrated by Rojas-Chapana ¢z al. involving
electroporation and MWCNTs, has been used to target the
bacterial surface and deliver plasmids through temporary
nano-channels across the cell envelope [80.81]. The potential
use of such plasmid delivery developed more thoroughly for
in vivo human studies may hold promise for the treatment of
micro-abscesses and tumors situated in hard to reach areas, or
for enhancing specific treatment in exposed areas [31.32].

3.3 CNTs as plasmid DNA vectors

Delivering genes requires an efficient delivery system. Currently,
both viral and non-viral systems have been demonstrated.
Viral delivery, albeit achieving high levels of gene expression,
has several noteworthy disadvantages such as induction of
immunogenic reactions, induction of inflammatory reactions
which render transient transgene expression and potential
oncogenic effects [31,32,82.83].

Non-viral vectors have the potential to overcome some of
these disadvantages. Non-viral vectors can be assembled in
cell-free systems from well-defined components. This construc-
tion gives them a superior advantage over viral vectors in terms
of safety and manufacturing. Non-viral vectors still require a
minimum therapeutic level of gene expression [13,14,31,32,82-84].

Cationic molecules such as various lipids, polylysine, protamine
sulfate and cationic dendrimers have been used to condense
DNA and form complexes, which have the ability to enhance
the efficiency of gene transfer. These condensates commonly
have a spherical morphology. The molecular interactions
between DNA and the cationic component have an important
impact on the number of biological processes relevant for gene
expression. These processes include the following: enhancement
of cell membrane interactions due to electrostatic forces; increased
endocytosis; and improved trafficking to the nuclei [15].

CNTs can be functionalized in a similar way to gene delivery
vehicles [13,14] (e.g., ammonium-functionalized SWCNTs and
MWCNTs, and lysine functionalized SWCNTs with plasmid
DNAEs). It has been shown by Singh ez al. that the three types
of cationic carbon nanotubes are able to condense DNA and
successfully deliver plasmid-DNA to cells, leading to a subse-
quent gene expression [14,15]. These results are important in
particular for infectious agents which carry resistant genes,
such as antibiotic-resistant bacteria [31,32]. Several noteworthy
points should be made when considering the development of

such vectors. Most cation and polycation DNA complexes
transfect 77 vitro and in vivo at a variety of charge ratios, thereby
requiring an optimization of ratios according to Singh er al.
Factors such as complex size, surface charge, DNA topology
and degree of condensation play an important role in deter-
mining what charge ratio is needed for optimal gene transfer.
Interestingly, DNA complexed with MWCNTs shows a tighter
association than that of SWCNTs. Highly condensed DNA
is more resistant to serum inhibition. Tightly bound DNA may,
however, be unable to detach from the nanotubes [14,15].

Much of the research conducted with DNA complexes
implemented single-stranded DNA (ssDNA). This work was
performed to increase the solubility and reduce the polydis-
persity of nanotubes in aqueous solutions. It would be beneficial
to explore the different DNAs and possibly RNAs seen in virus
vectors such as negative and positive strands and research their
interactions with CNTs 31,32].

4. Viral infections

The treatment of many of the viral infections remains a
challenge. A targeted novel approach of delivering antisense
therapy and other entities which are typically too problem-
atic to deliver may be instrumental. Therefore achieving a
combination of targeted delivery of oligonucleotides, other
genetic disrupters and other viral targets not normally feasible
with current systems may be advantageous [31,32,85-102].

4.1 Delivery of antisense therapy

Antisense therapy delivery has been suggested as a promising
tool for infectious diseases. The rapid degradation of antisense
nucleic acids and poor diffusion across the cell membrane
represent the main impediments. Antisense oligonucleotides
research is considered a very promising technology for use in
the development of drugs with both high target specificity
and reduced side effects. Studies have demonstrated antisense
inhibition of viral gene expression in biochemical assays, in
cultured cells and in animal models (85-102). Currently, there is
ongoing antisense oligonucleotides research targeting human
cytomegalovirus and human immunodeficiency virus, which
is being evaluated in clinical trials. Cui er 4/ demonstrated
the use of single-walled carbon nanotubes as a delivery system
for transporting antisense myc into HL-60 cells [103].

One of the key challenges in gene therapy is the lipophilic
nature of biological membranes, which restricts the intracellular
delivery of external entities. SWCNTs do have the ability
to cross cell membranes. Krajcik e# a/. chemically function-
alized SWCNTs with hexamethylenediamine (HMDA) and
poly(diallyldimethylammonium) chloride (PDDA) to obtain a
combined material that was able to bind to negatively charged
siRNA by electrostatic interactions. In preliminary studies, negli-
gible cytotoxic effects were observed using PDDA-HMDA-
SWCNTs on isolated rat heart cells at concentrations up to
10 mg/L. This drug delivery system, developed by Krajcik ez af.,
loaded with extracellular signal-regulated kinase (ERK) siRNA
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was able to cross the cell membrane and to suppress expression
of the ERK target proteins in primary cardiomyocytes by
about 75% [13).

Such a drug delivery system implemented with SWCNTs
and siRNA may be also viable for treatment of the hepatitis C
virus (HCV) infection, which represents a major cause of chronic
liver diseases and hepatocellular carcinoma. Current treatments
have not demonstrated promising results, thus demanding inno-
vative treatments [85-102]. One promising antiviral strategy imple-
mented against HCV is the use of RNA interference (RNAI), a
specific gene silencing process mediated by small interfering
RNA (siRNA) duplexes. Chevalier ez 4. identified one siRNA,
targeting a sequence that is highly conserved across all genotypes
and forms a critical pseudo knot structure involved in transla-
tion, and considered it as one of the most promising therapeutic
candidates among the siRNAs assessed. If siRNAs can be deliv-
ered with an acceptable toxicological and pharmacological pro-
file, potentially effective treatments may be demonstrated for
HCV [104]. A highly efficient delivery of siRNA by SWCNTs,
which allows a more potent RNAi compared to conventional
transfection agents, was demonstrated by Kam er 4l (35). The
authors describe a novel functionalization scheme for SWCNTs
which can afford nano-tube biomolecule conjugates with the
incorporation of cleavable bonds to enable controlled molecular
releasing from nanotube surfaces [3544]. A highly efficient deliv-
ery of siRNA by SWNTs and achievement of a more potent
RNAI functionality than a widely used conventional transfection
agent was demonstrated [35).

5. Fungal infectious

Fungal infections are problematic for many reasons, one of
which is that fungal cells share similar characteristics to
eukaryotic cells. Antifungals such as Amphotericin B, a very
potent antifungal agent, have numerous side effects greatly
impeding their widespread use. Liposomal constituents have
been implemented. There is stll a limitation for targeted
delivery and dose reduction as this agent has numerous side
effects (31,32,102]. For example, Amphotericin B is highly toxic
at 10 pg/mL, reaching a 40% cell mortality [102].

5.1 Antifungal delivery
Several formulations have been developed for Amphotericin B
due to its renal toxicity and the fact that Amphotericin B is
eliminated unchanged by the liver and the kidneys. The lipid
formulations include liposomal Amphotericin B, Amphotericin B
colloidal dispersion and Amphotericin B lipid complex, all of
which have significant differences in their plasma pharma-
cokinetics. These differences can be attributed to the diverse
disposition of the lipid moieties, while liberated Amphotericin B
displays a pharmacokinetic behavior independent from the lipid
formulation applied [31,32,42,105].

Several advantages make CNTs an ideal candidate for drug
delivery of antifungal agents. Amphotericin B carried by CNTs
preserved a very high antifungal activity. It has been shown

Rosen & Elman

that conjugated Amphotericin B with CNTs against candida
is more potent than the drug alone. In addition, it was shown
that the internalization of Amphotericin B linked to the
nanotubes was dose dependent. Wu ez al. showed that func-
tionalized CNTs behave as nano-needles, with the ability to
pass through the cell membrane without causing cell death 42).
Another advantage of CNTs suggested by Wu er al. is the
prevention of aggregation phenomena presented typically by
Amphotericin B in solution, which may increase its toxicity
effects in cells. It was also demonstrated that conjugated Ampho-
tericin B linked to CNTs in concentrations of up to10 pg/mL
was not toxic. Functionalized CNTs with Amphotericin B
showed activity even on strains resistant to Amphotericin B by
an unclear mechanism [42].

6. Prions

Prion diseases or transmissible spongiform encephalopathies
(TSEs) are a family of rare progressive neurodegenerative
disorders affecting humans and animals. The causative agent
of TSEs is believed to be a prion protein (PrP), which is an
abnormal, transmissible agent that is able to induce abnormal
folding of normal cellular prion proteins in the brain, leading
to brain damage and the characteristic signs and symptoms of
the disease. Some of these distinguishing characteristics include
long incubation periods, spongiform changes associated with
neuronal loss and a failure to induce inflammatory response.
These diseases are usually rapidly progressive and are always
fatal. Unfortunately, early treatment is impossible in human
patients since this disease can only be detected after the onset of
neurological symptoms, even in familial cases. Prions are thought
to consist mainly or entirely of misfolded PrP, a constitutively
expressed host protein. Prions associated with the same PrP
sequence may occur in the form of different strains; the strain
phenotype is believed to be encoded by the conformation of
the PrP [106-108).

According to Toupet ez al., the classical drug therapy has
faced serious difficulties and the time has come to examine
radically different strategies such as innovative gene therapies.
Toupet er al. demonstrated that chronic injections of domi-
nant negative lentiviral vectors into the brain may be a prom-
ising approach for a curative treatment of prion diseases [108].
Similarly, a targeted drug delivery system composed of carbon
nanotubes implementing similar content without the use of a
viral vector may have the potential of achieving similar results.
Neurodegenerative diseases require therapeutic agents to be
widely spread in the brain [108]. Carbon nanotubes, with their
delivery abilities, may have the potential to address these
issues [2,3,6,7,11].

7. Vaccines

In vaccinations, a critical component is the retention of antigen
conformation, which is necessary to induce an antibody
response with the right specificity. An important component
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of vaccinations is the development of new and effective delivery
approaches to administer protective antigens [16].

7.1 Enhancing neutralizing antibody responses in
vaccines

Enhancing the neutralizing antibody response is an important
method of potentially increasing the efficacy of a vaccine.
Pantarotto e al. assessed virus-specific neutralizing antibody
responses to a vaccine delivery system using covalent linkage
to a neutralizing B cell epitope from the Foot and Mouth
Diseases Virus (FMDYV) to mono- and bis-derivatized CNTs
as a vaccine preparation. The mono-derivatized CNTs elicited
high levels of virus neutralizing antibodies. The CNT—peptide
conjugates elicited antibodies of the IgG isotype, thereby sug-
gesting that this system with ovalbumin is sampled by antigen
presenting cells (APCs). The bystander cellular help provided
by the ovalbumin-specific T Helper cells assists the B cells to
produce the necessary antibodies targeted for the specified
FMDV peptides [16].

Several advantages have been demonstrated using CNTs as
vaccine delivery systems. First, CNTs themselves did not show
any detectable immunogenicity. Second, the nanotubes displayed
the B cell epitope with retained conformational characteristics.

Third, organic modification of CNTs allows the generation
of multiple sites for attachment of bioactive molecules, thereby
allowing generation of desired immune responses [16].

8. Toxicity of CNTs

Single-walled carbon nanotubes (SWCNTs) have been shown
to be acutely toxic in a number of cell types [70-75]. CNTs can
be harmful to cells in a time- and dose-dependent manner.
This has been seen for pristine SWCNTs on the proliferation
of HEK293 kidney epithelial cells and pristine MWCNTs on
skin epithelial cells [37).

It has been observed that the physical form of carbon has a
major impact on toxicity. CNTs are more toxic than similar
chemical compounds of carbon in the form of amorphous
carbon black, a material non-toxic even at the highest tested
concentrations of 400 pg/mL. Direct observation of cellular
uptake of SWCNTs has been demonstrated using transmis-
sion electron microscopy and confocal microscopy to image
the translocation of SWCNTs into both stained and unstained
human cells. Untreated CNTs were proven to exhibit a high
toxicity concentration, as they can enter the cytoplasm and
localize within the cell nucleus, causing cell mortality in a
dose-dependent manner (371. Liu er al have shown that
PEGylated SWCNTs show relatvely long blood circulation
times and a low uptake by the reticulo-endothelial system [109).
While Liu er al. suggest that drug molecules carried into the
reticulo-endothelial system are released from SWCNTs and
excreted via the biliary pathway without any obvious toxic effects
to normal organs in a system that involves delivery of the chemo-
therapeutic agent paclitaxel in mice via a water soluble conjugate

of SWCNT—paclitaxel, further studies are needed before clinical

studies in humans are undertaken [110]. Moreover, Lacerda et /.
concluded that toxicological and pharmacological profiles of
CNT systems used as therapeutics will have to be better
elucidated prior to undertaking any clinical studies (50].

Acute and chronic toxicity of functionalized SWCNTs
when injected into the bloodstream of mice was examined by
Schipper et al. Their results indicated no evidence of toxicity
over 4 months by their survival, clinical and laboratory param-
eters. Necroscopy and tissue histology upon killing showed
only age-related changes. In addition, using histology and
Raman microscopic mapping it was possible to observe that
these nano-tubes persisted within liver and spleen macrophages
for 4 months without apparent toxicity [111.

The tissue distribution and blood clearance rates of
intravenously administered CNT radiotracers study in mice
by Singh et al. revealed several important results related to
toxicity and pharmacological profiles. Urine excretion studies
using FSWCNT and FMWCNTs followed by electron
microscopy analyses showed that both were excreted as intact
nanotubes. Systemic blood circulation clearance was through
the renal excretion route. It was observed that FSWCNTs
were not retained in any of the reticulo-endothelial system
organs. A rapid blood clearance and half-life of 3 h were
observed for £FSWCNTs [36].

A renal clearance of CNTs study by Lacerda er al
demonstrated several important findings. One observation
was the localization of CNT dispersions in the glomerular
capillaries, which were not able translocate through the kidney
glomerular filtration barrier when these dispersions were not
adequately individualized, or had aggregated in vivo. MWCNTs
were observed translocating both at 5 min and 30 min post-
injection and it has been suggested that MWCNTs are capable
of reorientation while in the blood circulation. It has been
suggested that the longitudinal nanotube dimension does
not appear to be critical for renal clearance, according to
Lacerda et al. Moreover, the authors suggest that a fine balance
exists between CNT shape, backbone structure, surface char-
acter and a degree of individualization, which will determine
the pharmacological and excretion profile of these fibrous
nano-materials 7z vivo [112].

A recent study conducted by Takagi ez al (2006)
demonstrated that the structural properties of CNTs contribute
significantly to the toxicological profile. The mouse model
studied demonstrated that MWCNTs that are 10 — 20 microns
in length are carcinogenic, typically inducing mesothelioma,
of a similar toxicity to asbestos [77]. A more prudent approach
to handling CNTs should be utilized, especially when investi-
gating CNTs as potential new delivery vectors. In assessing
the toxicity of CNTs, not only the functionalization of the
CNTs and chemical degradation should be considered, but
also the physical properties and structural dimensions.

8.1 Lung toxicity of CNTs
Several in vivo studies on rodents have indicated that CNTs
have the ability to induce inflammation, granulomas, fibrosis,
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as well as biochemical and toxicological changes in the lungs.
In addition, complex interactions involving pathophysiological
mechanisms such as inflammation and oxidative stress can act
synergistically and amplify pulmonary toxicity when exposed
to SWCNTs [113].

It has been shown by Lacerda er 4l that the high degree of
functionalization responsible for adequate individualization of
nanotubes, rather than the nature of the functional groups, is
the critical factor limiting tissue accumulation and normal
tissue physiology at least within the first 24 h after adminis-
tration. Moreover, it has been shown that the higher degree of
functionalization of MWCNT-NH;+, the less the accumula-
tion in tissues. Lacerda er 2/ demonstrated an accumulation
mostly in the lung and liver in dark clusters of purified
MWCNTs coated with autologous serum proteins prior to
injection of the mice [113].

Poland e al. have demonstrated that the exposure of the
mesothelial lining of the body cavity of mice to long
MWCNTs results in asbestos-like, length-dependent patho-
logical manifestations. These manifestations include inflam-
mation and granulomas. Since both CNTs and asbestos have
similar fiber needle shapes, the major concern is the develop-
ment of mesothelioma, a devastating malignant tumor, which
can be caused by asbestos. Poland e# al. suggest that scrutiny
is needed before introducing CNTs to the market [114].

MWCNTs have been documented to form fibrous or
rod-shaped particles of around 10 — 20 micrometers in length
with an aspect ratio of more than three. Fibrous particles of
this dimension range, including asbestos and other man-made
fibers, are reported to be carcinogenic, inducing the highly
malignant tumor mesothelioma. MWCNTs have been
reported to induce mesothelioma along with a positive con-
trol, crocidolite (blue asbestos), when administered intraperi-
toneally to p53 heterozygous mice, which have already been
reported to be sensitive to asbestos. Takagi ez al. suggests that
their results may raise the possibility that carbon-made fibrous
or rod-shaped micrometer particles may share the carcinogenic
mechanisms postulated for asbestos (7).

Warheit ez al. demonstrated that pulmonary exposures to
SWCNTs in rats produced a non-dose-dependent series of
multifocal granulomas. These granulomas showed evidence of
being a foreign tissue body reaction and were non-uniform in
distribution and not progressive beyond one-month post-
exposure. However, Warheit ez al. suggest that the observation
of SWCNT-induced multifocal granulomas is inconsistent
with several findings. These findings, according to the authors,
include a lack of lung toxicity by assessing lavage parameters,
a lack of lung toxicity by measuring cell proliferation param-
eters, an apparent lack of a dose—response relationship, a non-
uniform distribution of lesions, the paradigm of dust-related
lung toxicity effects, as well as the possible regression of
effects over time [71].

In a study conducted by Lam er al, pulmonary toxicity
was assessed and compared in intratracheally instilled mice
with concentration ranges of 0.1 — 0.5 mg of CNTs, a carbon
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black negative control, or a quartz positive control, and killed
at 7 days or 90 days [2378). Lam er 4/ demonstrated that all
nanotube products induced dose-dependent epithelioid granu-
lomas and, in some cases, interstitial inflammation in the
animals of the 7-day groups. In the 90-day studies, the
observed lesions persisted and were more pronounced. In
addition, the lungs of some animals revealed peribronchial
inflammation and necrosis that had extended into the alveolar
septa. Lam ez al. concluded in their mouse model that if car-
bon nanotubes reach the lungs, they are much more toxic
than carbon black, and can even be more toxic than quartz,
which is considered a serious occupational health hazard in
chronic inhalation exposures. Since geometry and the surface
chemistry of particulates can play an important role in causing
lung toxicity, these two parameters must be taken into account
for future animal studies [28,115].

8.2 Immunotoxicity of CNTs

Several important effects of CNTs on the immune system
have been documented. Dumortier et al. assessed the effects
of fFCNTs - pristine single-walled carbon nanotubes
(SWCNTs) — on the immune system, following the 1,3-dipolar
cyclo-addition reaction and the oxidation/amidation treat-
ments. Their results showed that both types of FCNTs are
taken up by B and T lymphocytes as well as macrophages
in wvitro, without affecting cell viability. In addition, they
showed that making FCNT a highly water soluble compound
did not influence the functional activity of immunoregulatory
cells. Moreover, their results showed that FCNTs having a
reduced solubility and forming stable water suspensions pre-
served lymphocytes’ functionality, albeit provoking the secretion
of proinflammatory cytokines by macrophages [19].

Oxidized CNTs are more toxic than hydrophobic pristine
CNTs. Oxidized CNTs are considered more suitable for
biological applications. Oxidized CNTs can be dispersed in
aqueous solution and achieve higher concentrations of free
CNTs at similar weight per volume values [37,52,53]. Bottini ¢z /.
calculated that the less toxic amount of 40 pg/mL of CNTs
under their experimental conditions is equal to an estimated
10° individual CNTs per cell. This calculation is based on an
average length of approximately one micrometer and a diameter
of 40 nm, having an average molecular mass of 5x107? [37).

CNTs, specifically MWCNTs both pristine and oxidized,
can cause a time-dependent decrease in the viability of Jurkat
T leukemia cells. At 400 pg/mL, oxidized CNTs cause a loss
of more than 80% of the cells within 5 days, while pristine
CNTs killed less than half of this number of cells. Amorphor-
phous carbon, in comparison, at 400 pg/mL had a minimal
effect on cell viability [37.

MWCNTs were also assessed for apoptosis of T cells and
signal transduction by the T-cell antigen receptor by Bottini ez 4/.
Both pristine and oxidized CNTs caused apoptosis in a dose-
and time-dependent fashion. Oxidized CNTs appeared to be
more toxic in terms of apoptosis than pristine CNTs in this
particular study (57). It should be noted, however, that batches
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Table 3. Potential applications and issues related to CNTs for treatment of diseases.

Type of CNT Pathogen/disease type Potential efficacy of treatment
SWCNTs Mycobacterium, In vitro — very high. Further in vitro models required
E. Coli, Staphylococcus Aureus to establish the toxicity of treatment for eventual
[17,65-69] in vivo model
[69-78]
CNTs Fungal infections In vitro — very high. In vivo — potentially high —
[42] concern with very high toxicity level for in vivo
applications
SWCNTs Hepatitis C virus In vitro — high. In vivo — potentially high — concern
[35,104] with toxicity level
CNTs, SWCNTs Prions [2,3,6,7,11]. In vitro — potentially high. Further in vitro and in vivo
models required, as well as for toxicity studies
f-CNTs (maleimido-derivatized water soluble) FMDV [16] Preliminary study very promising, showing high

f-CNTs
(antisense, siRNA)

Cancer [31,32,82,83].

potential. Further in vitro and in vivo studies
required for efficacy, as well as for toxicity

In vitro — potentially high. Basic animal models
required to obtain a preliminary understanding
of potential

of pristine CNTs can show impurities, with metallic and
amorphous carbon nanoparticles causing severe toxic effects [116].
As for signal transduction, 40 pg/mL of oxidized CNTs had a
small stimulatory effect on the basal level of intracellular tyrosine
phosphorylation but virtually no effect on the receptor-induced
increase in this phosphorylation [37].

Several recommendations have been made by Bottini et /.
concerning the use of this type of CNTs. First, CNTs should be
used at concentrations much lower than 40 pg/mL, or 1 ng/cell.
Second, cell viability should be carefully followed with all new
forms of CNTs. It has been suggested that cell toxicity will
depend also on the physical form, diameter, length and nature
of attached molecules or nano-materials [37).

9. Conclusion

This review describes the potential application of carbon
nanotubes in infectious diseases, and in resistant strains in
particular. The ability to carry multiple payloads potentially
allows carbon nanotubes to be used both as a targeted
therapy and combinational therapy for resistant strains, as
well as a powerful vaccine delivery agent. Functionalization
allows them to be soluble in aqueous solution. Further
research and development is needed to accurately delineate
their toxicological and pharmacological profiles.

10. Expert opinion

Infectious diseases clearly provide a challenge with standard
therapeutic measures. First, the emerging resistance mechanisms
of many infectious entities takes place much faster than the
introduction of new therapeutic agents, that require many
years of research and development. Despite the cautious use

of these agents, emerging resistance still takes place, albeit at
a relatively slower pace. In addition, several of the agents have
problematic side effects, such as Amphotericin B. Therefore,
there is a strong need for developing delivery systems that will
be able to carry several types of payloads, combating resistance
mechanisms and at the same time be able to target specific areas
of interest to avoid several of the deleterious effects associated
with high doses.

There are still a number of toxicity issues that need to be
resolved. Residence time, degradation mechanisms and clearance
are regarded as unresolved issues. In addition, interactions
with DNA, siRNA and other biological components are still
unclear in terms of the potentially effective clinical applications.
Deposits of CNTs in a variety of tissues still have unknown
side effects. This may be a major impediment to their intro-
duction into human subjects. Table 3 summarizes some of the
potential applications and issues related to CNTs for the
treatment of diseases.

A necessary interdisciplinary approach by both nano-material
engineering and medical sciences is needed to address these
issues. First, a more comprehensive toxicity profile is needed.
Second, a more thorough understanding of the advantages
of CNTs over biodegradable nanomaterials is required in
order to assess the relevant medical indications. Third, the
interactions of CNTs with clearance and detoxification mech-
anisms seen in the kidneys and liver respectively must be
delineated in order to corroborate whether a desired toxicity
profile can be achieved.

CNTs may have the potential to drastically change how
drug delivery is conducted regarding infectious diseases. A
main reason for this is the ability of CNTs to carry macro-
molecules unable to pass through the cellular membrane by
themselves. In the field of vaccination, multiple conjugate
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payloads may offer a significant advantage in the production
of desired neutralizing antibodies and other related immune
responses. In the field of antifungals, CNTs may be able to

limit the highly deleterious effects of these agents as they are

targeted to fungal cells, which carry many similarities to
human eukaryotic cells. In the field of viruses, CNTs may
offer the ability to directly provide an innovative and poten-
tially effective treatment against viruses, rather than simply
limit their proliferation. For emerging resistant strains by a
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