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ABSTRACT

The use of nanomaterials may contribute to  our understanding of the central 
nervous system (CNS) and the development of novel therapeutic strategies for 
neurological interventions. Carbon nanotubes (CNT) are among the most promising 
types of novel nanomaterials that have attracted attention because of their extraordinary 
properties such as high electrical and thermal conductivity. The development of CNT 
functionalisation chemistries has led to  their enhanced dispersibility in physiological media 
and broadened the spectrum for their potential biological applications. This thesis aimed 
to  enable the development of CNT-based delivery system potentially able to  transport 
therapeutic o r diagnostic agents to  the brain, offering significant benefits fo r a variety of 
currently untreatable neurophatologies, such as stroke or Parkinson’s disease.

Different types of chemically functionalised multiwalled nanotubes (f-MWNT) 
constructs were used and compared in this work. Amino functionalised MW NT (MWNT- 
N H /), oxidised and amino functionalised MW NT (oxM W N T-N H /) and amidated 
M W NT (oxMWNTamid-NHj^) have been studied. Oxidation of the material led to  the 
introduction of carboxyl groups and the corresponding shortening of the nanotubes. The 
central question that this thesis asked was the determination of the extend of MW NT 
transport into the brain and the structure-function relationship that controlled this. 
Multiple routes of administration were studied in relation to  the brain translocation of the 
nanotubes: i) intravenous, ii) intra-nasal, and iii) stereotactic administration.

The biodistribution profile of functionalised carbon nanotubes (f-CNT) after 
intravenous administration was investigated in relation to the physicochemical properties 
of CNT, such as dispersibility and chemical functionalisation. It was found that by changing 
the degree of surface functionalisation of CNT, it was possible to  control their organ 
distribution and blood clearance profile. A series of f-CNT obtained from the same 
starting material were chemically modified and showed that CNT exhibiting less surface 
functionalisation favoured liver accumulation. Liver accumulation was significantly reduced 
by increasing the degree of chemical functionalisation, while renal excretion showed an 
opposite trend. Although it is considered extremely important fo r the design of novel 
CNT-based diagnostics and therapeutics, this route of administration was found to  be 
limited fo r neurological applications due to  poor brain uptake levels. Therefore, the work 
focused on alternative (intra-nasal) and local (stereotactic) routes to  examine transport 
into the brain.

Intra-nasal administration constitutes a feasible delivery route to  the brain, avoiding 
limitations imposed by the lack of blood brain barrier (BBB) permeation of systemic



administrations and the invasiveness of stereotactic injections. Evidences obtained in this 
thesis illustrates that nasal route can offer an efficient strategy to  deliver f-CNT into the 
brain. The unique properties of CNT were expected to facilitate the translocation from 
the nasal cavity to  the brain. The results suggested noticeable differences in the level of 
nanotube uptake and localisation within the brain tissue, and that these are highly 
dependent on their chemical functionalisation. The brain uptake of M W N T -N H / was 
demonstrated and related to the ability of nanotubes to  remain for an extended period at 
the nasal cavity. Our results indicated that the olfactory bulb and brainstem were the 
main regions within the brain that the nanotubes resided, mostly likely via translocation 
through the trigeminal nerve system. These studies highlighted the potential of f-CNT as a 
brain delivery system through the nasal route.

Finally, a closer insight into the interaction of fC N T  with the neural tissue was 
conducted after local stereotactic administration. Again, surface functionalisation was 
found to  play an important role in the localisation, transport and intracellular distribution 
patterns once within the neural tissue, as significant differences were observed between 
the different constructs. All fC N T  were uptaken by different neural cells types, such as 
microglia and neurons. However different patterns of cellular internalisation and 
intercellular fate were observed between the constructs. Transmission electron 
microscopy (TEM) of the brain sections of the vicinity of the injection site suggested that 
M W N T -N H / were more individualised and dispersed. This type of functionalised 
multiwalled nanotube (f-MWNT) could be observed both extracellularly and within neural 
cells. On the other hand, oxMWNT-NHj"^ were less individualised, leading to  the 
formation of small clusters of material that were mainly found localised intracellularly as 
such. Injections of f-CNT were well tolerated, only eliciting a transient induction of 
inflammatory cytokines at early time points (particularly after injection with oxMW NT- 
NHj"^). Contrary to  non-oxidised MWNT, oxidation seemed to induce significant levels of 
glial cell activation markers (GFAP and CD! lb) on the periphery of injection site. 
Interestingly, the fate of MWNT-NH^^ on the longer term (14 days post-injection) also 
revealed the previous unreported evidence of partial degradation of chemically 
functionalised MW NT in vivo following internalisation within microglia after direct 
stereotactic injection in the motor cortex.

Overall, this thesis offered evidence and the impetus for further investigations of 
the critical parameters that will determine the kinetics of CNT translocation in the brain 
tissue and explored some of the effects of CNT interactions with the neuronal tissue.
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1.1. Blood Brain Barrier and Bain Accessibility

Neurological diseases include an extended range of disorders that affect a large 

percentage of the world’s population and according to  epidemiological studies are 

expected to  increase with the aging of the population (http://www.who.int). Alzheimer’s 

and Parkinson’s diseases among others such as autism, traumatic brain injury, stroke, and 

schizophrenia are only a few of a large number of pathologies that have benefited from 

advances in basic neurology research in the last few decades. Although the genetic basis is 

known for many of these central nervous system (CNS) disorders, therapeutic efficiency is 

limited by the selectivity of the blood brain barrier (BBB). The BBB is considered the most 

important barrier to protect the brain, constituting a rate-limiting factor in the transport 

of drugs and genes into the CNS [I].

The BBB interfaces the blood with the extracellular compartment of the brain 

parenchyma and is mainly formed by polarised brain capillary endothelial cells sealed by 

complex tight junctions that restrict the paracellular transport of molecules into the brain 

[2] (Figure 1.1). Paracellular transport is prevented as a result of high metabolic activity, 

low vesicular transport and lack of fenestrae. Additionally, BBB is closely associated with 

astrocytes that form a network surrounding the blood vessels, providing biochemical 

support to  the endothelial cells. Neuronal endings are also present, close to the
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endothelial cells. Pericytes make a further contribution to the BBB efficiency with their 

phagocytic capacity [2].

Large molecules, including recombinant proteins, monoclonal antibodies and 

nucleic acids, are not able to readily cross the BBB. Among small molecules, only around 2 

% have the ability to cross the BBB, and high lipid solubility also seems to be a requisite [I,

3].

4T--.
y Br%io F r̂enchy

blood

»

Parenchyma

Figure 1.1: Blood brain barrier structure. The image shows a diagram (I) and an
electron micrograph (II) of the blood brain barrier (BBB). The main components of BBB 
are: EC- endothelial cells; A- astrocytes ; MG- microglia; M- mitochondria; P- pericytes; N- 
Neuron terminal/axon; and TJ- tight junctions.(Diagram (I) redrawn from [2]).

The BBB is a dynamic system that allows a limited diffusion of exogenous 

compounds into the brain with specialised transport mechanisms for essential nutrients. 

Absorption of molecules across the BBB occurs through two mechanisms: passive and 

active transport, as described in Figure 1.2. Passive transport includes paracellular

28



Chapter-1

diffusion of hydrophilic compounds, which is limited, and transcellular transport which is 

used by small lipophilic molecules (less 400-600 Da) to enter into the brain parenchyma. 

Active transport systems include: i) carrier mediated transcytosis (CMT) for relatively 

small molecules; ii) absorptive mediated transcytosis (AMT) for positively charged 

peptides; and iii) receptor mediated transcytosis (RTM) for certain proteins [2].

Passive transport Active transport Efflux transport

Transcellular Paracellular Absorptive mediated Receptor m ediated C a rr ie r  mediated Efflux pumps

Blood
compartment

diffusion dif

Brain
Parenchyma

transcytosis

o
transcytosis transcytosis (e.g. Pgp)

o
T O

Figure 1.2: Representation of specialised transport routes through BBB
(redrawn from [2]).

CMT is used for the transcytosis of nutrients, and the transport rate depends on 

the occupancy rate of the carrier. AMT does not involve any plasma membrane receptors. 

This pathway is triggered by electrostatic interactions between polycationic molecules and 

the negatively-charged plasma membrane. On other hand, RMT includes binding to specific 

membrane receptors, which are then internalised by endocytosis and released at the 

abluminal membrane of the brain capillary endothelium. Efflux mechanisms are also
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present in the BBB. The best known is the P-glycoprotein (Pgp), which has a high 

propensity for pumping out unwanted compounds, such as cytotoxic anticancer drugs and 

antibiotics, resulting in restricted accumulation of such molecules within the brain [2]. 

Because of the limited transport across the BBB, research has been directed towards 

uptake enhancement strategies, both to expand the therapeutic interventions and to 

improve their efficacy with minimum toxicological effects.

1.2. Application of Nanom aterials in the Central Nervous 

System

One of the major challenges for modern medicine is the development of effective 

strategies for the prevention, diagnosis and treatment of CNS pathologies. CNS tissue 

morphology along with the restricted anatomical access, make successful outcomes of 

diagnostic or therapeutic interventions challenging. Furthermore, the absence of an 

effective self-repair mechanism in the CNS results in irreversible functional problems that 

have a long-term impact on the patient’s quality o f life, as well as high medical and societal 

costs. A  clear understanding of most neurological disorders is still lacking and this 

precludes adequate diagnosis and treatment. The use of nanomaterials may contribute to 

our further understanding of the CNS and to the development o f novel therapeutic 

strategies for neurological interventions. According to Silva [4], their application in
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neuroscience is still at the early stages of development, despite an impressive body of 

research that is emerging.

Nanomaterials have been used in neuroscience in an attempt to  limit o r reverse 

neuropathological processes. The advantages are due to  their specific characteristics, such 

as the capacity to  interact with biological systems with a high degree of specificity. 

Moreover, nanomaterials are thought to  be able to  stimulate and interact with target cells 

and tissues in controlled ways, inducing desired physiological responses with minimal side 

effects. The main neuroscience applications that nanotechnology research is contributing 

are summarised in Table 1.1.

Table 1.1: Neurological applications of nanomaterials.

Main areas of application of nanotechnology in neurology

Brain activity monitoring 
Neuro-diagnosis (imaging agents)
Neuroprotection therapy 
Neuroregeneration therapy 
Aid to nano-surgery
Brain implants for electrophysiology interventions (e.g. nano electrodes) 
Drug delivery/targeting in the CNS

The following Sections will describe the clinical perspective of the studies published

today using nanomaterials, and the toxicological risks deriving from their application in the

CNS. The use of nanomaterials as imaging agents will be discussed, pointing out their

importance as precise diagnostic tools (Section 1.2.1). This will be followed by a
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description of the state-of-the-art application of nanomaterials in therapeutic modalities 

such as: neuro-oncology, neurodegenerative diseases and neuroprotection (Sections 

12.2 & Section 1,2.3). Next, innovative strategies will be described employing 

nanomaterials for the treatment of traumatic CNS injuries and neural regeneration 

(Section 1.2.4). Finally, studies concerning the neurotoxic profile of nanomaterials will be 

discussed and described (Section 1.2.5). Figure 1.4 summarises the main areas where 

the different nanomaterials found application in vivo.
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Imaging of CNT Neuro-oncology
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Figure 1.3: Schematic representation of the main imaging and therapeutic 
modalities where the different nanomaterials found application in vivo
(schematic of self assembling nanofibers was adapted from [5]).
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f .2. /. Nanomaterials for CNS Imaging

Imaging of the CNS is an important tool for the studying and monitoring of 

structural, biochemical and functional changes in the brain and spinal cord (SC). Advances 

in this field have led to a better understanding of the effect of cellular damage on the CNS 

function, and thus helped to  improve the precision of neurological procedures and reduce 

their invasiveness. There are several arguments in favour of the development of imaging 

technology. Firstly, only direct observation reveals the behaviour of cells in the brain. 

Secondly, the continuous observation of cells over time is more accurate and safe than 

deducing changes from a single observation in fixed tissues. Thirdly, observations of 

sequential pathological events could help to establish causes and relationships, and thus 

better understand the disorders. And finally, imaging the same area before and after 

treatment can offer a good indication of the success of a particular treatment [6].

The current technologies used for imaging and functional recording of the CNS are

very diverse. For example, in electroencephalography and magnetoencephalography, the

electrodes are placed on the skull and record from the brain surface. To record deeper,

the skull must be opened and electrodes inserted into the brain mass, as in some

therapeutic procedures. Microelectrode array technology was developed in order to

enable simultaneous recording of different neurons. However, it is unsuitable fo r long

term implantation. New approaches are currently under investigation using

microelectrode arrays with biocompatible coatings to promote bio-specific cell adhesion.

Although the preliminary results are positive and encouraging, the potential use of these
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biocompatible microarrays to  monitor and stimulate neural activity is considered to  be 

very invasive [7]. Computer tomography (CT), position emission tomography (PET) and 

functional magnetic resonance Imaging (f-MRI) have led to  a better understanding of hovy 

neuronal circuits operate. Nevertheless, these imaging technologies have limitations, such 

as: lack of sensitivity (when compared to  florescent modalities), reduced half-life after 

intravenous administration and restricted BBB permeation.

The use of nanotechnology for pre- and post-operative diagnostic imaging, as well 

as for real-time intra-operative visualisation, is expected to  enhance the effectiveness of 

the diagnostic techniques, in particular for tumour patients. A summary of the relevant 

studies published so far using nanomaterials for imaging and functional recording of CNS in 

vivo is presented in Table 1.2 and will be further described below.

1.2.1.1. Iron oxide nanoparticles

The potential of iron oxide nanoparticles as magnetic resonance imaging (MRI) 

contrast agents has been extensively studied, including for human use. They can be 

classified according to their diameter into several categories: i) supermagnetic iron oxide 

(SPIOs) nanoparticles with a mean diameter of more than 50 nm; ii) ultra-small 

supermagnetic iron oxide (USPIOs) nanoparticles with a diameter of 10-50 nm; and iii) 

very small supermagnetic iron oxide nanoparticles (VSPIOs) with a diameter of less than 

10 nm [8]. Initial studies with commercially available magnetic iron oxide nanoparticles, 

such as Ferumostran-10 (USPIOs coated with dextran), Ferumoxides (SPIOs coated with
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Dextran) and Ferumoxytol (USPIOs coated with poyglucose sorbitol carboxymethyl 

ether) have not shown significant toxicity. It is generally accepted that magnetic iron oxide 

nanoparticles have attractive characteristics for their use as contrast agents. In particular: 

i) a capacity to  permeate an intact BBB; ii) the potential to identify a specific pathologic or 

anatomic target; iii) prolonged blood half-life; iv) a favourable adverse-effects profile; and 

v) the capability to  be taken up by phagocyte cells [9]. Despite all the advantages, it is still 

difficult to differentiate the nanoparticle signal from the resident brain iron signal (for 

example following a cerebral haemorrhage caused by stroke or trauma).

Unlike other MRI agents, magnetic iron oxide nanoparticles can be imaged either 

by magnetic resonance or by light o r electron microscopy, allowing their precise 

localisation within the neural tissue, thus contributing to the investigation of many CNS 

pathologies [8]. Following intravenous administration, supermagnetic iron oxide 

nanoparticles are captured by the reticular endothelial system (RES). However, the 

clearance is not fully performed by the liver and spleen, and uptake by inflammatory cells 

may still occur while circulating in the blood.

The administration of Ferumoxtran-IO and Ferumoxytol for MRI contrast has been 

investigated in human patients with brain tumours both pre- and post-operatively [10, I I ] .  

Both studies were designed to  compare the magnetic resonance signal of these magnetic 

iron oxide nanoparticles with that of gadolinium in patients with malignant brain tumours. 

Interestingly, intravenous administration of Ferumoxtran-IO or Ferumoxytol resulted in 

additional enhanced tumour areas compared to  the ones obtained with gadolinium. This 

additional signal enhancement is likely due to the prolonged plasma half-life of the iron
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oxide nanoparticle along with the efficient cellular trapping and accumulation by reactive 

cells.

Iron oxide nanoparticles have also been investigated in human patients with 

ischemic lesions. For example, a clinical phase-ll study performed by Saleh et al. [12] 

investigated the use of Ferumostran-10 nanoparticles for imaging human ischemic lesions 

after stoke. Patients received Ferumostran-10 at the end of the first week after symptom 

onset and contrast enhancement was observed mainly at the periphery of the infracted 

brain region. This signal enhancement was linked to the iron-labelled macrophage 

infiltration, rather than to disruption of BBB. The advantages of this approach resulted 

from the intravascular retention and lack of extravasation, allowing a contrast between the 

vessel and the adjacent tissue for several minutes post-injection, with minimal adverse 

effects on the clinical outcome.

Moreover, supermagnetic iron oxide nanoparticles have been found to be useful as 

an adjuvant fo r MRI in studying the fate of transplanted cells either in rat models [13] or 

human patients with chronic spinal cord injury (SCI) [14]. Cellular tracking with iron oxide 

nanoparticles has opened new frontiers not only for diagnosis, but also for imaging of 

abnormal conditions and for the assessment of the efficacy of therapeutic strategies. New 

approaches exploiting the potentialities of these nanoparticles in combination with 

enhanced MRI could result in the development of novel strategies to  the detection of a 

wide range of inflammatory CNS disorders, including stroke, epilepsy and CNS trauma [8].

Activated macrophages constitute an in vivo marker for both the diagnosis and the

prediction of the disorder development, as they play a critical role in eliciting immune
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response. While in healthy conditions the migration of immune cells to the brain is 

restricted, during a pathological event, they are able to  cross the BBB and blood- 

cerebrospinal fluid barrier and reach the brain parenchyma. Macrophages can be tracked 

using iron oxide nanoparticles and thus imaged by MRI. Due to  the capacity of 

nanoparticles to target inflammatory tissues via macrophage tracking, a novel possibility 

for the characterisation of numerous inflammatory and degenerative diseases has 

emerged.

1.2 .1.2. Quantum Dots

The surgical management of brain tumours or other pathologies requires the 

precise localisation of tissues in brain parenchyma. Quantum dots (QDots) are optical 

semiconductor nanocrystals, which can be conjugated with fluorescent tags using the same 

chemical approach applied in fluorophore immunocytochemistry. Compared to other 

fluorescence techniques, QDots suffered from reduced photo-bleaching and offer higher 

signal detection. In addition, they can be used for single particle tracking of target 

molecules in live cells. Q D ot technology represents a promising approach for CNS 

imaging, however their poor stability and low BBB permeability have been limiting their in 

vivo application [15].

Certain disorders, such as brain tumours, are accompanied by migration of 

macrophages and microglia that are vital to the management of brain homeostasis. Once 

in the bloodstream, QDots can internalise these cells, and their signal can be detected by
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microscopy allowing the identification and visualisation of the brain tumour [16]. Thus, 

providing real time feedback during the resection and biopsy.

In the last decade, the development of the QDots technology in CNS has been 

enhanced by other strategies. For example, Santra et al. [17] administered (via intra- 

arterial route) QDots conjugated with TAT peptides -  a membrane translocation peptide 

that helps to  overcome the cellular membrane barrier -  in order to  efficiently target the 

brain. Others have suggested the use of serum-labelled QDots for in vivo 

microangiography of deep brain capillaries and blood vessels in wild-type mouse brain 

[18]. Additionally, in order to  improve the solubility and stability of QDots systems, Gao 

et al. [19] have developed a multifunctional platform by encapsulating QDots in a core of 

Poly(ethylene glycol)-poly(Lactic acid) (PEG-PLA) nanoparticles to  reach the brain after 

intra-nasal administration. This system was conjugated with wheat germ agglutinin (WGA), 

combining both imaging and targeting platforms in the same system.

Imaging of CNS with QDots is a useful tool for the visualisation of tumours or 

other diseases during surgical procedures and assists neurosurgeons in clearly visualising 

the brain tissues. Despite such attractive prospects, evaluation of their safety when within 

the CNS still needs to  be addressed.

1.2.1.3. Nanowires

Nanowires have been attracting attention as an innovative nanotechnology for the 

imaging of the CNS. Their ability to receive and deliver electrical impulses favours the 

detection of certain pathologies. However, the procedure of inserting them through the
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skull and into the brain is quite invasive and may result in tissue damage. As an alternative, 

Llinas et al. [7] have developed platinum nanowires guided by the blood circulation to  the 

brain. This was based on the concept that the arterial pathways can guide larger catheter 

tubes to  certain points of the body. The team designed an entire array of nanowires 

connected to  a catheter tube that could be guided to  the brain through the circulatory 

system. Each nanowire aimed to record the electrical activity of neurons without invading 

the brain parenchyma. This nano-electrode array is so small that it may avoid interfering 

with normal blood flow and nutrient exchange or disrupting brain activity. This strategy is 

expected to  improve the knowledge of brain function, studying the interaction at neuron- 

to-neuron level with biocompatible and biodegradable nano-probes. Future directions may 

involve the replacement of platinum nanowires with polymer coated nanowires, which can 

be biodegradable and therefore more suitable as short-term brain implants.
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Tab le  1.2: Selected studies using nanom aterials fo r the  imaging and functional recording of C N S .

Nanom aterial Model Route A im  and main conclusions Ref

U
*0
bO

I

Iron oxide 
nanoparticles 

(Ferumoxtran or 
Ferumoxytol)

Iron oxide 
nanoparticles 

(Ferumoxtran)

Iron oxide 
nanoparticles 

(Endorem)

Magnetic
nanoparticles

Magnetite-
dextran

nanoparticles

Patients with 
malignant brain 

tumours

Patients with 
ischemic lesions

Rats with a 
cortical or 
spinal cord 
injury(SCI)

Patients with 
spinal cord 
injury (SCI)

Rat with glial 
brain tumour 

(A 101.08)

Intravenous
administration

Intravenous
administration

Intracerebral 
and Intravenous 
administration

via lumbar 
puncture 
technique

Intra-carotid 
injection after 
disruption of 

BBB

Comparison between the MRI signal of USPIO and gadolinium’s in patients with 
malignant brain tumours.
Ferumoxtran-10 and Ferumoxytol resulted in additional enhanced signals.

Investigation of the cellular imaging of human ischemic stroke (clinical phase-ll 
study).
The intravascular retention and lack of extravasation, allowed a better contrast 
between the vessel and adjacent tissue

Investigation of iron oxide nanoparticles as an adjuvant for MRI to study the fate of
transplanted cell in vivo in rats with a cortical or SCI
Useful method for evaluating the migration and fate of stem cells in CNS.

Investigation of iron oxide nanoparticles as an adjuvant for MRI to study the fate of 
transplanted cell in vivo in patients with SCI.
Cells labelled with magnetic nanoparticles migrated into the injured site in patients 
with chronic SCI.

Investigation of magnetic nanoparticles as MRI agents for the diagnosis and 
treatment of brain tumours
Nanodispersed magnetite-dextran preparation penetrated into a rat brain tumour 
and peritumoural tissue

[10,
II]

[12.
20.
21]

[13]

[14]

[21]
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T ab le  1.2. (cont.): Selected studies using nanom aterials fo r  the  imaging and functional record ing  o f C N S

Nanom aterial Model Route A im  and main conclusions Ref

ZU
'o
bO

■a
5

Ûa

QDots  
(TAT conjugated)

QDots 
coated with Serum

QDots into a core 
of PEG-PLA 

nanoparticles 
(W G A  conjugated)

Amino(PEG) QDots

Rat

Wild-type 
mouse brain

BALB/c nude 
mice

Rat with 
gliosarcoma 

(C6)

Intravenous
administration

Intravenous
administration

Intra-nasal
administration

Intravenous
administration

•  Investigation of the delivery of Qdots for imaging the brain tissue.
•  TAT peptide was necessary to overcome the BBB

•  Investigation of the in vivo microangiography of deep brain capillaries and blood 
vessels in wild-type mouse brain after injection with Qdots.

•  Deep in vivo microangiography provided a new approach for visualisation 
microangiopathies, typical from Alzheimer's disease.

Study of the biodistribution of WGA-Qdots-nanoparticle following intra-nasal 
administration in BALB/c nude mice
Targeted Qdots showed brain delivery by intra-nasal administration

Identification of neoplastic tissue within normal brain during biopsy and tumour 
resection
Qdots were visualised within the experimental brain tumour, outlining the tumour 
and potentially augmenting brain tumour biopsy and resection.

[17]

[18]

[19]

[16,
22]

Array of platinum 
nanowires N/A

•  Electrical recording of the activity of small groups of neurons by an array of 
Intravenous platinum nanowires

administration •  Nanowires were guided to the brain through the circulatory system reaching 
specific targets.

[7]

U
Electrodes coated 

with M W N T
rat and monkey

Intracranial
insertion

Development of CNT-based electrodes to record neuronal electrical events. 
MWNT-coated electrodes improved the recording of neuronal electrical events in [23]
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1.2.2. Nanomaterials as Therapeutics in Nano-Oncoiogy

Treatment of brain tumours remains a great challenge despite the advances in 

tumour therapy and the increasing understanding of carcinogenesis. There is evidence of a 

critical correlation between early detection and positive prognosis, and consequently the 

success of the treatment. Nanomaterials have been emerging as a potential vector for 

CNS, due to their own structural advantages and possibility to further design them with 

the aim to  cross the BBB. Table 1.3 shows a summary of the major in vivo studies 

published to  date concerning the application of nanomaterials in the treatment of brain 

tumours.

1.2 .2 .1. Nanoparticles

Several chemotherapeutic drugs have been explored in the treatment of brain 

tumours using nanoparticles. For example, paclitaxel (Pax) is an active drug against 

malignant gliomas and brain métastasés. However, its use is limited by its low therapeutic 

index and because it is a substrate for the Pgp efflux pump. Nevertheless, some studies 

have described the incorporation of this drug into nanoparticle vectors in order to 

enhance brain uptake and therapeutic efficacy [24, 25]. Xin et al. [24] compared the 

commercially available formulation Taxol® with Pax-loaded nanoparticles (methoxy 

poly(ethylene glycol)-poly(e-caprolactone) nanoparticles) and demonstrated an increase in
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brain uptake when the nanoparticle-based delivery system was used. This was likely due to 

the efficiency in overcoming the drug Pgp efflux pump at the BBB.

Other studies have used nanoparticle vectors for the delivery of doxorubicin 

(Dox) in the treatment of brain tumours. Dox is a chemotherapeutic drug that inhibits 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) synthesis; however due to  its 

polarity, it has been shown to  have limitations in crossing BBB after intravenous 

administration. The biodistribution of polysorbate-coated poly(buthylcyanoacrylate) 

(PBCA) nanoparticles carrying Dox after systemic administration has been studied by 

different groups. Couvreur et al. [26] showed that delivery of Dox using PBCA 

nanoparticles leads to low heart accumulation. This is important since cardiotoxicity is 

one of the major drawbacks for the in vivo use of free Dox. Similarly, Gulyaev et al. [27] 

have demonstrated that PBCA nanoparticles coated with polysorbate-80 can deliver high 

concentrations of Dox into the brain after intravenous administration. Interestingly, the 

accumulation in RES organs has been shown to be lower compared to  uncoated 

nanoparticles. The therapeutic efficacy of Dox-PBCA nanoparticles was also 

demonstrated. For example, a study performed by Steinigier et al. [28] showed that more 

than 20% of the animals (rats with intracranial glioblastoma) treated with intravenous 

administration of Polysorbate-80 coated PBCA nanoparticles survived for more than 180 

days compared to only a 10-20 day survival rate in the control group (no nanoparticles).

The treatment of glioblastoma multiforme (GBM) is one of the most challenging

problems in oncology and, despite new therapeutic approaches, efficacy remains elusive.

Although multimodality methodologies are involved in the treatment of GBM (surgery,
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irradiation and chemotherapy), the average survival rate is only one year [29]. While 

chemotherapy is the first line treatment for recurrent GBM, other alternative therapeutic 

approaches have been explored and have produced some promising results. For example, 

the ability of magnetic nanoparticles to  induce hyperthermia has led to  the development of 

a nanoparticle-based hyperthermia therapy [30-32]. This method relies on the direct 

introduction of iron oxide magnetic nanoparticles into the tumour and their subsequent 

induction of vibration by oscillation of a magnetic field, which generates heat. The 

feasibility and efficacy of intratumoural thermotherapy using magnetic nanoparticles (nano

cancer® therapy) has been demonstrated previously in pre-clinical [33] and clinical studies 

[32]. The feasibility of this strategy was further verified in a post-mortem 

neuropathological study performed by Van Landeghem et al. [30] on GMB patients treated 

with magnetic aminosilate coated supermagnetic iron oxide nanoparticles. Most of the 

nanoparticles were aggregated and located in necrosis areas within the tumour, restricting 

their distribution to  the injection site. The same group also demonstrated the clinical 

efficacy of intratumoural thermotherapy using magnetic nanoparticles in combination with 

fractionated stereotactic radiotherapy for the treatment of recurrent GBM [34].

O ther strategies have focused on the delivery of cytotoxic genes by nanoparticles 

in order to  treat brain tumours. One example in the literature reports the delivery of 

plasmid DNA (pORF-hTRAIL) conjugated to  PEGylated albumin-PBCA nanoparticles [35]. 

Intravenous administration of this system resulted in the induction of apoptosis and 

significant retardation of intracranial glioma growth, demonstrating the potential use of
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this type of nanoparticles as a gene delivery system for the treatment of malignant 

tumours.

Tumour cells can also be irradiated through photo-dynamic therapy (PDT), where 

the drug is activated by light, causing cell death by oxidative damage. W ith this strategy, 

drugs are stimulated by the use of light only locally, resulting in insignificant damage of the 

healthy tissues, which constitutes an advantage over conventional treatments. Recently, 

the efficacy of a multifunctional-based nanoparticle system containing photo-sensitizer 

agents and MRI enhancer agents has been investigated in a intracranial gliosarcoma model 

[36]. Improvement in residence time and tumour specific delivery was observed, along 

with a significant increase in animal survival from 5 days (control group) to 2 months 

(nanoparticle treated group), with an increased incidence of tumour elimination.

1.2.2.2. Iron-oxide nanoworms

GBM are among the most vascular tumours in the body and as such represent an 

attractive target for anti-angiogenesis therapy. In a recent work. Age my et al. [37] showed 

GBM development to be arrested by anti-angiogenesis therapy using a theranostic 

platform based on nanoworm vectors. This multifunctional platform was incorporated by: 

i) a tumour homing peptide (CGKRK) which provided the target capacity of the system; ii) 

a pro-apoptotic peptide (^[KLAKLAK];) with anti-tumoural activity; and iii) iron oxide 

nanoworms which enabled the imaging of GBM tumour in mice. Such a system provided
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both effective therapeutic activity and diagnostic capacity, encouraging further 

development of this vector towards clinical use.

1.2.2.3. Polymeric microspheres

Delivery of therapeutic agents to brain tumours has also been achieved through 

the use of microspheres. The administration of magnetic microspheres (magnetic neutral 

dextran and magnetic cationic aminodextran microspheres) have shown an ability to  

overcome BBB, enhancing brain uptake after carotid administration in intracranial glioma 

rat model [38]. Moreover, the clinical efficacy of polymeric microspheres on the glioma 

rat model (RG2 model) has also been investigated. Poly(lactic-co-glycolic acid) (PLGA) 

microspheres loaded with mitoxantrone -  which is a potent drug against malignant glioma 

-  have been shown to improve the brain delivery of this drug to  the tumour sites, 

demonstrating capability to prevent glioma growth [39]. Similarly, imatinib mesylate, a 

tyrosine kinase inhibitor drug used as standard therapeutic for patients with chronic 

myelogneous leukemia, has also been delivered using polymeric microspheres [40]. 

Microspheres loaded with imatinib mesylate were directly injected into the intracranial 

glioblastoma tumour (U87 model) and were shown to  reduce by 79% the tumour growth 

at 14 days post injection. Overall, these studies indicated that microspheres could be used 

as an efficient therapeutic delivery system for brain tumours.
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1.2.2.4. Liposomes

Gene therapy studies using cationic liposomes have been reported in the literature 

two decades ago, when Holt et al. [41] successfully transfected neurons in the embryonic 

brain of xenopus frogs by direct injection of liposome-DNA complexes. Since then, 

several liposome formulations have been investigated for brain cancer therapy. Doi et al. 

[42] developed a PEGylated liposome loaded with sodium borocaptate. This system was 

conjugated to  transferrin and was found to  deliver high concentrations of boron to brain 

tumours for boron capture neuron therapy, enhancing the survival of the glioma murine 

models. Very low levels of boron were accumulated in the non-tumour brain hemisphere, 

which points to  the advantages of this approach. Similarly, Feng et al. [43] developed 

PEGylated liposomes targeted with EGFR antibody to deliver sodium borocaptate on 

glioma murine models (U87 model). This vector specifically delivered high levels of sodium 

borocaptate at glioma cells and surrounding areas for 24-48 hours post injection.

Brain tumour therapy has also been investigated through the co-administration of 

different liposome formulation by convection-enhanced delivery (CED). For example, 

Krauze et al. [44] co-administered irinotecan-loaded liposome with Doxil® (PEGylated 

liposomes containing Dox) on different glioma rat models (U251 MG and U87MG models). 

A  three-fold increase in survival rate was observed for the combinatory therapy over the 

control groups, demonstrating the potential of this strategy for brain tumour therapy. 

Furthermore, Granh et al. [45] tested the therapy efficacy of non-PEGylated liposomes 

loaded with topotecan, which had previously been shown to be an active drug against 

malignant glioma. These liposomes were co-administered with galodiamide-loaded
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liposomes on glioblastoma multiform rat models (U87 model). A real-time imaging of the 

liposome distribution was achieved, along with a significant increase in overall animal 

survival when compared to controls [45].

1.2.2.5. Dendrimers

Dendrimers have also been used because of their recognised high drug loading 

capacity and ability to  encapsulate and solubilise hydrophobic drugs within the dendritic 

structure. Recently, a polyamidoamine (PAMAM) dendrimer containing the cytotoxic drug 

methotrexate and conjugated to  cetuximab (specific to  target EGFR) has been investigated 

for their targeted capacity to  achieve efficient tumour therapy in an intracranial glioma rat 

model (F-98-EGFR) [46]. The results have not shown significant differences between the 

efficacy of bioconjugated treated groups and controls (methotrexate alone), however, the 

advantage of this strategy lies in the reduced toxicity for normal brain tissue.
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T ab le  1.3: Selected studies using nanom ateria ls  as therapeutics fo r neuro-oncology m odalities.

Delivery system Model Route A im  and main conclusions Ref

<u
Z

I

Doxorubicin 
delivered by 

Polysorbate-80 
coated PBCA 
nanoparticles

Paclitaxel delivered 
by methoxy 

poly(ethylene 
glycol)-poly(s- 
caprolactone) 
nanoparticles

Paclitaxel delivered 
by magnetic 

nanoparticles

pDNA (pORF- 
hTRAIL) delivered 

by cationic 
albumin-conjugated 
PEG-nanoparticles

Dextran- 
and aminosilane- 

coated 
superparamagnetic 

iron
oxide nanoparticles

Rat Intracranial 
glioblastoma 

(101/8) model

Mouse 
Intracranial 
gliosarcoma 
(C6) model

Rat intracranial 
glioma (?) 

model

Mouse 
intracranial 
gliosarcoma 
(C6) model

Rat intracranical 
glioblastoma 
(RG2) model

Intravenous-
administration

Intravenous-
administration

Intravenous-
administration

Intravenous-
administration

Intratumoural
administration

Investigation of the anti-tumoural capacity of Dox-loaded nanoparticles. 
Distribution of doxorubicin into the brain in vivo and therapy of brain tumours.

[28]

Investigation of the anti-tumoural capacity of Pax-loaded nanoparticles. 
Nanoparticles enhanced the anti-glioblastoma activity of paclitaxel

[24]

Investigation of the anti-tumoural capacity of Pax-loaded superparamagnetic nanoparticles. 
Survival rate of glioma-bearing rats was significantly prolonged after therapy with 
nanoparticles.

Investigation of the feasibility of systemic administration of pDNA loaded nanoparticles for 
gene therapy of glioma.
Tumour-specific nanoparticle delivery with induction of apoptosis and significant 
retardation of tumour growth.

Investigation of the feasibility and tolerability of thermotherapy using magnetic 
nanoparticles on rats with GBM.
Thermotherapy with aminosilane-coated nanoparticles led to prolongation of survival rate 
over dextran-coated particles and controls.

[25]

[35]

[33]
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T ab le  1.3 (cont.); Selected studies using nanom aterials as therapeutics fo r neuro-oncology m odalities.

Delivery system Model Route A im  and main conclusions Ref

~o
E

I

Aminosilane-coated
superparamagnetic

iron
oxide nanoparticles

Multifunctional 
PEGylated-coated 

nanoparticles: 
polyacrylamide 

(PAA) core, 
photosensitizers, 

MRI contrast agents 
and molecular 

targeting groups

Patients with 
GBM 

(under clinical 
trial)

Intratumoural
administration

Development of nanoparticle-based hyperthermia therapy for cancer treatment. 
The clinical efficacy of intratumoural thermotherapy using magnetic nanoparticles in 
combination with fractionated stereotactic radiotherapy was demonstrated.

[30,
32]

Rat intracranial 
gliosarcoma 
(C6) model

Intratumoural
administration

Investigations of a new class of photodynamic nanoparticles for extracellular cancer therapy. 
Improvement in residence time and tumour specific delivery was observed, along with a 
significant increase in animal survival.

[36]

Multifunctional iron 
oxide nanoworms: 

tumour homing 
peptide (CGKRK), 

pro-apoptotic 
peptide 

(d[KLAKLAK]2) and 
molecular targeting 

 groups______

Mouse 
intracranial 

glioblastoma 
(U87 and 005 

spheres) model

•  Investigation of angiogenesis therapy by using a theranostic platform based on nanoworm
Intravenous- delivery system.

administration •  Nanoplatform targeted GBM tumours, providing effective therapeutic activity with
diagnostic functions.

[37]

Methotrexate
s delivered by

1 Polyamidoamine
-o dendrimer

Û conjugated to
cetuximab

Rat intracranical Intratumoural •  Investigation of the anti-tumoural capacity of methotrexate -loaded dendrimers
glioblastoma administration •  Dendrimer-based vector was shown to specifically target tumours cells, reducing toxicity in [46]
(F98) model (by CED) normal brain tissue.
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T ab le  1.3 (con t.): Selected studies using nanom ateria ls  as therapeutics fo r neuro-oncology m odalities.

Delivery system Model Route A im  and main conclusions

Mitoxantrone 
delivered by PLGA 

microspheres

Imatinib mesylate 
delivered by PLGA 

microspheres

Rat intracranical 
glioblastoma 
(RG2) model

Mouse 
intracranical 
glioblastoma 
(U87) model

Intratumoural
administration

Intratumoural
administration

Investigation of the capacity of microspheres to provide effective and sustained local drug 
delivery without causing systemic side effects.
Mitoxantrone-loaded PLGA microspheres prevented glioma growth, minimising side 
effects.

Investigation of the anti-tumoural capacity of Imatinib mesylate loaded microspheres 
Imatinib-microspheres were shown to significantly reduce tumour growth within two  
weeks post injection.

Ref

[39]

[40]

Sodium borocaptate 
delivered by 

immunoliposomes 
(transferrin 
antibody)

Sodium borocaptate 
delivered by 

Immunoliposomes 
(EGFR antibody)

I rinotecan - loaded 
liposome 

Co-admininstered 
with Doxil®

non-PEGylated 
liposome 

encapsulated with 
both topoCED™  
and gadoCED™

Mouse 
intracranical 
glioblastoma 
(U87) model

Mouse 
intracranical 
glioblastoma 
(U87) model

Rat intracranical 
glioblastoma 

(U25I and U87) 
model

Rat intracranical 
glioblastoma 
(U87) model

Intravenous-
administration

Intravenous-
administration

Intratumoural 
administration 

(by CED)

Intratumoural 
administration 

(by CED)

•  Investigations of liposome encapsulating sodium borocaptate for boron neutron capture 
therapy. [42]

•  Delivery of Boron enhanced the survival rate of mice.

•  Investigations of liposome encapsulating sodium borocaptate for boron neutron capture 
therapy. [43]

•  High levels of sodium borocaptate were delivered into brain tumours.

Investigation of the efficacy of co-administration of Doxil® and Irinotecan-loaded liposome
in the treatment of glioblastoma tumours. [44]
Co-administration showed potential for brain tumour therapy.

Investigation of the efficacy of the Co-admininstration of topoCED ™ with gadoCED™ on 
GBM models.
Real-time imaging of the liposome distribution, and a significant increase in the survival rate 
was achieved.

[45]
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T ab le  1.3 (co n t.): Selected studies using nanom ateria ls  as therapeutics fo r neuro-oncology m odalities.

Delivery system Model Route A im  and main conclusions Ref

M W N T  coated 
with Pluronic PF- 

108

Mice
fr g

intracranical
glioblastoma

Intratumoural
administration

•  Evaluation of the uptake and toxicity of M W N T  in glioma intracranial model.
•  C N T  injection led to  a transient and self-limiting local inflammatory response

[47]

i 1 (G L26I) model

1 ; CpG

§ o
oligodeoxynucleotid Mice •  Evaluation of C N T  as CpG delivery vehicle in brain tumour models.

i
u

Z
3

es delivery by 
S W N T (chemically 
functionalised with 

PL-PEG )

Intracranial 
glioma (G L261 

and G L26I) 
model

Intratumoural
administration

•  C N T  enhanced CpG uptake by tumour associated inflammatory cells.
•  C N T  enhanced CpG immunotherapy, eradicating the glioma and protecting against tumour 

rechallenge.

[48]
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1.2.3. Nanomaterials as Neuroprotective and Therapeutic Agents for 

Neurodegenerative Diseases

Neurodegenerative disorders are conditions related to  the progressive and 

persistent loss of neurons and are often associated to  aging and a consequent decline in 

neurological functions. Applications of nanotechnology in the protection of CNS are 

expected to limit the effect of age-related neurodegenerative events such as oxidative 

stress that contributes to  the ongoing tissue damage. The following table (Table 1.4) 

reviews the major applications to date of nanomaterials as neuroregenerative and 

neuroprotective systems.

1.2.3.1. Nanoparticles

The presence of transition metal ions within the brain (such as Cuj"  ̂ and Znj"^) is 

known to  increase with age. Furthermore, the number of metal ions in Alzheimer’s 

disease patients is often higher than that found in healthy patients. As a result, using 

chelating agents that could selectively bind, neutralise and remove these metals is seen as 

a potential option for the treatment of Alzheimer’s disease. However, the limitations of 

this approach lie in the low BBB permeability of chelating agents. One way to  overcome 

this is through the use of nanoparticles. Nanoparticles containing sodium salt conjugated 

to d-penicillamine were capable of solubilizing Cuj* - amyloid-P aggregates in reduced 

environment in vitro [49]. Other chelating agents, such as deferoxamine and 2-methyl-N-
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(2-aminoethyl)-3-hydroxyl-4-pyridone, when conjugated to polysurbate 80- coated 

nanoparticles, have also demonstrated ability to chelate ions in brain sections of 

Alzheimer’s patients [50]. Similarly, in a recent study a prototype nanoparticle-chelator 

conjugate (Nano-N2PY) has demonstrated the capacity to  protect human cortical neurons 

from amyloid-p-associated oxidative damage by inhibiting the formation of p-amyloid 

aggregates [51]. Overall, nanoparticle-based therapy using chelating agents has been shown 

to increase their brain uptake, enhancing their bioavailability and decreasing their toxic 

side-effects. A t the same time, this approach reduces the metal levels in neuronal tissue 

and therefore protects the brain from the harmful effect of the oxidative stress. More 

specifically, these approaches suggest that modulation of the amyloid-P aggregation 

constitutes a good therapeutic option for Alzheimer’s disease or other neurodegenerative 

diseases associated with excess transition metals.

Moreover, the enhancement of reactive oxygen specimens (ROS) plays a critical 

role in many neurodegenerative diseases and has been linked to  aggravated brain tissue 

damage. The brain damage can be further compromised because of the inefficient 

antioxidant defences elicited by the ischemic conditions of certain diseases, such as stroke 

or amyotrophic lateral sclerosis. Strategies involving exogenous delivery of ROS 

scavengers, such as superoxide dismutases (SOD), have been explored. However, their 

application is limited in vivo, because of their poor bioavailability and lack of BBB 

permeation. Reddy et al. [52] have demonstrated that PLGA nanoparticles loaded with 

SOD could be used as neuroprotective platforms up to 6 hrs after induction of oxidative 

stress by H2O2 in cultured human neurons. The potential of cerium and yttrium
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nanoparticles to  reduce the oxidative stress by the inhibition of ROS production and the 

consequent reduction of neuronal death associated with Gamma (y)-irradiation has also 

been demonstrated in vitro [53]. Others, using an in vitro model of acrolein-mediated cell 

injury, have demonstrated that hydralazine-loaded chitosan nanoparticles are also able to 

reduce membrane integrity damage, secondary oxidative stress and lipid peroxidation 

[54].

Chronic inflammation has been associated with neurodegenerative diseases, in 

particular Alzheimer’s and Parkinson’s. Inflammatory activity leads to excessive production 

of pro-inflammatory products and ROS, which could increase the neuronal cell death. 

Therefore, strategies that rely on the decrease of microglia-activated ROS productions 

have been explored as a therapeutic option to  treat neurodegenerative diseases. Cells 

such as macrophages are able to uptake nanoparticles and release them in inflammatory 

sites. Following this idea, studies have been performed using bone-marrow-derived 

macrophage (BMM) systems to  carry drug loaded nanoparticles for the treatment of 

neurodegenerative disorders [55]. Batrakova et al. [55] developed a nanoparticle system 

(with copolymer complex PEI-PEG) to  deliver an enzyme (catalase) to  injured brain 

regions in pre-induced Parkinson’s disease models ( I -methyl-4-phenyl-1,2,3,6- 

tetrahydropyridine (MPTP" )̂ model). BMM were incubated with the nanoparticles in vitro 

and then injected into mice. The cells containing catalase passed through the BBB and 

released the enzyme in an active form for a period greater than that obtained with 

catalase alone. The increased amount of the enzyme in the brain was found to  be related 

to the decomposition of microglia hydrogen peroxide, suggesting the potential application
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of this system in the reduction of oxidative stress associated with neurodegenerative 

processes.

Others have further suggested that the modulation of inflammatory responses can 

reduce neuronal death and therefore deliver a positive outcome in the treatment of 

neurodegenerative diseases. One of the most promising examples described in the 

literature involves the use of VP025 (Vasogen inc., ON, Canada), which is a 

phosphatidylglycerol-based phospholipid nanoparticle currently enrolled in Phase-ll clinical 

development. The therapeutic benefits derived from the use of VP025 nanoparticles have 

been demonstrated in Parkinson’s disease model (6-hyroxydopamine (6 -0 HDA) model) 

[56]. Specifically, VP025 nanoparticles have shown potential to induce anti-inflammatory 

response of neural tissue, regulating cytokine productions and controlling inflammation 

reactivity of brain tissue.

Another strategy to  improve the clinical efficacy on the treatment of 

neurodegenerative diseases is by increasing the drug or gene delivery to the brain. For 

example, through systemic administration, polymeric nanoparticles carrying nerve growth 

factor (NGF) [57] or urocortin [58] have been shown to  enhance BBB penetration and 

elicit behaviour recovery of Parkinsonian models (MPTP"” and 6-OHDA models, 

respectively). Others studies, this time via intra-nasal administration, have also 

demonstrated that odorranalectin conjugated to  PEG-PLGA nanoparticles could lead to 

functional and motor recovery of 6-OHDA Parkinson models [59].

Recently, nanospheres have been explored as neuroprotective agents on pre-

clinical models of stroke. Karatas et al. [60] developed a transferrin targeted nanosphere
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loaded with caspase-3 inhibitor (Z-DEVD-FMK peptide) and showed their ability to deliver 

Z-DEVD-FMK peptide into the brain following intravenous administration. The results 

demonstrated a significant inhibition of caspase-3 activity both in the ischemic brain 

models and in the normal neonatal brain, suggesting their importance in the prevention of 

stroke.

1.2.3.2. Dendrimers

Dendrimers have also found applications as neuroprotective modalities in vivo. For 

example, a recent study investigated the efficiency of biodegradable polycationic 

dendrimers (arginine ester of PAMAM dendrimer) in complexing small interfering RNA 

(siRNA) - specifically for the inhibition of High Mobility Group Box-1 (HMGB-I) [61]. 

HMGB-I is a protein that plays a critical role as a mediator of local and systemic 

inflammation, activating various types of immune-related cells. Dendrimers were 

demonstrated to  markedly reduce infarct volume in post-ischemic brains (middle cerebral 

artery occlusion (MCAO) model), highlighting their neuroprotective capacity.

Another possible therapeutic application of dendrimers in the CNS is in the 

treatment of Parkinson’s. For example, poly-l-lysine dendrimers complexed with human 

glial cell line-derived neurotrophic factor gene (h-GDNF) have promoted the biochemical, 

anatomical and behaviour recovery of 6-OHDA pre-induced Parkinson’s model (after 

direct injection in substantia nigra) [62]. These findings hold great promise, in particular as 

an effective treatment for reducing dopamine neurodegeneration. Similarly, Huang and co-
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workers [63, 64] have developed PEGylated nanoparticles conjugated to lactoferrin and 

loaded with h-GDNF to treat different pre-induced Parkinson models (6-OHDA and 

rotenone-induced chronic models). Improvements in locomotor activity, along with 

reduction of dopaminergic neuron loss and enhancement of monoamine neurotransmitter 

levels were achieved after intravenous administration, which is seen as promising for gene 

therapy of chronic brain disorders.

1.2.3.3. Liposomes

Immunoliposomes (PEGylated liposomes with an antibody coupled) have been 

widely explored as a receptor mediated vector to  deliver molecules inside the CNS. 

Recently, Xia et al. [65] have demonstrated that neurons of the nigrostriatal pathway 

could be rescued after single intravenous injection with immunoliposomes carrying h- 

GDNF plasmid and targeted with a transferrin antibody (OX-26). This approach was 

shown to improve behavioural symptoms of a pre-induced Parkinson’s model (6-OHDA 

model). Nevertheless, the neuronal rescue was not complete, as the tyrosine hydroxylase 

enzyme activity in the striatum was only around 10% of the contralateral striatum.

Treatment of stroke has also benefited from the advances in liposome research in 

the last decades. PEGylated liposome formulations carrying haemoglobin have been 

successfully reported in the treatment of stroke (MCAO model), by the reduction of the 

infarct area and edema associated to this ischemic pathology [66, 67], after direct injection 

in the brain.
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1.2.3.4. Fullerenes

One of the strategies proposed for the treatment o f Alzheimer’s disease is the 

inhibition of amyloid-P aggregates. It was in this context that intracerebroventricular 

injections of Q q fullerenes were administered, resulting in the improved performance of 

cognitive tasks in rats induced by amyloid-p peptide [68]. Fullerene-based therapy is a 

valuable option for the treatment of other neurodegeneration diseases, including multiple 

sclerosis, which is characterised by axon degeneration. Recent studies using a fullerene 

derivative (ABS-75) conjugated with glutamate receptor antagonists have demonstrated 

the capacity of the system to  reduce the clinical progression of chronic multiple sclerosis 

(experimental autoimmune encephalitis murine model) [69]. This clinical recovery was 

attributed to a reduction of axonal loss and demyelination in the spinal cord.

Moreover, polyhydroxylated fullerenes have been shown to be a powerful radical 

scavenger, preventing mitochondrial oxidative damage in an acute cellular Parkinson model 

(MPTP"  ̂model induced in human neuroblastoma cells) [70]. The neuroprotective capacity 

of fullerenes have also been suggested by Huang and colleagues [71, 72] who 

demonstrated that intravenous administration of hexasulfobutylated fullerenes (FC4S) 

could effectively suppress infarct size on focal cerebral ischemia rat and gerbil models 

(MCAO model). Similar results were obtained in MCAO rat model, after 

intracerebroventricular administration with carboxyfullerene [73]. Despite some concerns 

regarding the possible in vivo biocompatibility of this material, all these studies provided 

evidence that supports the biomedical application of fullerenes in the treatment or 

prevention of neurodegenerative diseases.
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T ab le  1.4: Selected studies using nanom ateria ls  in neu ro pro tective  and neu rodegenerative  m odalities.

Delievry system Model Route A im  and main conclusions Ref

I
§■

08

I
01

Z

§■

Nanoenzyme: catalase 
immobilized into a cationic 
block copolymer, (PEI/PEG)

VP025 nanoparticles 
(phosphatidylglycerol-based 
phospholipid nanoparticles)

hGDNF delivered by 
neurotensin polyplex (poly- 

l-lysine nanoparticles)

Nerve growth factor (NGF) 
delivered by polysorbate 80- 
coated PBCA nanoparticles

Urocortin delivered by PEG- 
PLGA nanoparticles 

(targeted with lactoferin)

Parkinson 
Disease 

(MPTP+) mouse 
model

Parkinson 
Disease 

(6 -O H D A ) rat 
model

Parkinson 
Disease 

(6-O H D A ) rat 
model

Parkinson 
Disease 

(MPTP+) mouse 
model

Parkinson 
Disease 

(6 -O H D A ) rat 
model

Intravenous-
administration

Intramuscular
administration

Stereotactic 
administration 
(into substantia 

nigra)

Intravenous-
administration

Intravenous-
administration

Investigation the used of BMM as a vehicle to carry therapeutic concentrations 
of catalase to the brain.
Reduced oxidative stress in Parkinson’s Disease model.

Investigation of the neuroprotective effect of VP025 nanoparticles in 
Parkinson’s Disease model (Phase II clinical trial).
Reduction of microglia activation in the substancia nigra of 6 - 0 HDA-treated  
rats.

[55]

[56]

Investigation of transfection efficiency of hGDNF gene delivered by neurotensin 
polyplex into the surviving dopamine neurons of Parkinson’s Disease model. 
Biochemical, anatomical, and functional recovery of pre-induced Parkinson’s 
Disease model.

Investigation of the therapeutic effects of NGF against MPTP-induced 
neurotoxicity.
Reduction of the basic symptoms of Parkinsonism: oligokinesia, rigidity, and 
tremor.

Investigation of the therapeutic effect of Urocortin-loaded nanoparticles on 
Parkinson s disease model.
Attenuation of striatum lesion caused by 6-O H D A .

[57]

[58]
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Tab le  1.4 (cont.): Selected studies using nanom aterla is  In n eu ro pro tective  and neurodegenerative  m odalities.

Delivery system Model Route A im  and main conclusions Ref

8-

Urocortin delivered by 
PEG-PLGA nanoparticles 

(targeted with 
odorranalectin)

Parkinson 
Disease 

(6-O H D A ) rat 
model

Intra-nasal
administration

Investigation of the therapeutic efficacy of Urocortin-loaded-nanoparticles on 
Parkinson’s disease model.
Functional and behavioural recovery of Parkinson’s disease model.

[59]

■§
E

g-

c
oS

I

Z-DEVD-FM K delivered 
by PEGylated coated 
chitosan nanospheres 
(transferrin antibody)

Stroke (M CAO) 
model in mice

intravenous
administrations

Investigation of the therapeutic efficiency Z-DEVD-FM K nanospheres in mice 
with pre-induced stroke or with cerebellar developmental cell death. 
Neuroprotection in normal neonatal and stroke models.

[60]

human (h)GDNF  
delivered by 

Polyamidoamine 
PEGylated dendrimer 

targeted with Lactoferin

HM GB-I siRNA delivered 
by Arginine-PAMAM 

esters (e-PAM-R)

Parkinson 
Disease 

(6 -O H D A  or 
Rotenone) rat 

model

Stroke (M CAO) 
model in Rats

intravenous
administrations

Stereotactic 
administration 
(into cortex)

Investigation of the neuroprotective effect of hGDNF delivered by lactoferin- 
modified dendrimers in Parkinson s disease model. [63,
Improvement of locomotor activity, reduction of dopaminergic neuronal loss 64] 
and enhancement of monoamine neurotransmitter levels.

Investigation of siRNA delivery efficiency by e-PAM- in normal and ischemic rat 
brain [6 1 ]
Suppression of infarct formation in the post-ischemic brain.

G D N F with T H  
promoter delivered by 

immu noliposomes 
(transferrin antibody)

Hemoglobin encapsulated 
in PEGylated coated 

Liposome (LEH)

Parkinson 
Disease 

(6-O H D A ) rat 
model

Stroke (M CAO) 
model in Rats

intravenous
administrations

Stereotactic 
administration 

(into cortex and 
basal ganglia)

Investigation of the ability of immunoliposomes to deliver into the brain G DNF  
carrying TH  promoter in order to treat Parkinson’s disease 
Partial rescue of the nigral-striatal tract and behavioural recovery of the 
Parkinson’s disease model.

Investigation of the effects of LEH on photochemically induced thrombosis of 
stroke model.
Suppression of the infarct area in rats with stroke.

[65]

[66.
67]
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Tab le  1.4 (cont.): Selected studies using nanom aterials in neuropro tective  and neurodegenerative m odalities.

Delivery system Model Route A im  and main conclusions Ref

"o
E

§■

08

I

C60 fullerene core 
attached to N M D A  
receptor antagonist 

(ABS-75)

Polyhydroxylated 
fullerol C6o(OH)24

Hexasulfobutylated 
fullerenes (FC4S)

Carboxyfullerene

Multiple Sclerosis 
(experimental 
autoimmune 

encephalitis) model in
mice

Cellular Parkinson 
(MPT+) model induced 

in human SK-NMC  
neuroblastoma cells

Stroke (MCAO) 
model in Rats

Stroke (MCAO) 
model in Rats

intraperitoneal
administration

N /A

intravenous
administrations

intravenous and 
intracerebroventricul 

ar administration

Development of a receptor-specific antioxidant therapy, based on the 
application of fullerenes in pre-induced chronic progressive multiple 
sclerosis model.
Reduction of the MS progression, accompanied by the decrease of axonal 
and myelin loss in the spinal cord.

[69]

Investigation of the protective effects of C6o(OH)z4 on cellular MPP- 
induced mitochondrial dysfunction and oxidative stress.
Potential to prevent mitochondrial dysfunction and oxidative damage 
caused by cellular model of Parkinson s disease

[70]

•  Investigation of the free radical scavenging activity of FC4S on stroke 
models.

•  Effective suppression of the size of cerebral infarction.

Investigation the ability of local administration of carboxyfullerene to  
protect cortical infarction in rat brain.
Attenuation of the oxidative injuries caused by the ischemic stroke.

[71.
72]

[73]
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T ab le  1.4 (cont.): Selected studies using nanom aterla is  In n eu ro pro tective  and neurodegenerative  m odalities.

Delivery system Model Route A im  and main conclusions Ref

g-

II i

Amine-functionalised
S W N T

siRNA (slCaspase-3) 
delivered by amino- 

functionalised M W N T  
(by the 1, 3 -D ipolar 

cycloaddition reaction)

Stroke (M CAO) 
model in Rats

Stroke 
(Endothelin-I) 
models in mice

intracerebroventr
icular

admininstration

Investigation of the neuroprotective capacity of amine-modified S W N T  in 
brains with ischemic injury
Protection of neurons and enhancement of motor function recovery of the 
animals

[74]

Stereotactic 
administration 
(into cortex)

Study the effectiveness of amino-functionalised M W N T  in mediating the 
delivery of siRNA (specific to silence Caspase 3) stroke models. 
Reduction of neuron apoptosis and promotion of behavioural recovery in 
stroke models.

[75]
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1.2.4. Nanomaterials in the Treatment o f CNS Traumatic Injuries

Acute neurological incidents are devastating events that affect the full spectrum of 

human society. The Tab le  1.5 details the major studies selected from the literature using 

different nanomaterials in the treatment of traumatic injuries of the CNS.

1.2 .4 .1. Nanopartlcles

The application of polymer-coated nanoparticles has been investigated as a novel 

therapeutic approach to  promote behaviour recovery of different SCI models. Evidence of 

substantial neuroregeneration and physiological recovery of damaged neural tissues was 

likely associated to the hydrophilic character of polymer chosen. PEG as well as others 

polymers such as chitosan, poloxamines or poloxamers are considered fusogens with a 

capacity to  fuse and repair cellular membranes [76]. For example, electrophysiological 

recordings have revealed that PEG-coated silica nanoparticles could specifically target 

damaged spinal cord white matter, repairing damaged neuronal membranes and producing 

functional recovery in guinea pig spinal-cord injury model [77].

1.2.4.2. Self-assembling nanofiber scaffolds

The development of nano-engineering scaffolds has led to  the creation of novel

strategies for CNS repair. Self-assembling peptide nanofiber scaffold (SAPNS) has been

shown to  promote a favourable environment for the stimulation of cell-signalling
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pathways, a critical process in neuroregenerative medicine. SAPNS were found to support 

neuronal cells, allowing neurite outgrowth and functional synapse formation among 

neurons [78]. Furthermore, Ellis-Behnke et al. [79] have demonstrated that SAPNS not 

only create a permissive environment for the axons to regenerate, but also promote the 

connection of brain tissues, improving the functional recovery of CNS in a traumatic brain 

injury model (damaged visual model caused by midbrain lesion in hamsters).

Another neuro-regenerative strategy was based on the use of amphiphile 

molecules (isoleucine-lysine-valine-alanine-valine (IKVAV)) carrying neuronal progenitor 

cells. These peptides, under physiological ionic conditions, are designed to  self assemble 

into a nanofiber scaffold network. Cells treated with these artificial nanofiber scaffolds 

showed extended and rapid differentiation into mature neuronal phenotypes when 

compared with controls. Interestingly, inhibition of astrocyte development following 

IKVAV treatment was also observed. Recently, IKVAV peptides were directly injected into 

an injured spinal cord model (FEJOTA mouse clips model) promoting regeneration of both 

motor fibres (ascendant and descendent sensory fibres) through the lesion site and 

improving the behavioural recovery of the animals [5].
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T ab le  1.5: Selected studies using nanom ateria ls  fo r th e  tre a tm e n t o f C N S  tra u m a tic  injuries.

Delivery system Model Route A im  and main conclusions Ref

PEGylated-coated silica 
nanoparticles

Guinea pigs 
with SCI 
(crushed)

Intravenous
administration

Development of polymer-coated silica nanoparticles to  restore anatomical 
structure and physiological functions of a severely injured spinal cord. 
Recovery of spinal cord conduction in vivo.

[77]

£

U
*o

X)

I

Self-Assembling Peptide 
Nanofiber (SAPNS): 

arginine, alanine, aspartate, 
and alanine ((RADA) 16-1)

Hamsters with 
TBI (optical 
track lesion)

Direct 
administration 

(into site of 
lesion)

Investigation of the capacity of SAPNS to facilitate the reconstruction of a 
continuous tissue substrate after CNS injury.
Recovery of visual functions.

[79]

Self-Assembling peptide 
amphiphile nanofiber: 

isoleucine-lysine-valine- 
alanine-valine (IKVAV)

Mice with SCI 
(laminectomy of 

S C a tT IO  
vertebral level)

Direct 
administration 

(into site of 
lesion)

Development of a clinically relevant approach to promote recovery from 
spinal cord injury.
Partially recovery of behavioural functions.

[5]

S W N T chemically 
functionalised with PEG

Rat with SCI 
(severing SC at 

T9 vertebral 
level)

Direct 
administration 

into site of 
lesion

Investigation of the ability of PEG-SWNT to  promote tissue repair and 
functional recovery of rats with SCI.
Modest improvement in hind-limb locomotor functions

[80]
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1.2,5. Biocompatibility o f Nanomaterials in the CNS

The development of the biological application of nanomaterials in the last few 

decades has given rise to concerns regarding their possible toxicological effects. A 

summary of the main advantages and limitations of dfferent nanomaterials in clinical settings is 

described in Appendix E. A  clear understanding of how engineered nanoscale materials 

act upon living organisms, particularly within the CNS, is therefore crucial to  the 

sustained development of neuro-nanomedicine.

1.2 .5 .1 . N anopartic les

The translocation of nanoparticles through BBB has been described in the 

literature, albeit with some conflicting data regarding the neurotoxicity of the material. 

On the one hand, nanoparticles have been associated with disturbance of the BBB. For 

example Oliver et al. [81] demonstrated that although intravenous administration of 

polysorbate-80 coated-PBCA nanoparticles carrying dalargine resulted in prolonged 

and potent analgesia effect, occasional mortality was also noted likely due to disruption 

of BBB. On the other hand, other studies have demonstrated that similar nanoparticles 

were able to  translocate through BBB by specific mechanisms (endocytosis or 

transcytosis) and not by disruption of the barrier [82]. These contradictory results 

underline the importance of a full physicochemical characterisation of the materials and 

of the methodology used, as such divergence might be attributable to  these factors.

Similarly, concerns regarding the neurotoxicity of metal nanoparticles have

emerged due to their possible effects on the brain vasculature [83]. Chen et al. [83]

demonstrated that the cerebral vasculature, in particular the expression of tight
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junction proteins (claudin-5 and occluding protein), may be affected after intravenous 

injection of aluminium oxide nanoparticles. The relationship between the type of 

metal nanoparticle and the induced neurotoxicity effects has also been investigated 

[84]. After intravenous administration of different metal nanoparticles (Ag, Cu or Al) in 

rats and mice, noticeable changes were observed in nerve cells, glial cells and myelin. 

This work demonstrated that silver nanoparticles induced more BBB disruption and 

caused more neuronal degeneration than other metalic nanoparticles. The same group 

also studied the influence of hyperthermia on the distribution of metal nanoparticles 

and their possible neurotoxicity [85]. Under these conditions, fo r all nanoparticles 

tested, an exacerbation of cognitive and motor dysfunction, as well as BBB disruption, 

was observed.

Another potential transport route to overcome the selectivity of the BBB that 

has been considered is intra-nasal administration. Some authors showed that inhaled 

nano-sized particles could accumulate in the nasal cavity, lung and brain of rats, causing 

harmful inflammation and risk of brain damage. Wang et al. [86] showed that iron 

oxide nanoparticles could reach the CNS through the olfactory nerve pathway, 

demonstrating for the first time higher induction of oxidative stress and nerve cell 

damage when compared to submicron-sized particles. The same group also reported 

that inhalation of titanium oxide nanoparticles in mice could induce neurological 

lesions, in particular swelling and disruption of mitochondrial membrane of microglia 

cells [87]. The shape of the nanoparticles can also influence their neurotoxicological 

profile, as a recent showed by Mutter et al. [88]. This study explored the in vivo 

microglia activation following intra-nasal administration of gold nanoparticles (coated 

with PEG) with different morphologies (spherical, rod and urchin). It was shown that
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rod and urchin geometries preferentially led to  transient microglia activation, whereas 

spherical gold nanoparticles caused a small but detectable activation of microglia that 

only sustained over one week,

1.2.5.2. Quantum dots

Glial and neuron responsiveness after administration of QDots has also been 

described in the literature. Maysinger et al. [89] assessed the activation of astrocytes 

after intra-cerebral administration with different nanoparticles in GFAP-luciferase 

transgenic mice. Cerium oxide nanoparticles were not shown to induce astrocyte 

activation, whereas non-PEGylated cadmium telluride nanoparticles led to robust and 

persistent activation of astrocytes. This w ork also included intra-cerebral injection of 

PEGylated QDots, which demonstrated a transient activation of astrocytes up to 7 

days. The same group further investigated microglia activation induced by nanoparticles 

with different surface characteristics after intra-nasal administration [90]. The study 

used Q D ot (CdSe/ZnS) nanoparticles bearing cysteamine, PEG o r lipopolysacharide 

(IPS) and showed that only LPS- QDots induced microglia activation in vivo.

1.2.5.3. Nanowires

In the near future, nanowires are expected to be used in combination with 

microelectrodes for brain implantation of neuroprosthetic devices. In a recent study, 

the insertion of nanowires in the striatum of rats has been shown not to  affect neuron 

viability, leading only to  a transient activation of glial cells [91], thus offering evidence 

for optimism regarding their future application.
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1.2 .5 .4 . Fullerenes

Although the biological attributes of fullerenes as biomedical devices have been 

recognied, there are concerns regarding their neurotoxicity. In a recent study, 

intracerebral injections of Ĉ o fullerenes led to abnormal changes of neurotransmitter 

levels (serotoninergic and dopaminergic) in several brain regions, suggesting that 

chronic exposure to fullerenes could affect brain homeostasis [92]. The same group 

also demonstrated that intracerebral injections of polyhydroxylated fullerenes have an 

acute but not permanent harmful effect on the CNS, in particular on the monoamine 

neurotransmission and locomotor activity [93]. Further studies need to  be conducted 

in order to clarify this issue.

To summarise, the application of nanomaterials in neuroscience, has been 

explored with success, and new diagnostic and therapeutic options have emerged. The 

development of nanomaterials is expected to lead to revolutionary therapeutic 

approaches; however, there are still fundamental gaps of knowledge regarding the 

pharmacological and toxicological profile of nanomaterials within CNS that need to  be 

addressed.

1.3. Application of Carbon Nanotubes in Neurology

Carbon nanotubes (CNT) are a new class of nanomaterials, which have been 

shown to  be promising in different areas of nanomedicine [94, 95]. The CNT 

structural backbone is exclusively composed of carbon atoms and exhibits exceptional
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properties, such as high electronic and thermal conductivity as well as great strength. 

Two main types of CNT have been explored in biomedicine: i) single-walled nanotubes 

(SWNT), consisting of a single sheet of carbon benzene rings rolled up into a tubular 

structure; and ii) multi-walled nanotubes (MWNT) that consist of multiple concentric 

layers of carbon sheets. Their diameter varies from 0.4 to  2 nm for SWNT and 1.4 to 

ICO nm for MWNT, while their length may reach up to  a few micrometers in both 

types of nanotubes (Figure 1.5).

Figure I. 4: The main types of carbon nanotubes used in biology. Schematic 
representation of: (A) single-walled nanotube (SWNT); and (B) multi-walled nanotube 
(MWNT).

Even though as-produced CNT (pristine carbon nanotubes) are insoluble in 

most aqueous solvents, the development of functionalisation chemistries of the 

nanotube surface led to  a notable enhancement in aqueous dispersibility that has 

allowed their application in physiological environments including the CNS [96]. Two
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main strategies have been described to  enable application of CNT under physiological 

conditions, namely: non-covalent and covalent functionalisation [97]. Non-covalent 

functionalisation involves the reduction of the attraction between single nanotubes 

through the introduction of repulsive forces [98]. This has been achieved by coating or 

wrapping the CNT with surfactants [99], polymers [98] peptides [100] o r single 

stranded (ss)DNA [101]. This approach allows the preservation of the aromatic 

structure of CNT without deleterious effects on their electronic characteristics. 

Covalent functionalisation is the alternative chemical modification strategy of CNT 

surfaces via organic reactions [96, 97]. Charged groups may be attached to  CNT 

backbone, creating electrostatic repulsive forces between the individualised tubes. Two 

main approaches have been described to  achieve covalent functionalisation of CNT, 

namely: i) sidewall covalent conjugation of functional groups and ii) oxidation of CNT 

and further functionalisation. The sidewall covalent functionalisation of organic 

functional groups may be achieved by a variety of chemical reactions, in particular by 

1,3-Dipolar cycloaddition of azomethine ylides. Firstly reported by Georgakilas et al. 

[96], in this strategy, amino functional groups are attached to the tips and sidewalls of 

CNT and thus a highly soluble material in aqueous solvent is obtained. For biomedical 

application, 1,3-Dipolar reaction offers several advantages in the chemical preparation 

point of view, because it is versatile, and it requires just a Boc-protected amino acid 

and an aldehyde/keton. Alternatively, oxidation leads to purified and shorter CNT. 

The carboxyl ic acidic groups might be attached to  the CNT backbone, which can be 

further derivatised into other types of functional groups (for example by estérification 

or amidation). In the last few years, the improvements in the dispersibility of 

nanotubes dispersions have broadened dramatically the scope of their biological
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applications [102], ranging from therapeutics and diagnostics for oncology [103-105] to 

neuroprosthetic devices [23, 106-108].

1,3 .1. Clinical Perspectives <& Toxicological Risks o f Carbon 

Nanotubes

Advances in nanomedicine are expected to have a major impact in neurological 

research, contributing to  our further understanding of the CNS and the development 

of novel therapeutic strategies for neurological intervention [109, 110]. The use of 

carbon-based nanostructures, such as CNT, is one of the most attractive approaches 

for neurological applications. During the last decade, CNT have shown evidence of 

their electrical conductive capacity, strong mechanical properties and morphological 

similarity to neurites [I 11]. Moreover, CNT structural features and dimensions are 

similar to  many elements of the neural machinery (ion channels, signalling proteins and 

elements of the neuronal cytoskeleton). These characteristics may constitute an 

additional advantage by enhancing interactions at the molecular level, and consequently 

better control over physiological activity and neuronal information processing [107, 

108, 112, 113]. Table .1.6 summarises the main rationale behind the use of CNT 

interacting with neuronal tissue and why that may be attractive for neurological 

research.
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Tab le  1.6: W h y  use carbon nanotubes w ith neuronal tissue?

Electro-physiological activity of both neural cells and CNT. Electrical 
properties of CNT can be tailored to  match the charge transport 
characteristics of neuro-electrical interfacing;
Electrical stimulation and circuitry involved in a variety of neurological 
pathologies;
Refractive nature of neurons to vector systems for chemical, genetic or 
other interventions;
Serious challenges with other vectors in overcoming the blood-brain 
barrier (BBB);
Limited therapeutic interventions for most neurological conditions; 
Suitability of the mechanical and chemical properties of CNT for long
term implantation within neuronal tissue;
Indication of biocompatibility of CNT within neural tissue.

In this Section, the application of CNT interfacing with the neuronal tissue and 

the CNS environment along with will be described (Section 1.3.1.1), and 

representative examples of neuroprosthetic devices, such as neuronal implants and 

electrodes will be provided. Furthermore, the possible application of CNT-based 

materials as regenerative matrices of neuronal tissue and as delivery systems for the 

therapy of CNS will be presented (Section 1.3 .1.3). Figure 1.6 summarises the 

areas in neurology where CNT have found some application, indicating the type of pre- 

clinical development (in vitro o r in vivo) that has already appeared in the literature.
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Figure 1.5: Areas in neurology with reported carbon nanotube applications.

1.3.1 .1 . C N T /neuron s interface: In teraction  o f C N T  w ith  neuron  

electrical signalling

Previous studies using different in vitro models of neuronal tissue have explored 

the potential of CNT as substrates for neuronal growth, utilising their capacity to 

integrate with neurons and enhance neuronal functions, as well as promote or facilitate 

re-establishment of connections among neurons [107, I 14-1 17]. Mattson et al. [117] 

described for the first time how rat hippocampal neurons could grow on MWNT 

substrates (MWNT layer coated with the bioactive molecule 4-hydroxynonenal). 

These findings illustrated the compatibility of CNT as a substrate for nerve cell growth. 

Moreover, chemical modification of the CNT surface has been shown to affect neurite 

growth patterns and characteristics such as length, branching, and number of growth 

cones. For example, neurons cultured on a positively charged multi-walled nanotube 

substrate (MWNT coated with polyethylenediamine) showed a large number of
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growth cones and neurite branches [1 15]. Similarly, SWNT chemically functionalised 

with cationic polymer polyethyleneimine (PEI) have been used as a substrate for 

neuronal cultures and have been shown to  promote neurite outgrowth and branching, 

albeit to a smaller extent when compared with PEI substrate alone [1 16]. Matsumoto 

et al. [114] also suggested that MW NT coated with growth factors (such as nerve 

growth factor (NGF), or brain-derived neurotrophic factor (BDNF)) had the capability 

to stimulate neuronal growth on the nanotubes scaffold, controlling the differentiation 

and the survival of neurons.

Several laboratories have studied the interface between CNT and neurons, 

suggesting that this interaction was strongly modulated by the purity and three- 

dimensional organisation of the CNT substrate. Lovat et al. [107] demonstrated that a 

purified MW NT substrate was able to  promote dendrite elongation and cellular 

adhesion of hippocampal cultured neurons. Similarly, Mazzatenta et al. [113] suggested 

that hippocampal neurons might grow and develop functional circuits when stimulated 

by a purified SWNT substrate. The growth of neuronal circuits observed was 

associated with the increase of the transmission of electrical signals within the 

neuronal network, due in part to the high electrical conductivity of CNT-based 

material that might affect neuronal information processing [107, 108]. Nonetheless, it 

remains unclear how neurons are able to  reconstruct the functional network and 

rebuild active synapses when in contact with CNT substrates [118]. In general, these 

studies propose the use of nanotubes as a platform compatible with the neural tissue 

able to  maintain cell viability, while simultaneously promote the formation of neuronal 

circuits. In this way, offering possibilities for the engineering of novel neuroprosthetic 

devices in vivo.
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1.3.1.2. Toxicity and biocompatibility of C N T with the neuronal 

tissue

The success of the biological application of CNT in the CNS is closely 

dependent on their compatibility with that tissue. Even though applications of CNT in 

neurology are at a very early stage, concerns regarding their short- and long-term 

neurotoxicity have emerged, and will be addressed. The following Sections consider 

some of the more relevant work (in vitro and in vivo) that has been described in the 

literature regarding the biocompatibility of CNT in the CNS, even though knowledge 

regarding the interaction and fate following cellular internalisation of nanotubes within 

neuronal tissue remains scarce.

In vitro studies

Ni et al. [119] demonstrated for the first time that incubation of hippocampal 

neuron culture with the co-polymer (PABS and PEG) chemically functionalised SWNT 

did not affect the viability of the neurons, however changes could occur on their 

morphology (enhanced neurite outgrowth and increased suppression of growth 

cones). The same group later reported that chemically functionalised SWNT with PEG 

(SWNT-PEG) could inhibit the cell depolarisation-dependent influx of Ca^\ a process 

that is known to  regulate vesicle recycling of neurons and consequently change the 

rate of neurite elongation [120]. This study also suggested that SWNT-PEG could 

preclude the membrane endocytosis of neurons, leading to  inhibition of depolarisation- 

dependent Câ "̂  channels, and consequently to a gradual decrease in the frequency of 

spontaneous post-synaptic currents. Other works have also reported modification in
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the activity of different ion channels, in particular inhibition on potassium (K^) channels 

of PC 12 cells after incubation with oxidised MW NT [121]. These observations 

suggested that the electrophysiological properties of the neurons could be affected 

after passage of the electrical current through nanotube-based substrates. Such an 

effect was linked to  the opening of ion channels, identical to  traditional means of 

neuron excitation, where CNT-based substrates might promote an electrical coupling 

with neuronal cells [122]. Contrary to  these results. Gaillard et al. [123] demonstrated 

that chemically functionalised MW NT (amine functionalised by the I, 3 -D ipolar 

cycloaddition reaction on pre-oxidised MWNT) were highly biocompatible with 

neuronal cells. Amino-functionalised MW NT did not appear to alter the cell viability, 

neuronal morphology or normal function of primary neurons. Moreover, Gaillard and 

colleagues showed that the spontaneous activity of neurons remained normal after 

incubation with MWNT.

These contradictory results underline the importance for the detailed 

physicochemical characterisation of the CNT material used, as such divergence might 

be attributed to  the different types of CNT or functionalisation. Another explanation 

could be due to  the different conductivities of the CNT, a parameter that is not often 

properly characterised in the literature. For example, Malarkey et al. [124] investigated 

how the conductivity of SWNT-based substrate could affect the neuronal growth and 

morphology. The results showed that only substrates in a narrow range of conductivity 

(<0.3 S/cm) were able to  induce neuronal growth and neurite outgrowth, whereas 

with more highly conductive substrates this effect vanished.

Another concern that may contribute to  the overall toxicity of the material is

the presence of metal catalysts. Schrand et al. [125] studied the biocompatibility of
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neuroblastoma cells after incubation with different carbon-based nanomaterials 

(including pristine MW NT and pristine SWNT). A  high presence of impurities 

(catalyst) was deemed to  have an impact on cell viability with an increase in reactive 

oxygen species (ROS) generation at higher concentration of CNT (>50 ug/mL). 

Nevertheless, one cannot exclude the lack of dispersibility from the interpretation of 

the result, as pristine nanotubes were dispersed in deionised water which may have 

compromised the dispersibility and stability of the CNT when in contact with the cells. 

The critical role of the catalyst traces present in the CNT was highlighted in work 

performed by Jakubel et al. [126] where it was demonstrated that yttrium traces 

released from SWNT (chemically functionalised with aryl-solfonate) were responsible 

for the inhibition of neuronal Câ "" ion channels. Recently, V ittorio et al. [127] 

investigated the role of purity and surface oxidation of MW NT in the cytotoxicity of 

neuroblastoma (SHSY-5Y) cells. A t short-term incubation (3 days) no signs of toxicity 

were observed, however at long-term incubation (14 days) cytotoxicity was noted, 

which was attributed to  the accumulation of impurities (catalyst) within the cells as a 

consequence of better cellular uptake.

Another factor that may compromise the cytotoxicity of CNT is the 

dispersibility status and the type of surface functionalisation of the material. Care needs 

to be taken in choosing the surfactant molecule used to improve the dispersibility of 

the nanotubes, as the possible toxic or lytic activity of the coating molecules could 

influence the overall cytotoxicity of the CNT. This was demonstrated by Dong and 

colleagues in a series of experiments which showed that whenever SWNT were 

dispersed in the presence of sodium dodecyl sulfate (SDS) or dodecylbenzene 

sulfonate (SDBS), a decrease in cell viability (human astrocytoma cells) was noted,
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whereas after dispersion with sodium cholate (SC) or ssDNA cell proliferation was 

not affected [128, 129]. Similarly, Kateb et al. [130] after incubation of microglia (BV2) 

and glioma (GL26I) cells with pristine MW NT coated with Pluronic F-108, found no 

cytotoxicity. However, the results also indicated transient changes in inflammatory 

cytokine profiles in both cell types (in particular IL-IO, IL-ip and TNF-a), which were 

attributed to  the presence of F-108 used to disperse the material. The same group, 

using SWNT chemically functionalised with PEGjooo. showed that this construct was 

able to  enhance cellular uptake of CpG oligodeoxynucleotides without inducing 

additional toxicity in glioma cells [48]. Furthermore, Bardi et al. [131] found that lower 

concentrations of Pluronic F-127, used for the coating of MWNT, could lead to  the 

induction of apoptosis of cortical neurons, and more importantly, that apoptosis was 

significantly reduced in the presence of MWNT.

Noticeably, the safe use of CNT in contact with neuronal tissue is seen as 

closely dependent on their aqueous dispersibility [102, 132, 133]. For example, 

Belyanskaya et al. [134] incubated neuronal and glial primary cultures with a range of 

polyoxyethylene sorbitan monooleate (PS80)-coated SWNT possessing different 

dispersibilities. Interestingly, although none of the CNT caused neuritis outgrowth, 

there was an impact on cell viability, closely dependent on the degree of dispersibility 

and concentration of the CNT solutions. Moreover, it has been demonstrated by 

others that unlike pristine or low functionalised MWNT, highly functionalised MW NT 

do not cause loss of cell viability in human astrocyte D384 cells [135].
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In vivo studies

Understanding the prevailing interactions between CNT and neural cells in vivo 

is of major importance, especially in view of their potential use in neuroscience. 

However, so far, the literature has reported only a few studies regarding the 

biocompatibility of CNT within the brain tissue in vivo. VanHandal et al. [47] 

investigated the uptake and toxicity of pristine MW NT coated with Pluronic F-108 in a 

GL26I intracranial tumour model. The results showed a preferential accumulation of 

MW NT in tumour macrophages in a dose dependent manner. The direct 

intratumoural injection of MW NT was well tolerated, eliciting only transient and self- 

limiting local inflammatory response. The same group later showed similar results, this 

time however using SWNT chemically functionalised with PEGjooo to  deliver CpG 

oligodeoxynucleotides [48]. In this latest pre-clinical study, SWNT were shown to 

enhance CpG uptake by tumour-associated inflammatory cells and glioma cells (to a 

lesser extent) w ithout major signs of toxicity. The only in vivo study to date regarding 

the biocompatibility of CNT within the brain environment using healthy animals was 

carried out by Bardi et al. [131]. Pluronic F-127-coated MW NT were injected into the 

visual cortex of a mouse, with no observed adverse toxicological effects at the cellular 

level.

The majority of studies investigating the toxicity of CNT after interaction with 

neuronal tissue reported today can be divided in two groups, based on the in vitro o r in 

vivo models they used. These studies are summarised in Table 1.7 where details 

regarding the type of CNT, the strategy of functionalisation, the in vitro cell lines and in 

vivo animal models are described in different columns.
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To summarise, it is difficult to make a direct comparison between all these 

studies because different types of CNT, dose regimes, cell/animal models and duration 

of interaction were selected by the different groups. However, a unifying factor is that 

most of the studies using chemically f-CNT -  a material which is generally associated 

with improved aqueous dispersibility- have presented promising results. The further 

understanding of the possible effects of CNT interacting with specific cell types, such 

as neural cells, will be crucial for the development of nanotube-based brain delivery 

vectors and novel neural engineering platforms.
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Table 1.7: Neurotoxicity studies following the interaction of C N T and neuronal tissue in vitro & in vivo.

Type of 
C N T

Type of 
Fuctionalization

Functional group or 
dispersion agent

Cell type or 
Animal Model

Aim and main results Ref.

H
Z

Coated

Coated

Coated

Chemical
functionalisation

Polyoxyethylene 
sorbitan monooleate 
(PS80)

DocecykI Sulfate (SDS), 
Sodium
Docecylbenzene 
Sulfonate (SDBS), 
Sodium Cholate (SC) 
or ssDNA

Phospholipid- 
polyethylene glycol (PL- 
PEG2000)

Copolymer: Poly-m- 
aminobenzene 
sulphonic acid (PABS) 
and polyethylene glycol 
(PEG)

Primary mixed 
neuron-glia culture 

obtained from spinal 
cord and 

dorsal root ganglia

13 2 In i  Human 
astrocytoma cells

murine glioma 
(GL26l.gfp and 

GL26I.IUC)

Hippopampal 
neuronal culture

•  Investigation of the influence of the degree of purity and state of 
aggregation on the cytotoxicity of M W N T

•  Aggregation state of the CNT influenced the cell viability
•  Glia cell population more affected by C N T treatment than neuronal cell [134] 

population
•  Within neurons, peripheral nervous system cells more reactive to CNT  

than central nervous systems cells.

•  Investigation of the cytotoxicity of C N T dispersed in different 
surfactants

•  Cytotoxicity dependent on surfactant selection
•  SDS and SDBS led to toxicity
•  SC and dsDNA did not cause toxicity

[128.
129]

•  Evaluation of the Internalisation and cytotoxicity of glioma cells after 
incubation with PEG-SWNT carrying CpG oligodeoxynucleotides

•  CNT enhanced CpG uptake [48]
•  CNT-mediated CpG delivery potentiates monocyte activation 

inflammatory cells

•  First study using C N T  for the treatment of dissociated neuronal 
cultures.

•  Maintenance of neuronal viability
•  Induction of morphological modifications in the neurons: Enhance [119]

neurite outgrowth and increased suppression of growth cones
•  SW NT may affect Cai* dynamic in neurons, by the reduction of the 

depolarisation-dependent influx of Caz+.
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Type of 
C N T

Type of 
Fuctionalization

Functional group or 
dispersion agent

Cell type or 
Animal Model

Aim  and main results Ref.

Chemical
Polyethylene glycol 
(PEGéoo)
Dispersed in water

• Attempt to determine the mechanism behind the effects of SW NT-
functionalisation Hippocampal PEG on enhancement of neurite outgrowth

[120]
(oxidation and 

PEGylation)
neuronal culture •  CNT inhibited the membrane endocytosis of neurons, by inhibition of 

depolarisation-dependent Ca%+ influx.

Chemical
Polyethylene glycol 
(PEGôoo)
Dispersed in water 

-SOS-

•  Investigation of how conductivity of the substrate affects the neuronal
functionalisation Hippocampal growth and morphology of the neurons

[124]1-
Z

g
(oxidation and 

PEGylation)
neuronal culture •  Induction of neuronal growth only in substrates with a narrow range 

of conductivity (<0.3S/cm)

Chemical Dispersed in Human embryonic •  Assessment of possible effects of C N T on voltage-gated calcium ion
functionalisation electrophysiological kidney cells that channels.

[126]
(aryl-solfonate solution containing expressed neuronal •  Inhibition of neuronal calcium ion channels due to the yttrium traces

functionalisation ) CsCI, EGTA, EDTA, channels released from SW NT

O HEPES and MgATP

I
a II Coated Dispersed in water

Neuroblastoma 
cells 

(cell type not 
mention)

•  Comparison of biocompatibility between CNT, carbon black (CB) 
and nanodiamonds (ND) [125]

•  Lack of purity of C N T associated to the toxicity observed

•  Investigation of the internalisation and toxicological effect of M W N T
by microglia cells

Murine microglia •  Uptake by microglia cells without toxicity
Coated Pluronic PF-108 (CV2) and Murine •  No changes in cell proliferation were observed in the presence of [130]

ë glioma (GL26I) CNT

1 •  Transient changes in cytokines production (attributed to Pluronic
F108)

Primary murine 
cortical neurons

•  investigation of the toxicity of M W N T  in vitro

Coated Pluronic PF-127 •  Presence of C N T showed to reduce toxicity associated to pluronic 
PF-127

[131]
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Table l.7(cont.): Neurotoxicity studies following the interaction of C N T and neuronal tissue in vitro & in vivo.

Type of Type of
C N T  Fuctionalization

Functional group or 
dispersion agent

Cell type or 
Animal Model

A im  and main results Ref.

Coated and 
Chemical 

functionalisation 
(oxidation)

-CO O H
All C N T dispersed in 
Pluronic PF-127

Human •  Investigation of the influence of the degree of purity and surface
neuroblastoma oxidation on the cytotoxicity of different M W N T

(SH-SY5Y) •  Cytotoxicity was dose and purity degree dependent
[136]

Coated and 
Chemical 

functionalisation 
(oxidation and 
amidation??)

-CO O H
-NH2
All CN T Dispersed in 
Dulbecco’s modified 
Eagle’s medium

•  Investigation of the influence of the degree of functionalisation on 
Human astrocyte the cytotoxicity of M W NT.

D384 •  Cytotoxicity of M W N T was modified by chemical functionalisation in
association to improvements of dispersibility.

[135]

Chemical
functionalisation

(oxidation)

Chemical 
functionalisation 

(oxidation and 1,3 
Dipolar 

cycloaddition 
reaction)

-CO O H
Dispersed in Dulbecco’s 
modified Eagle’s medium

-CO O H
-NH3+
-Cell-adhesion peptide

Undifferentiated 
pheochromocytoma 

PC 12 cells

Hippocampal 
neuronal culture

• Investigation of the effect of C N T on the potassium (K+) channels
•  CN T suppress the K+ channels activity
•  Suppression of potassium K+ channels not associated with an 

induction of oxidative stress

•  Investigation of the effect of MWNT-peptides on different cell types
•  CNT shown to have high biocompatibility with different cell types
•  Maintenance of normal neuronal morphology, cell viability and basic 

cellular functions.

[121]

[123]

Chemical
functionalisation

Phospholipid- 
polyethylene glycol 
(PL- PEG2000)

Intracranial glioma 
model (GL26l.gfp 
and GL26l.luc) in 

CS7BL/6 and 
CX3CR|GFPmice

•  Evaluation of C N T as CpG delivery vehicle in brain tumour models.
•  CNT enhanced CpG uptake by tumour associated inflammatory cells. [48]
•  CNT-CpG improves survival of glioma-bearing mice
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Table l.7(cont.): Neurotoxicity studies following the interaction of C N T and neuronal tissue in vitro & in vivo.

Type of 
C N T

Type of 
Fuctionalization

Functional group or 
dispersion agent

Cell type or 
Animal Model

Aim  and main results Ref.

I
Coated Pluronic PF-108

Coated Pluronic PF-127

•  Evaluation of the uptake and toxicity of M W N T  in glioma intracranial

Intracranial glioma f^odel.
j  I //-I \ • •  Preferential accumulation of M W N T into tumour macrophages andmodel (GL26I) m
C57BL/6 lesser extent in microglia.

•  CNT injection led to a transient and self-limiting local inflammatory 
response

[47]

Healthy mice •  Investigation of the in vivo biocompatibility of M W NT.
(strain not # M W N T were biocompatible and no damage at the cellular structural [131]
mention) level was observed
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1.3 .1 .3 . Application of C N T  against neuropathologies

1.3.1.3.1. Carbon nanotubes in Neuroprosthetic Devices

Conventionally, brain stimulation is performed using metal electrodes that are 

inserted deep into the brain. This approach, which has been used for the treatment of 

various neurological pathologies, such as control of motor movement disorders, 

utilises electrodes to  deliver current in order to stimulate the neurons [137]. Another 

approach that have been explored is brain-electrode interface, that lies both in the 

reduction of electrical resistance to  alternating currents (impedance of the electrodes) 

during the recording of signals and in the increase in the delivery of electrical charge 

whenever neurons are being stimulated [138, 139].

In the last few years, nanotechnology, along with neuroscience, has opened up 

new directions of research in order to create innovative neuroprosthetic devices able 

to enhance neuron stimulation. To improve the performance of the current 

electrodes, various surface modifications have been made to  render the electrodes 

more sensitive to  electrical signals and more efficient in charge transfer [140]. The high 

electrical conductivity and excellent mechanical properties of CNT make them a 

desirable material fo r neuroprosthetic devices (see Table 1.2). However, the success 

of their application is closely dependent on the control of their interaction with 

neurons, in particular of neural excitability and changes in ionic conductance and 

synaptic transmission [141]. For example, Greith et al. [142] demonstrated the 

biocompatibility, growth and differentiation of neuronal NG -I08-I5 

neuroblastoma/glioma hybrid cells after interface with layer-by-layer-assembled SWNT
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films made from poly(diallyldimethylammonium chloride) (PDDA) and poly(acrylic acid) 

(PAA). Further, the same group associated the capability of SWNT-polyelectrolyte 

films to electrically stimulate neural cells to  the opening of voltage activated cation 

channels, observed by traditional means of neuron excitation, demonstrating that 

SWNT -polyelectrolyte films do in fact have an electrical coupling with neuronal cells. 

Liopo et al. [143] have similarly suggested that the conductive properties of CNT 

might be used to stimulate neurons. After application of electrical current through 

SWNT films, the inward transmembrane current in neurons was recorded by whole 

cell patch clamping and the results indicated no differences over those induced by 

direct electrode-mediated patch clamp. These findings demonstrated that SWNT- 

polyelectrolyte films were mechanically compatible with neural tissues and could be 

used as implants or repair devices for neurological-related injuries. Moreover, Gabay 

et al. [106] developed multi-electrode arrays to  both electrically stimulate and record 

neurons, based on regular arrays of hydrophobic carbon nanotube islands (100 pm) 

that were grown in hydrophilic conductive substrates (SiOj or quartz substrates) to 

form ideal surfaces for neuronal adhesion. A fter incubation, neurons and glial cells 

showed a tendency to aggregate and accumulate in the CNT coated regions, whereas 

cell density on CNT-free regions was very low. The study showed that attachment to 

CNT surface did not alter the normal functionality o f the neurons. Overall, the self- 

assembly mechanism of the neurons on CNT clusters will in the near future constitute 

a potential platform to  study the neuronal adhesion and outgrowth features of 

neuronal cells in the presence of CNT.

The templating of electrodes with CNT has led to  remarkable improvements in 

the detection of electrophysiological signals following intracranial implantation [23].
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Keefer and colleagues [23] in a series of experiments investigated the use of MWNT- 

coated electrodes for the preparation of brain-device interfaces. These electrodes 

achieved greater noise reduction and higher sensitivity to spontaneous electrical 

neuronal activity in vivo using two different animal models (rats and monkeys). 

Importantly, the study demonstrated the effectiveness of electrodes coated with CNT, 

and their capacity to  improve the recording of neuronal electrical events in vivo.

1.3 .1.3.2. C N T  for Neural Tissue Regeneration

Acute neurological incidents are devastating events that affect the full spectrum 

of human society. Over the last two decades, despite a large number of studies that 

have been conducted and the exciting discoveries that have been made, the treatments 

are still limited and more research is needed to  explore the underlying mechanism of 

acute neurological disorders. The loss of brain and spinal cord cells is known to  be 

associated with a large number of CNS pathologies, such as Alzheimer’s, Parkinson’s, 

stroke, heat stress, brain trauma and spinal cord trauma. There are two main 

strategies to  promote the self-repair of damaged axonal connections: re-growth of 

axons and/or re-organisation of the neuronal circuit. Therefore, the conditions for the 

success of regeneration engineering are that firstly, the neurons must be preserved, in 

order to promote a permissive growth environment, and secondly, after re

connection, the plasticity of the tissue needs to  be increased [144].

In this context, neural stem cells (NSCs) have the potential to  be differentiated 

into functional cell types, including neurons, astrocytes or oligodendrocytes and thus 

to enhance neural tissue recovery [145, 146]. However, the challenge is to evaluate
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the effectiveness of the delivery and differentiation into favourable neuronal cell types, 

which will then contribute to  the regeneration of the desired tissue type. Several 

studies have already shown the ability of CNT-based substrates to mediate the 

differentiation and electrical stimulation of NSCs [145, 147]. The NSCs have been 

shown to be biocompatible with CNT-based substrate, with levels of cell viability and 

development of neural processes similar to  those observed with the conventionally 

used growth substratum poly-l-ornithine [145]. The effectiveness of carbon 

nanotubes/nanofibers to deliver NSCs into CNS injured sites, and to  support their 

differentiation into neurons, constitutes an essential requirement for the success of 

regeneration of damaged neural tissues.

Neural tissue engineering aims at the development of novel and improved 

biological scaffolds that restore, maintain and/or improve neural tissue functions. Due 

to their electrical and mechanical properties, along with neuronal biocompatibility, 

CNT are considered possible candidates for neural tissue repair [148]. The 

contribution of CNT in the treatment of traumatic CNS injuries has recently been 

recognised in vivo (see Table 1.5). Roman et al. [80] demonstrated that SWNT 

chemically functionalised with PEG were effective in the promotion of axonal 

regeneration in a rat model of SCI (at T9 vertebral level). The reduction of the lesion 

volume and the increase of the number of neurofilament fibers in and around the 

lesion site, along with the partial induction of functional recovery of rat hindlimb, 

suggested the effectiveness of this approach. This constitutes the first evidence to date 

that CNT-based substrates are able to promote regeneration of damaged CNS tissues 

in vivo, opening up new perspectives in the field of neuro-regenerative medicine.
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1.3.2.3.3. C N T  for Therapy of the CNS

The literature contains only a few studies so far on the use of CNT for brain 

drug delivery, this is likely to  increase in the coming years (see Table 1.3 and Table 

1.4). The emergence of CNT as a delivery vector for the CNS is based on their 

structural advantages, in particular good dispersibility in physiological solvents, large 

surface area, capability of being easily functionalised with drugs or imaging agents and 

biocompatibility with neural tissues. The first use of CNT for the treatment of CNS 

diseases was recorded by Yang et al. [149], who utilized short pristine SWNT 

physically adsorbed with acetylcholine (SWNT-ACh) in Alzheimer’s disease brains. 

This study suggested that doses of SWNT under 300 mg/kg, after gastrogavage 

administration, could ensure safe delivery of ACh into lysosomes of neurons, thus 

rendering the therapy more effective without compromising the toxicological profile of 

the material.

Another possible therapeutic application of CNT in the CNS is in the 

treatment of glioblastoma tumours, which are known for their recurrence even after 

aggressive multimodality treatments. The treatment of brain tumours remains a 

challenge to  the scientific community despite advances in tumour therapy and the 

increasing understanding of carcinogenesis. The low permeability of anti-tumour drugs 

across the BBB when administered systemically has opened up new possibilities fo r 

CNT-based administrations. For example, Zhao et al. [48] have recently demonstrated 

that the CNT delivery system significantly enhanced CpG oligodeoxynucleotides 

immunotherapy, eradicating the glioma and protecting against tumour rechallenge 

(GL26I and GL26I-EGFP models).
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CNT-mediated therapy is a valuable option for the treatment of 

neurodegenerative diseases, including the challenging treatment of stroke models. For 

example, amine-functionalised SWNT (by amidation reaction of pre-oxidised SWNT) 

have been shown to  improve the tolerance of neurons to  ischemic injury in MCAO 

stroke model [74]. Interestingly, in this study, intracerebroventricular injections of 

SWNT without any therapeutic molecule have been shown to protect neurons and 

enhance motor function recovery of the animals, however, the mechanism for such 

activity remains elusive [74, 150]. Recently, a study performed by Al-Jamal et al. [75] 

has illustrated the effectiveness of amino-functionalised MW NT (by the I, 3 -D ipolar 

cycloaddition reaction) in mediating the delivery of siRNA (specific to  silence Caspase 

3) in vivo, reducing apoptosis in the affected area and promoting behavioural recovery 

in endothelin-l stroke murine models. Unlike the former work performed by Lee at al. 

[74], in the latter the intraparenchymal injections of MWNT-NHj"" and in complex with 

scrambled siRNA did not affect apoptosis or functional recovery from stroke, 

suggesting little neuroprotective activity of CNT alone. However, a direct comparison 

between the studies is difficult to  make owing to  significant differences in the 

methodology, such as CNT type, dimensions, manufacturer, dosage, location of 

injection, and animal model.

To summarise, the most significant and representative studies that illustrated 

how CNT can modulate the molecular and cellular functions, as well as their impact on 

neurotoxicity both in vitro and in vivo have been discussed. Remarkable advances have 

already been achieved in the fields of neuroprosthetic-based engineering and neuro

regeneration. Although it may still be too early to  assert that CNT will be clinically

93



Chapter-1

successful as therapeutics agains CNS diseases, the recent studies on tumours and 

stroke models have shown that the material constitute a clear contender in the race to 

find new cuttingedge solutions for challenging neurological ailments.
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2. Objectives & Strategy
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After the initial description of CNT in the late 1950s no further research was 

conducted in subsequent years. In the last decade, renewed interest in the use of CNT 

was sparked by their discovery and characterisation by lijima in 1991 [151] who 

described the carbon nanotube structure at the atomic level. Currently, CNT are 

investigated as emerging nanomaterials with potential use in a large number of 

research areas, including biosensors, field emission and energy storage [152, 153]. 

Moreover, they have shown great potential for therapeutic and diagnostic applications 

in medicine. Numerous laboratories have now reported on in vitro and in vivo cellular 

uptake of various types of CNT by a wide range of cells. Recently, numerous reports 

have proposed CNT as a suitable tool for the treatment of challenging and devastating 

neurological pathologies such as glioblastoma, stroke and spinal cord trauma.

An urgent need for alternative approaches for the treatment of neurological 

pathologies has created new opportunities for innovative strategies. The broader aim 

of this project is the development of carbon nanotube-based systems able to deliver 

therapeutic o r diagnostic agents into the brain, thus offering significant benefits for a 

variety of currently untreatable and debilitating neurological diseases. This goal is based 

on the hypothesis that chemically functionalised carbon nanotubes can directly 

translocate neural cells and deliver their therapeutic cargo inside the cytoplasm with 

minimal brain tissue toxicity, as recently reported by our laboratory [154, 155]

In an effort to  achieve this goal, the following specific aims were investigated 

(Scheme 2.1):

•  To determine the effect of the degree of chemical functionalisation of multi

walled carbon nanotubes on their tissue biodistribution and pharmacokinetic
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profile after intravenous administration, with an emphasis on the extent of 

brain accumulation (Chapter IV).

To elucidate the effect of the degree of chemical functionalisation of multi

walled carbon nanotubes on their capacity to be transported inside the brain 

tissue after intra-nasal administration and to further investigate the mechanism 

of such translocation (Chapter V)

To determine the effects that chemically functionalised multi-walled carbon 

nanotubes will have on the in vivo short- and long- term fate, transport and 

neurotoxicity after stereotactic administration in the brain cortex (Chapter 

VI).

C H A P TER  IV; Intfavenous admininstration:
Elucidation of the biodistribution and pharmacokinetic 

profile of f-C N T.

' CH A P TER  VI: Stereotactic injectlpn in cortex: ^
j Assessment o f short- and long- term  fate and ’

neurotoxicity of/-CNT,

Cortex

Olfactory nerves
©Ifactory

Pons/
C H A P TER V: Intranasal administration: 

Elucidation of the nose-to-brain uptake and mechanism 
behind the translocation.

Nasal cavity

Trigeminal nerve

Figure 2.1: Representation of the three specific aims investigated in this 
thesis in an attem pt to determine the extent and impact of f-M W N T  
transport into the rodent brain.
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Several factors are expected to  influence the in vivo behaviour of CNT. Thus, in 

an attempt to  identify the most critical factors, different types of chemically 

functionalised carbon nanotubes (oxidised, amidated and amino functionalised carbon 

nanotubes) v\rere comparatively investigated in all studies, using the C57/BL6 or Balb/C 

mouse models.

Initially, MW NT with a different degree of functionalisation were intravenous 

administrated by tail vein injections and their tissue distribution was investigated over 

24 hrs (Chapter IV). Single photon emission computed tomography (nanoSPECT/CT) 

and gamma scintigraphy were carried out in order to clarify their in vivo biodistribution. 

Whole-body imaging by nanoSPECT/CT allows for a qualitative and semi-quantitative 

analysis o f the biodistribution of carbon nanotubes once they have been introduced in 

the bloodstream. For quantitative assessment of the CNT biodistribution, mice were 

sacrificed and organs (blood, heart, liver, spleen, kidney, muscle, bone, skin and brain) 

were counted by gamma scintigraphy. The pharmacokinetic profile of each type of 

functionalised carbon nanotubes was further investigated through elucidation of their 

pharmacokinetic parameters using mathematical modelling of the experimental blood 

concentration values at different time points. Because of the relatively short half-life of 

the used isotope (['" In ]; t|/2=67.5 hrs), long-term tissue biodistribution was assessed 

by histological examination of fixed and stained sections of the major organs at I hr, 7 

days and 30 days post-injection.

The selective nature of the blood brain barrier limits the permeation of 

molecules to the brain after systemic administration. This drove the project in search 

of alternative administration routes for brain uptake. It was in this context that intra
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nasal administration of carbon nanotubes with different chemical functionalities was 

investigated (Chapter V). The biodistribution studies were carried out using whole- 

body nanoSPECT/CT and head-only nanoSPECT/CT and by gamma scintigraphy of 

different organs (including brain) at different time-points up to  24 hours post injection. 

Dynamic acquisition by nanoSPECT/CT of the head region alone was also performed in 

order to  further understand the relationship between the retention time of carbon 

nanotubes in the nasal cavity and their brain translocation. Additionally, the brain 

uptake mechanism following intra-nasal administration was elucidated, by means of 

gamma scintigraphy and by in situ autoradiography of brain sections and the trigeminal 

nerve.

It was then crucial to  determine the fate and impact of carbon nanotubes in the 

brain after stereotactic administration (Chapter VI). Initial studies investigated the 

translocation of carbon nanotubes within brain parenchyma by light microscopy 

imaging of sequential coronal brain sections at different time points post-injection. 

Moreover, a closer inspection under transmission electron microscopy revealed the 

prevailing cell-nanotube interactions and internalisation mechanisms by which the 

different types of carbon nanotubes can enter neural cells (neurons and microglia). 

Transmission electron microscopy also elucidated the impact that neural tissue and 

neural cells could have in the carbon nanotube fate and structure once they are 

internalised by microglia in vivo. The direct imaging of the structural breakdown of 

carbon nanotubes was investigated by electron microscopy, revealing the in vivo 

biodégradation of carbon nanotubes.

Finally, the impact of the surface functionalisation of carbon nanotubes on 

neural tissue was also evaluated. All therapeutic strategies that involve implantation or
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injection of carbon nanotubes into the central nervous system need to  address the 

question of an inflammatory response to  the material following interaction with 

neuronal tissue. The in vivo analyses carried out in this thesis included examination of 

microglia and astrocyte cellular activation by immunohistochemistry and measurement 

of relative gene expression of inflammatory cytokines up to  30 days post-injection was 

conducted.

To summarise, the project described in this thesis investigated the extent to  

which chemically functionalised carbon nanotubes transport into the brain by various 

administration routes. The relationship between surface functionalisation of CNT and 

their transport into the brain was studied, in addition to the adverse effects of CNT 

and their cellular reactivity after in vivo local administration. The capacity of f-CNT to 

translocate into the brain without eliciting neuron-inflammatory responses may offers 

significant benefits for a variety of currently untreatable debilitating neuropathologies, 

such as stroke or Parkinson’s disease.
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3. Materials & Methods
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3.1. Materials

All multi-walled carbon nanotubes (MWNT) used in this thesis were purchased 

from Nanostructured & Amorphous Materials Inc (Houston, TX; Lot #  I240XH, 94%). 

According to  the manufacturer, MW NT outer diameter was between 20-30 nm and 

length was between 0.5- 2 pm. Chemicals and solvents were obtained from Sigma- 

Aldrich (UK and USA) and they were used as received.

The radioactive tracer ['"inJCIj was purchased from Covidien (Petten, The 

Netherlands) as an aqueous solution in 0.05 M MCI and was used without further 

purification. Euthatal® was from Rhone Merieux (UK).

Vectashield fluorescent mounting media was purchased from Vector 

Laboratories (USA). Rabbit polyclonal anti-glial fibrillary acidic protein (GFAR) primary 

antibodies were purchased from Dako (USA) and mouse monoclonal anti-CD 11 b 

antibodies were bought from BD (USA). Goat anti-rabbit Alexa 488-conjugated goat 

anti-mouse-Alexa 568 from Molecular Probes (USA). Real-time PCR primers were 

obtained from Sigma-Aldrich (UK) and the RNA extraction kit; RNeasy Mini Kit from 

Qiagen. All RT-PCR reagents; cDNA synthesis kit (Biorad iScript cDNA synthesis kit) 

and the Ix  Fast SYBR Green Master Mix were bought from Biorad.

For preparation of specimens for TEM the ethanol, chloroform and propylene 

oxide were all purchased from Fisher (UK). Araldite resin and TEM grids (400-mesh 

copper grids coated with formvar/carbon support film) was acquired from Agar 

Scientific (UK) and DPX mounting media from DBM (UK).
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3.2. Methods

3.2. /. Chemical Functionalisation o f Multiwalled Carbon Nanotubes

In order to prepare ammonium functionalised MW NT with different surface 

charges (MWNT-3 & -6a, MWNT-4 & -7a and MWNT-5), tips and external surface of 

pristine MW NT were chemically functionalised by one of the three synthesis protocols 

(Scheme 3.1):

Mrtn.MWNT MWNT-NH,» MWNT-NH-DTm 
(MWNT-4)(MWNT-I)

toe.rffl.4te> Ib te lh M tttd  
(MWNT-3)(MWNT-éa)

oxMWNTanid-NH-DTMoxMWNT-«nWNH,*

Lm'MKlffMfMtf
(MWNT-7)(MWNT-T.)

Wt.fm.aim (tottfMWn »
(MWNT-4)

Pt'»«xklMdMWNT 
(MWNT-2)

h tu m td h tt (b ic tid M C i.4  
(MWNT8)

0 oxMWNT-NHj* 
(MWNT-S)

Figure 3 .1 : Synthesis of the different functionalised M W N T  used in all the  
studies of this thesis. i) I) Boc-NH-(CH2CH20)2-CH2CH2-NH-CH2- 
COOH/(H2CO)n in DMF; 2) 4 M HCI in dioxane. ii) DIEA/DTPA in dry DMSO/DMF. 
iii) H2SO4/H N O 3 (3:1), sonication. iv) I) Neat (COCI)2; 2) Boc-NH-(CH2CH20)2- 
CH2CH2-NH2,dry THF; 3) 4 M HCI in dioxane.
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3.2 .1.1. 1,3-Dipolar cycloaddition reaction on purified multiwalled 

carbon nanotubes (M W N T -6 a  and M W N T -3 )

Pristine MW NT (100 mg) were suspended in 150 m l of dimethylformamide 

(DMF). The mixture was sonicated and then heated at 115 °C while a solution of 

paraformaldehyde (4 x 100 mg) and Boc monoprotected 2,2'-(ethylenedioxy) 

diethylamine (4x 100 mg) in DMF were added by portions during 4 days. The product 

was filtrated, washed with DMF, methanol (MeOH) and ether. The black solid was 

dried. Then, the amino acid was deprotected with HCI gas and the obtained MW NT- 

N H / (MWNT-3 or MW NT-6a) were thoroughly washed and dried. The amount of 

amino groups was determined by Kaiser Test (corresponding to 147 pmol/g and 58 

pmol/g for MWNT-3 and MW NT-6a, respectively).

The chemical conditions used on the preparation by 1,3 Dipolar cycloaddition 

reaction of both MW NT (MWNT-3 and M W NT-6a) were the similar. The variability 

observed on the degree of amino functionalization between MWNT-3 and MW NT-6a 

could be attributed to  the fact that each conctruct was performed by different 

laboratories.

3.2.1.2. 1,3-Dlpolar cycloaddition reaction on pre-oxldlsed multlwalled  

carbon nanotubes (M W N T -5 )

The reaction consists of two steps: (a) oxidation: the reaction was obtained

following the procedure reported in elsewhere [156]. 2.5 g of pristine MW NT were

suspended in 120 mL of a mixture of concentrated H^SO/HNO^ (3:1, v/v) in a round-

bottom flask and sonicated in a water bath for 24 hrs at room temperature (RT). The

suspension was then diluted with water. The excess of acid was removed by
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centrifugation. The black solid was washed thoroughly with water and acetone until 

the pH value was approximately 6. The product was dried under vacuum at RT and 

1.92 g of oxidised MW NT (MWNT-2) was obtained. Transmission electronic 

microscopy characterisation showed that the tubes have a length ranging between 50 

and 500 nm. (b) 1,3-Dipolar cycloaddition reaction: oxidised MW NT (MWNT-2) (100 mg) 

and paraformaldehyde (300 mg) were suspended in 150 mL of DMF. The mixture was 

sonicated and then heated at 120 °C while a solution of Boc monoprotected 2,2'- 

(ethylenedioxy) diethylamine (3x 100 mg) in DMF was added by portions during 3 days. 

The product was precipitated and washed with DMF and ether. The black solid was 

dried. Then, the amino acid was deprotected with a solution of 4M HCI/dioxane and 

the obtained oxM W N T-N H / (MWNT-5) was thoroughly washed and dried. The 

amount of amino groups was determined by Kaiser Test (corresponding to 170 

pmol/g).

3 .2 .1.3. Amidation reaction on pre-oxidised multiwalled carbon

nanotubes (M W N T -4  and M W N T -7 a )

The reaction consists of two steps (a) oxidation: as described above, (b) 

amidation reaction: 200 mg of Oxidised MW NT (MWNT-2) were heated in 10 mL of 

neat oxalyl chloride at 62 °C fo r 24 hrs. After evaporation in vacuum the resulting 

nanotubes were dispersed in a solution of Boc monoprotected diamino- 

triethyleneglycol (TEG) (530 mg) in distilled THF (15 mL) and heated at reflux for 48 

hrs [157]. The nanotubes were re-precipitated several times from methanol/diethyl 

ether by successive sonication and centrifugation. The Boc protecting groups were 

removed overnight using 4 M HCI in dioxane (20 mL) to  afford ammonium
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functionalised MW NT (oxMW NTamid-NH/) (MW NT-7a)(l85 mg) following 

evaporation of the acid solution and re-precipitation in diethyl ether. The amount of 

amino groups was determined by Kaiser Test (corresponding to  115 pmol/g of 

nanotubes).

To increase the amount of amino groups for the subsequent introduction of 

the chelating agent DTPA, the functionalisation of oxidised nanotubes was repeated 

slightly changing the reaction conditions. Oxidised MW NT (MWNT-2) (ISO mg) were 

heated in IS mL of neat oxalyl chloride at 62 ®C for 24 h. After evaporation in vacuum 

the resulting nanotubes were dispersed in a solution of Boc-monoprotected diamino- 

triethyleneglycol (TEG) (670 mg) in distilled THF (10 mL) and heated at reflux for 48 h. 

The nanotubes were re-precipitated several times from methanol/diethyl ether by 

successive sonication and centrifugation. The Boc protecting groups were removed 

overnight using 4 M HCI in dioxane (10 mL) to afford ammonium functionalised 

M W NT (oxMW NTamid-NH/) (MWNT-4) (110 mg) following evaporation of the acid 

solution and re-precipitation in diethyl ether. Kaiser test afforded a loading of 320 

pmol/g.

All f-MW NT were synthetised as part of long-standing collaboration between 

the Nanomedicine Lab and D r Alberto Bianco (CNRS, Institut de Biologie Moléculaire 

et Cellulaire, Laboratoire d’immunologie et Chimi Thérapeutiques, Strasbourg, France) 

and Prof. Maurizio Prato (Dipartiment di Scienze Farmaceutique, Universita di Trieste, 

Triste, Italy). Dr Alberto Bianco and Prof. Maurizio Prato synthetised and 

functionalised ail MW NT used in this project.
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3.2.2. Chemical derivatisation o f functionalised multi walled carbon nanotubes

Some studies described in this thesis required the derivatisation of f-MW NT in 

order to allow the use of sensitive and quantitative techniques to  track and quantify 

the presence of the material in vivo. Therefore, the functionalised MW NT were 

derivatised with chelating agent diethylene triamine pentaacetic acid (DTPA), a known 

chelating agent to  different types of radioisotopes, which is currently used in radiology 

clinics. Furthermore, DTPA is high water soluble and allows simple conjugation 

chemistry through linkage to  the amino functions at MW NT surface.

3.2.2.1. Preparation of M W N T -N H -D T R A  (M W N T -3 )

M W N T -N H / (MW NT-6a), derived from 1,3-Dipolar cycloaddition reaction 

(loading: 0.058 mmol/g of amino functions), prepared as previously reported [158], (5 

mg) were dispersed in dimethyl sulfoxide (DMSO) (2.2 mL) and neutralized with N,N- 

diisopropylethyllamine (DIEA) (I I pL). DTPA (10 mg) was added and the mixture was 

stirred for 48 hrs at RT. The M W NT-6 was recovered by centrifugation, washed by 

water and re-precipitated from methanol/diethyl ether several times and lyophilized 

again from water. The reaction was complete as confirmed by a negative Kaiser test (0 

mmol/g of free ammonium groups).

3.2.2.2. Preparation of o x M W N T -N H -D T P A  (M W N T -7 )

oxMWNTamid-NHj"^ (MWNT-7a)(6 mg) were dispersed in dry DMSO (3 mL)

and neutralized with DIEA (13 pL). DTPA (8 mg) was added and the mixture was

stirred for 48 hrs at RT. The DMSO solution was partly evaporated and diluted with
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water. The MWNT-7 were recovered by centrifugation, re-dispersed in water and 

lyophilized. Kaiser test showed that 0.080 mmol/g of free ammonium groups were still 

present.

3 2.2.3. Preparation of o x M W N T -N H -D T P A  (M W N T -8 )

oxMWNTamid-NH]^ (MWNT-4) (10 mg) were dispersed in a mixture of dry 

DMSO/DMF (0.4:2.5 mL) and neutralized with DIEA (50 pL). DTPA (28.5 mg) was 

added and the mixture was stirred for 48 hrs at 50 °C. The DMSO/DMF solution was 

partly evaporated and diluted with water. The MWNT-8 were recovered by 

centrifugation, re-dispersed in water and lyophilized. Kaiser test showed that only 

0.034 mmol/g of free ammonium groups were still present.

3.2.2.4. Preparation of o x M W N T -N H -D O T A

oxMWNTamid-NHj"^ (MWNT-4) (5 mg) were dispersed in dry DMF (4 mL) 

and neutralized with DIEA (7 pL). DOTA isothiocyanate (p-SCN-Bn-DOTA) 

(Macrocyclics, Dallas, TX, USA) (8.1 mg) in I mL of DMF was added and the mixture 

was stirred for 48 hrs at 50 °C. The DMF solution was partly evaporated and diluted 

with water. The DOTA-MW NT were recovered by centrifugation, re-dispersed in 

water and lyophilized (Scheme 3.2). Kaiser test showed that 0.207 mmol/g of free 

ammonium groups were still present.
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HOOC-̂  / \ /̂ COOH
,N  N .

H3N+ d b - \

H3N: Q

H O O C"^ ^ C O O H  NH

HN

M W N T > ^  1) DIEA r  dry DMF

,0 2) DOTA isottiiocyanale
M W N T ,,

o
HN

oxMWNT-amidNHj^ H O O C ^ ^ ^ ^ C O Q H

Intermediate functionalised

(MW NT-4) HOOC-^'v T^COOH DOTA-MWNT

Figure 3.2: Synthesis of M W N T -D O TA .

3.2.3. Quantitative Kaiser Test

Kaiser Test was used to  establish the amount of free amino groups (-NHj'") 

generated around the sidewalls of the CNT. I mg of M W N T -N H / was weighed and in 

a test tube the following solutions were carefully added in this specific order: 75 pL of 

solution I (10 g of phenol dissolved in 20 mL of ethanol), 100 pi of solution 2 (2 mL of 

I mM potassium cyanide dissolved in 98 mL of pyridine) and 75 pi of solution 3 (I g of 

ninhydrine dissolved in 20 mL of ethanol. The test tube was heated to  100 °C for 7 

min and once removed it was diluted with 4.8 mL of 70 % ethanol to a final volume of 

5 mL, then carefully mixed. A dispersion of pristine MW NT was also run as a blank. 

The loading of the amino groups was calculated using the following equation and 

expressed as micromole of amino groups per gram material.

[Abs sample — Abs blank] x Dilution (mL)x 10^
\imollgram  =

Extinction coefficient x sample weight (mg)

Equation 3.1

Dilution = 5 mL & Extinction coefficient = 15000 M 'em '
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3.2.4. P repara tion o f  aqueous dispersion o f  f-C N T

All ^M W NT (-NH3'" and derivatives) were received as black powders. Stock 

dispersions were prepared by hydration in 5% (w/v) dextrose solution at a desired 

concentration (usually I mg/mL). After hydration, all stocks were sonicated in a water 

bath (VWR ultrasonic cleaner, UK) for around 15 min until complete CNT dispersion. 

All dispersions were stored at 4 °C and sonicated prior to use.

3.2.5. In vivo studies

3.2.5.1. Animal model

Six to eight-weeks old female C57/BL6 (or Balb/C -  used in the intra-nasal 

nanoSPECT/CT experiment and Wistar Rats for stereotactic nanoSPECT/CT 

experiment) were caged in groups of 4-7 with free access to food and water. A 

temperature of 19-22 °C was maintained, with a relative humidity of 45-65 %, and a 

12 hrs light/dark cycle. The mice were acclimatised for 7 days before each experiment. 

During all the experiment time, the animals were monitored regularly for any clinical 

condition evaluation (body weight, normal motor function and post surgery side-effects 

including diarrea and piloerection). All animal experiments were performed in 

compliance with the UK Home Office (1989) Code of Practice for the housing and 

care of Animals used in Scientific Procedure.
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3.2.5 2. Routes of Administration

3.2.5 2 .1. Intravenous administration

Before the injection, the animal were warmed up for a period of 3-5 min in a 

heating box, which allowed the tail veins to  be better visualised for the injection, then, 

anesthetised under inhalation of isofiurane (2-3 % in 100 % oxygen). After localisation 

of the lateral vein in the tail, the injection was performed using a 26-gauge needle at 

slow rate. Once completed, the animal was monitored and kept on the procedure 

table until fully recovered from anesthesia (usually less than I min). The volume of 

injection was 250 pL and the vehicle used was 5 % dextrose.

3 2.5.2.2. intra-nasal administration

The intra-nasal administration was performed in anaesthetised animals. 

C57/BL6 were placed on their backs and 15 pL of different type of MW NT dispersions 

or control solutions were applied to both nostrils. The dose was given as drop-wise 

over a period of approximately 5 min. Once the administration finished, animals were 

monitored and kept on the procedure table until fully recovered from anaesthesia 

(usually less than I min). The volume of injection was 15 pL and the vehicle used was 5 

% dextrose.

3.2.5.2 3. Stereotactic administration

C57/BL6 mice were anesthetised with Avert in® (0.5 mL/lOO g) and mounted on 

a stereotactic apparatus. Injections of up to  I pL volume were carried out at specific 

stereotactic locations in the motor cortex (Latero-Lateral(x) +0.5 mm, Dorso-
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Ventral (y) +1.5 mm) by means of a glass pipette (30 pm tip diameter) mounted on a 

motorized (0.1 pm step) three-axis micromanipulator connected to  an injector (Sutter 

Instruments, Novato, CA, USA). A total of I pL of CNT dispersion was released at 

700 pm below the cortical surface. During injections, the animals were oxygenated and 

heated using a blanket with a thermostat to  ensure a 37 °C rectal temperature. A t the 

end of all surgical procedures, the scalp incision was closed with Mersilk sutures 

(Ethicon, UK), and the antibiotic (Gentamicin®) was topically administered to  prevent 

infections. In these conditions the whole procedure requires about 20 min, and 

recovery from anaesthesia occurs after 60-90 min. After recovery, the animals were 

returned to their home cages. Mice were sacrificed at different time points according 

to the experimental schedule.

3.2.6. Hematoxylin <S eos/n (H £E) and neutral red (NR) staining o f organs

Kidneys, liver, spleen, lung and brain specimens were processed for routine 

histology by the Diagnostic Laboratories in the Royal Veterinary College, London, UK. 

H&E and NR stained sections of 4 pm thickness were then observed and examined 

under light microscope (Leitz DMRB, Leica, German).
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3.2.7. Immunohistochemistry (glia and microglia activation studies)

3.2.7.1. Brain collection for immunohistochemistry

Injected mice were intracardially perfused with ice-cold 4% paraformaldehyde 

in 0.1 M tris-buffered saline (TBS) and I mM sodium orthovanadate, pH 7.4. Brains 

were quickly removed and cryoprotected in 30 % sucrose overnight until further use.

3.2 7.2. Immunohistochemistry study

Fifty micron coronal sections 50 pm coronal sections were cut on cryostat and

processed for immunohistochemistry. To permeabilize cells and block non-specific

antibody binding, free-floating paraformaldehyde fixed 50 pm slices were treated for 90

min at RT with 0.2 % Triton/ phosphate buffered saline (PBS) solution (0.1 M)

containing 10 % fetal bovine serum (FBS). Rabbit polyclonal anti-GFAR primary

antibodies (1:500 dilution) and mouse monoclonal anti-CD! lb (1:400 dilution) were

used overnight at 4 °C in the 0.2 % T riton /10 % FBS/PBS solution. The slices were then

incubated with goat anti-rabbit Alexa 488-conjugated (1:400 dilution) and goat anti-

mouse-Alexa 568 (1:400 dilution) in 10 % FBS/PBS solution at RT for 2 hrs. Slices were

rinsed extensively in PBS and mounted on glass slides with Vectashield, preparations

were cover slipped, sealed with nail polish, and scanned with a Leica TCS-NT confocal

microscope (Leica Microsystems) equipped with an argon-krypton laser, at resolutions

of 512 X 512 pixels at 10 x magnification. A  certain degree of activated glia markers

was present in the cells adherent to the injection, fo r all three types of f-MW NT

tested (MWNT-3, MWNT-4 and MWNT-5) and the control. To quantify the

fluorescence we excluded the cells adherent to  the injection site as a minimal level of
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activation is always present by glial cells in contact with a non-self recognized material, 

such as f-MWNT, Image files were analyzed off-line with MetaMorph (version S.Orl 

MetaMorph; Molecular Devices) to  measure fluorescence intensity in an area of 1x0.5 

pm surrounding the injection sites.

To evaluate the statistical significance of the results, the average ± SEM of 6 

slices/mouse were calculated and at least 3 mice per treatment group were sacrificed 

in three independent experiments. The Immunohistochemical studies were conducted 

in collaboration with D r Giuseppe Bardi (Center for Nanotechnology Innovation, Pisa, 

Italy). The Immunohistochemical studies and quantification analysis were conducted by 

D r Giuseppe Bardi (Center for Nanotechnology Innovation, Pisa, Italy).

3.2.6. Cytokine expression studies

3.2.8.1. Brain collection for rt-PCR studies

After the stereotactic injection with 5 % dextrose saline solution, 

lipopolysaccharide (LPS) positive control, M W N T -N H / o r oxM W N T-N H /, C57/BL6 

mice were sacrificed at the desired time-point (3 hrs, 16 hrs, 24 hrs, 7 days and 14 

days) and the brains were quickly removed and anatomically dissected. The right 

hemisphere of the cortex (injection site) was cryopreserved ready for RNA extraction.
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3.2.8.2. Q uantita tive  R T-PC R  (qR T-P C R ) study

Brain tissue was homogenised using liquid nitrogen and total RNA was 

extracted with an RNeasy Mini Kit according to the manufacturer’s instructions 

(Qiagen). The concentration of total RNA was determined by measuring the optical 

density 260 nm/280 nm ratio. RNA purity was confirmed between the expected values 

of 1.8-2.0. First strand cDNA was prepared from I pg RNA in a total volume of 20 pL 

using the Biorad iScript cDNA Synthesis Kit. Real time-PCR was performed using the 

CFX96® RealTime-PCR Detection System (BioRad). The reactions contained I x Fast 

SYBR® Green Master Mix (Biorad), each primer at 200 nM (see Table 3.1 fo r further 

details) and I pL of cDNA from reverse transcription PCR in a 25 pL reaction. After 

an initial dénaturation step at 95 °C for 10 min, amplification was carried out with 40 

cycles of dénaturation at 95 °C for 10 sec, annealing at 60 °C for 30 sec. Amplification 

was followed by a melting curve analysis to confirm PCR product specificity. No 

signals were detected in no-template controls. All samples were run in triplicates and 

the mean value of each triplicate was used for further calculations. Relative expression 

was calculated using the AACT method. The quantity of P-actin (housekeeping) 

transcript in each sample was used to  normalize the amount of each primer transcript. 

Then the normalized values for each primer transcript were compared to  the 

normalized expression in the 5% dextrose control groups to  calculate a fold change 

value.

To evaluate the statistical significance of the results, the average ± standard 

deviation (SD) of 3-4 mice per treatment group and per time-point was calculated.
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Table 3.1: Sequences of forward and reverse primers used In qRT-PCR.

Primer Sense strand (5* - 3*) Antisense strand (5* -  3*)

mP-actin CATTGGCATGGCTTTGfTT GGACTTCCTGTAACCACTTAT

mTNF-a CCTCCACTTGGTGGTTTGCTA CAGACCCTCACACTCAGATCATCT
mIL-lp GTGTGCCGTCTTTCATTACACAG GGACAGAATATCAACCAACAAGTGATA
mTGF-pi AGGGCTGTCTGGAGTCCTC GACCAGCCGCCGCCGCAGG
mlL-6 ATGGATGCTACCAAACTGGA CCTCTTGGTTGAAGATATGA
mMCPI CATGCTTCTGGGCCTGCTGTTC CCTGCTGCTGGTGATCCTCTTGTAG
mIL-IO ACCTGCTCCACTGCCTTGCT GGTTGCCAAGCCTTATCGGA

3.2.9. Raman Microscopy studies

3.2.9.1. Brain collection for Raman spectroscopy

For Raman analysis, after sacrifice the animals by over exposure to  anaesthesia, 

the brains were removed, snap frozen by immersion into isopentane pre-cooled in 

liquid nitrogen, and then stored at -80 °C until further use.

3.2.9 2. Preparation of brain tissues samples for Raman microscopy

Pre-frozen brains were mounted in circular cork with O.C.T. freezing mounting 

media and placed in cryo-microtome under the desired orientation. Twenty micron 

thick sections were prepared on a cryo-microtome (Leica Microsystems, CM3050S), 

air-dried for I hr at RT, post-fixed in methanol pre-cooled at -20 °C, and then left to 

dry and kept at RT before analysis.
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3.2 9.3. Imaging and analysis by Raman spectroscopy

Raman spectra were recorded on a Renishaw inVia microRaman equipped with 

a Leica microscope and a He-Ne LASER (633 nm), using a 50 X  objective lens at 5 % of 

the total LASER power. Raman scattering signals were acquired on brain regions 

where black material appeared (as shown in Fig. 6 .15). Raman spectra were corrected 

for tissue auto-fluorescence and normalized to  G band intensity. Raman spectroscopy 

analysis of the brain sections was conducted by D r Cyril I Bussy (UCL, School of 

Pharmacy, UK) and Prof. Moreno Meneghetti (Department of Chemical Science, 

University of Padova, Italy). D r Cyril I Bussy and Prof. Moreno Meneghetti performed 

all the Raman experiments and respective data analysis described in this thesis.

3.2. / 0. Pharmacokinetic modelling studies

A bi-exponential function of the form f { t )  =  has been fitted

through the data points. Here A and B are the coefficients of the exponential terms 

and and are the corresponding time constants. The parameters ̂ , 5 ,  and 

Tg are found by minimising the squared error between the data points and the function 

/ ( / ) .  More precisely, \fy. is the measured % I.D. value at time (for / = ! , . . . ,« ) , then 

we minimize the squared error.

= f^ ( A  e " '”  ̂ - y , ) \

Equation 3.2
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The values o f a n d  that give a minimum of Eare used in the bi

exponential fit. The minimum of E  has been found using the Matlab© function 

Isqnonlin. The actual half times of the bi-exponential fit are given by 1̂/2 W  = 

and ty^{p)-\og{2) The fitted value at r =  0 is given by/ ( O )  = ^ -1 -5 and the 

corresponding volume of distribution factor is given by F<i' = 100/ f  (fS) = \001 {A + B ) . 

The actual volume of distribution is then given by Vd = Vd'*\.lmL,  where we have 

assumed a blood volume of 1.7 mL for a 20 g mouse. The mathematical modelling was 

kindly performed by Prof. Huub ten Eikelder (Biomodelling and Bioinformatics Group, 

Eindhoven University of Technology, The Netherlands).

3,2.1 /. Radioactivity detection protocols

3.2.11.1. Preparation of [" 'ln ]D T P A -M W N T  and [" 'In ]D O T A -M W N T  

radioconjugates

In order to  carry out the biodistribution and autoradiography studies, DTPA 

functionalised nanotubes were radiolabel with Indium (['" in ]). [ '" In ] was selected as 

radioisotope for its capacity to  rapidly be caged by DTPA with high thermodynamic 

equilibrium constant [159, 160]. [" 'In ] decays by electron capture with a physical half- 

life of 67.9 hrs, and others have previous showed that ['"ln ]DTPA complex exhibit a 

strong chelating effect in the presence of human serum [160].
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The labelling of MWNT-DTPA derivatives (MW NT-6, MWNT-7 and MWNT- 

8) with [" 'ln ]C l3 was performed according to the method described before [161-163]. 

Dispersions of MWNT-DTPA dérivâtes were diluted (I: I (v/v)) with 0.2 M ammonium 

acetate buffer (pH 5.5) containing ['" in jC lj. The optimisation of the labelling was 

performed in order to control the time of labelling, and introducing a mechanical force 

(vortex IKA® MS3 Basic (UK)) every 2 min, during 30 min to  help the dispersion of 

CNT during the reaction. According to  the sensitivity of each study, the quantity of 

radioactivity was adjusted. As a standard procedure, dispersions of DTPA-MWNT (80- 

400 pL of 250 jJg/mL) were diluted with an equal volume of 0.2 M ammonium acetate 

buffer pH 5.5, to  which 2-20 MBq as indium chloride ("'inClg) was added.

After 30 min, the reaction was stopped by adding of 0.1 M EDTA solution to 

the mixture, in order to  chelate the free ['" In ]. The mixture was then centrifuged (30 

min, 13000 rpm, at RT using MSE Microcentaur ® (UK), to  separate the free indium 

(supernatant) from the ['"ln]DTPA-M W NT radioconjugates (pellet). ["'In]DTPA- 

MW NT radioconjugates were then re-hydrated with 5 % dextrose (w/v) at I mg/mL.

In case of DOTA-MW NT labelling, similar procedure was allowed except that 

the mixture was heated at 90 °C for I hrs. '" inC lj alone, used as a control, was also 

subjected to  the same conditions of the labelling reaction.

3.2 .11.2. Thin-layer Chromatography (TLC )

3 .2 .11.2.1. Determ ination of labelling efficiency

Aliquots of each final radioconjugates product were diluted five folds (1:5) in 

PBS and then I pi spotted on silica gel impregnated glass fiber strips (glass microfiber
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chromatography paper impregnated with silica gel -  iTLC-SG (Varian® (USA)). The 

strips were developed with a mobile phase of 50 mM EDTA in 0.1 M ammonium 

acetate and allowed to  dry and developed before analysis. The strips were placed on a 

multipropose storage phosphor screen (Cyclone®, Packard, Japan) and kept in a 

autoradiography cassette (Kodak Biomax Cassette®) for IS min. Then, quantitative 

autoradiography counting was performed using a cyclone phosphor detector 

(Packard®, Australia).

The immobile spot on the TLC strips indicated the percentage of radiolabelled 

['"In]DTPA-M W NT conjugate , while the free " ‘in or ["'ln ]D TPA were shown by the 

mobile spot. For checking for free DTPA contamination, the strips were developed 

with a mobile phase of 3.5 % NH^: methanol (1:1) without quenching with EDTA. The 

mobile spot on the TLC strips indicated the percentage of free DTPA present in the 

DTPA-MWNT mixture while precipitated ['" In ] or radiolabelled ["'In]DTPA-M W NT 

conjugate remain at the application point, the absence of free DTPA in the mixture 

was confirmed

3 .2 .11.2.2. Determ ination of labelling stability

To determine the stability of the ["'In]DTPA-M W NT radioconjugates, aliquots 

of each final product were diluted five folds (1:5) either in PBS or 50 % mouse serum 

(Sera Laboratories International LDT, UK) and then incubated at 37 °C over 24 hrs. A t 

different time-points (0 hr, I hr and 24 hrs), I pL of the aliquots was spotted on silica 

gel impregnated glass fiber sheets and then developed, and quantified as described 

above.
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3.2 .11.3. Single photon computed tomography (nanoSPECT/CT)

3.2 .11.3.1. nano-SPECT/CT after Intravenous administration

C57/BL6 mice were anaesthetised by isofluorane inhalation. Each animal was 

injected via the tail vein injection with 250 pL containing 50 pg of ["'ln]DTPA-M W NT 

containing approximately 5-6 MBq. ["'ln ]ED TA was injected as a control. Immediately 

after injection (t=0.5 hr) and at t=3.5 hrs and t=24 hrs, mice were imaged using the 

nano-SPECT/CT scanner (Bioscan®, USA). For each mouse, tomography (45 Kvp; 1000 

ms) was initially performed in order to select the best acquisition parameters for 

SPECT and CT: starting line, finish line and axis of rotation; All those parameters are 

dependent on the dimensions of each animal and the dimensions of the area that one 

wants to analyze. Using these references, SPECT images were obtained in 24 

projections per 60 sec/projection, over 40-60 min using a four-head scanner with 1.4 

mm pinhole collimators. CT scans were taken at the end of each SPECT acquisition 

and all images were reconstructed with MEDISO® software (Medical Imaging Systems). 

Fusion of SPECT and CT images was carried out using the PMOD software.

3.2.11.3.2. nano-SPECT/CT after intra-nasal administration

Balb/C mice were anaesthetised by isofluorane inhalation. Anaesthetised mice 

(n=2) were intra-nasally administrated with 15 pL of MW NT dispersion (containing 15 

pg of ['"ln]DTPA-M W NT radioconjugates and 4-5 MBq radioactivity). ['"ln ]ED TA 

was used as a control (4-5 MBq radioactivity). Immediately after injection (t=0.5 hr)
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and at t=3.5 hrs and t=24 hrs, mice were imaged using the nano-SPECT/CT scanner 

(Bioscan®, USA). For each mouse, tomography (45 Kvp; 1000 ms) was initially 

performed in order to select the best acquisition parameters for SPECT and CT: 

starting line, finish line and axis of rotation. All parameters optimised for each animal. 

SPECT images were obtained in 24 projections (60 sec/projection), over 40-60 min 

using a four-head scanner with 1.4 mm pinhole collimators. CT scans were taken at 

the end of each SPECT acquisition and all images were reconstructed with MEDISO® 

software (Medical Imaging Systems). Fusion of SPECT and CT images was carried out 

using the PMOD software.

3.2.11.3.3. Dynamic acquisition using nano-SPECT/CT after intra-nasal 

administration

For the dynamic nanoSPECT/CT acquisitions, all procedure was similar as 

above, except the fact that the animals were placed immediately after intra-nasal 

administration in the nanoSPECT/CT scanner and cycles of 15 min during I hr of 

SPECT acquisition were taken. During the duration of dynamic acquisition, the animal 

was maintained anesthetised in the same position. All data were reconstructed with 

MEDISO® (medical Imaging System) and the fusion of SPECT and CT acquisitions were 

carried out using PMOD® software.
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3.2.11.3.4. nano-SPECT/CT after stereotactic administration

To conduct nanoSPECT/CT imaging experiments after stereotactic 

administration we have used Wistar Rats instead of mice. In all other experiments 

described in this thesis, mouse was the animal model selected. For this particular 

experiment, there was a need to  upscale de dose of radioactivity injected in the brain, 

therefore we used rats as we were allowed to inject higher volume of radiolabelled 

CNT solutions.

Animals (in this particular case we used Wistar Rats) were anaesthetised by 

subcutaneous injection of mixture Ketamine® and Xylazine® (1:1) and mounted on a 

stereotactic apparatus. Injections of up to  2 pL volume were carried out at specific 

stereotactic locations in the motor cortex (Latero-Lateral(x) +0.5mm, Dorso- 

Ventral(y) +l.5mm) as described in Section 3.2.5.2 3. M W NT dispersion (containing 

2 pg of [ '" In ] DTPA-MWNT radioconjugates and 1-2 MBq radioactivity). ['"inJEDTA 

was used as a control (1-2 MBq radioactivity). Immediately after injection (t=0.5 hr) 

and at t=4 hrs and t=24 hrs, rats were imaged using the nano-SPECT/CT scanner 

(Bioscan®, USA). For each rat, tomography (55 Kvp; 1000 ms) was initially performed 

in order to  select the best acquisition parameters for SPECT and CT: starting line, 

finish line and axis of rotation. All parameters optimised fo r each animal. SPECT images 

were obtained in 24 projections (150 sec/projection), over 30 min using a four-head 

scanner with 1.4 mm pinhole collimators. CT scans were taken at the end of each 

SPECT acquisition and all images were reconstructed with MEDISO® software (Medical 

Imaging Systems). Fusion of SPECT and CT images was carried out using the PMOD 

software.
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3 .2 .11.4. G am m a (y) Scintigraphy

3.2 .11.4.1. Gam m a scintigraphy after intravenous administration

C57/BL6 mice (n=3-4) were injected with 250 pL containing SO pg of 

["'In]DTPA-M W NT or ['"in jED TA in 5 % dextrose via tail vein injection (containing 

0.2-0.5 MBq radioactivity per injection). 24 hrs after injection, the animals were 

sacrificed and the major organs (brain, lung, liver, spleen, kidney, hear, stomach, 

intestine, muscle, skin and femur) were collected, weighed and placed in scintillation 

vials. Each organ was analysed for [" 'In ] specific activity using an automated gamma 

counter (Wallac 1480 Wizard 3” , PerkinElmer, USA) together with dilutions of 

injected dose with dead time limit bellow 60 %.

The gamma emission by the radioisotope was detected, quantified and 

corrected for physical radioisotope decay by the gamma counter. Radioactivity 

readings (counts per minute- CPM) were plotted as percentage of injected dose per 

organ or percentage of injected dose per gram of tissue. The data were expressed as 

the mean of triplicate or quadruplicate samples±SD.

3.2 .11.4.2. Blood profile by gamma scintigraphy after intravenous 

administration

C57/BL6 mice (n=3-4) were injected with 250 pL containing 50 pg of 

['"in]DTPA-M W NT or ['"ln]EDTA in 5% dextrose via tail vein injection (containing 

0.2-0.5 MBq radioactivity per injection). A t different time-points (2, 5, 10 and 30 min; 

4, and 24 hrs) after injection, the 50 pL of blood was collected from the tail using a
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heparinised capillary. The collected samples were then placed in scintillation vials ready 

for analysis.

Each sample was analysed for [" 'In ] specific activity using an automated gamma 

counter (Wallac 1480 Wizard 3” , PerkinElmer, USA) together with dilutions of 

injected dose with dead time limit bellow 60 %. Radioactivity readings were plotted as 

percentage of Injected dose per total blood. The data were expressed as the mean of 

triplicate or quadruplicate samplestSD.

3 .2 .11.4.3. Gam m a scintigraphy after intra-nasal administration

C57/BL6 mice (n=3-4) were intra-nasally administrated with 15 pL of nanotube 

dispersion (containing IS ug of ["'ln ]DTPA-M W NT radioconjugates and 0.2-0.5 MBq 

radioactivity) or IS pL of [" 'in jED TA  control. A t the end of each time-point (I hr, 4 

hrs and 24 hrs), the animals were sacrificed and the major organs (brain, lung, liver, 

spleen, kidney, heat, stomach, intestine, muscle, skin and femur) were collected, 

weighed and placed in scintillation vials. Each organ was analysed for ['" In ] specific 

activity using an automated gamma counter (Wallac 1480 Wizard 3", PerkinElmer, 

USA) together with dilutions of injected dose with dead time limit bellow 60 %.

In another set of experiments, CS7/BL6 mice (n=3-4) were intra-nasal 

administrated in the same way but this time to  measure spatial uptake in brain tissues, 

each brain was sectioned into S sequential coronal section (« 3mm each) using a brain 

matrices (Ziw ic Instruments®, USA), as depicted in Figure 3.1. Each brain section 

was weighed and analysed by gamma counter.
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Figure 3.3: Scheme of the sectioning performed in the brain after intra
nasal administration.

The gamma emission from the radioisotope was detected, quantified and 

corrected for physical radioisotope decay by the gamma counter. Radioactivity 

readings (counts per minute- CPM) were plotted as percentage of Injected dose per 

organ or percentage of injected dose per gram of tissue. The data were expressed as 

the mean of quadruplicate samplesiSEM.

3.2.1 1.5. In situ Autoradiography

Animals were intra-nasally administrated with 15 pL of nanotube dispersion 

(containing 15 ug of [ " 'ln]DTPA-MWNT radioconjugates and 0.2-0.5 MBq 

radioactivity). A t the end of each time-point (I hr and 24 hrs) the brain was isolated. 

Each brain was divided into 2-3 mm para-sagittal sections using mouse brain matrice 

(Ziwic Instruments®, USA) and each section were placed in glass microscope slides 

and covered with transparent tape. Each slide was placed in contact with super 

sensitive screen (Cyclone® storage phosphor screen, Packard) for 16 hrs in an

126



Chapter-Ill

autoradiography cassette (Kodak Blomax Cassette®) and then, the screen was 

developed using cyclone phosphor detector (Packard®, Australia).

3,2. i 2, Transmission Electron Microscopy (TEM)

3.2.12.1. Brain collection for TEM

Mice were intracardially perfuse under terminal anaesthesia (Euthatal®) with 3 

% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.4) (as shown in Figure 3.1). 

Briefly, anesthetised mice were placed on their back and lateral cuts were performed 

on both sides of the diaphragm. A needle was then inserted through the left ventricle 

in order to reach the ascending aorta and a total volume of 30-50 mL of fixative was 

delivered. Immediately after the initiation of fixation, a section in the right auricle was 

made in order to facilitate the escape of blood from systemic circulation.

Fixation via Cardiac perfusion
(3KGIuter aldehyde
in 0.05M Sodium cocodyUte buffer)

Control or test mouse

After 2 days in fixative buffer we 
remove all bones and isolate ttie 
wftole brain.

Figure 3.4; Schematic of brain isolation. The mouse was cardiac perfused before 
isolation of the whole brain.
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Following intracardiai perfusion, the brain was isolated and placed in the fixative 

for an additional 2-3 days at +4 °C, before being transferred to  I M cacodylate buffer 

(pH 7.4) until further analysis.

3 .2 .12.2. Preparation of brain tissue samples for TEM

After cardiac perfusion of the animal, the brain were isolated and placed in 

fixative (see Section 3.2.12.1). Coronal sections with I mm thickness were prepared 

using a mouse brain matrix (Zivic Instruments®, USA). Then, these sections were 

washed several times with deionised water, submitted to a second fixation with 

osmium tetroxide for 90 min, rinsed with deionised water, and finally dehydrated by a 

series of ethanol grades: 70 %, 90 %, 100 %. The brain specimens were then infiltrated 

with propylene oxide, followed by 1:1 (v/v) propylene oxide:araldite resin and finally 

were left in neat resin overnight at RT (Figure 3.2). On the following day, coronal 

sections were positioned at the desired orientation in the embedding moulds and 

placed in oven (60 °C) for 2-3 days to allow for resin polymerisation.

3 .2 .12 .2 .1. Semi-thin sections

Semi-thin sections were prepared from resin blocks in order to  give better 

orientation and to check the quality of the specimen (dependent on the good fixation). 

Also, allowed the selection of the area of interest for screening by TEM. Polymerised 

blocks were placed on the ultramicrotome (UltraCut E, Reichest Jeng, Leica, UK) and a 

rough trimming was carried out using freshly prepared glass knife (Knife marker, LKB 

Bromma. Sweden). Once a clean block surface was obtained, the microtome was
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precisely aligned with a diamond knife (SEMI diamond knife, Leica, UK) in order to  cut 

semi-thin sections. Semi-thin sections (approximately 0.71 pm thickness) were 

collected and then stained with I % toluidine blue in I % Borox. After washing with 

distilled water, the sections were mounted on a slide with DPX mounting media, and 

observed under light microscope (Leitz DMRB, Leica, UK).

3.2.12.2.2. U ltra-thin sections

To carry out TEM imaging, ultra-thin sections were cut from a selected area of 

the resin block. After the identification of the area of interest in the semi-thin sections, 

the block was trimmed with a clean razor-blade into a regular shape (trapezium or 

rectangular) of around Ix l mm area. After the block be placed on the microtome and 

precisely aligned with a diamond knife (Diatome 45°, Leica, UK), the ultra-thin sections 

(approximately 70 nm thickness) were cut. Sections that presented a silver 

interference colour were selected as they represent the desired thickness for TEM. 

The unwanted sections (with other colours) were discarded. The selected ultra-thin 

sections were then stretched with chloroform and collected onto 400-mesh copper 

3.05 mm grids (Athene grids. Agar Scientific, UK). Ultra-thin sections were allowed to 

dry and stored in a grid box until further use. During the experiment all the 

instruments and grids were thoroughly cleaned with ethanol and all solutions used 

were filtered with disposable Milipore® membranes (0.22 pm).

A  summary of all the procedures used during the preparation of the brain 

specimens for TEM are shown on Figure 3.3.
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Needle track visible

Section (l-2 m m  thickness) containing During the process special attention to orientation of the
injection site are selected specimen

Block o f the specimen 
after the embedding in 
resin

Fixation: 3% Gluteraldahyde in 0 .05M  Sodium Cocodylate buffer

Section: 1mm Store in O .IM
cocodylate
buffer

Processing:

Rising H 20

Second fixation 0 s 0 4 3 hrs

Dehydratation H 20

70% 10 min

90% 10 min

Abs x4 10 min (x4)

PO x2 15m in (x2 )

PO : Resin 30 min

Resin Overnight

Embedding in resin Resin 2-3 days

Cutting:

Semi-thin Sections 1% Toluidine blue /1 %  borax Light
Microscope

Ultra-thin Section W ith and W ithout staining Electronic
Microscope

TEM imaging

Figure 3. 5: Preparation of the brain specimens for TEM. (A) Isolation of the 
brain, (B) and (C) section of the area under study; (D) Block with brain specimen 
embedded in resin ready to be cut. (E) Represents a summary of all steps from fixation 
of the mouse until the image by TEM.
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3 .2 .12.3. Preparation o f C N T  dispersion samples fo r TE M

Sonicated CNT dispersions were deposited on 400-mesh copper grids coated 

with formvar/carbon support film (Agar Scientific®, UK) and allowed to dry at RT 

before imaging under transmission electron microscope.

3.2 .12.4. imaging samples by TEM

Grids with aqueous samples or with ultra-thin sections from brain tissue were 

inspected and imaged under transmission electron microscope. TEM was performed 

with the one of the following microscopes: Philips CM 10 or Philips 208. Different 

accelerating voltage and magnifications were used. The images were captured with 

high-resolution digital cameras coupled to the TEM microscope.

3.2.13. Statistical analysis

One way analysis of variance (ANOVA) was used to  compare the different 

variables in the brain uptake studies after intra-nasal administration, in the cytokine 

expression studies and in the glia cell activation studies after stereotactic injection. 

Tukey’s and Bonferroni tests were used for post hoc comparisons between all

experimental groups. For all comparisons a probability of p^O.05 was considered

statistically significant.

131



Chapter-IV

4. Organ Biodistribution and Long Term Fate 

after Intravenous Administration

Through the use of different techniques -  SPECT/CT imaging, gamma 

scintigraphy, and pharmacokinetic modelling - ,  it was established that early renal 

clearance takes place shortly after intravenous injection and is highly dependent on the 

degree of chemical functionalisation (amino group content). Increasing the degree of 

hydrophilic chemical functionalisation in a controlled manner can lead to improvement 

in kidney excretion while a low degree of functionalisation favours RES accumulation. 

This Chapter envisages that by controlling the degree of surface functionalisation, it is 

possible to produce CNT with a predicted organ accumulation profile in vivo, which is 

considered highly important in designing advanced nanotube-based diagnostics and 

therapeutics.
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4.1. IN T R O D U C T IO N

CNT were first described by Ijima in the 1990s [151]. Pristine (as produced 

non-functionalised) carbon nanotubes are water insoluble and a variety of chemistries 

have been applied to  nanotube surface in order to  functionalise them and render them 

dispersible in aqueous environment [154, 158, 164, 165]. It has been previously 

reported functionalisation by covalent addition of azomethine ylides [96, 154, 158, 164, 

165] (1,3-Dipolar cycloaddition) onto the carbon backbone of nanotubes to introduce 

the appended hydrophilic amino groups to  the inherently hydrophobic carbon 

structure. In order to  understand the pharmacokinetic profile of CNT chemically 

modified by addition reactions, our laboratories have previously evaluated the 

biodistribution of f-SWNT and f-MW NT after intravenous administration in mouse 

and rat models [161, 163]. Ammonium functionalised SWNT (SWNT; average 

diameter I nm; average length 300-1000 nm) [161] and MW NT (MWNT: average 

diameter 20-30 nm; average length 500- 2000 nm) [163] were conjugated with the 

chelating molecule diethylentriaminepentaacetic (DTPA) and then labelled with 

radioactive indium [" 'In ] for imaging purposes. Previous dynamic imaging studies by 

SPECT/CT and quantitative gamma scintigraphy indicated the rapid clearance of such 

highly functionalised nanotubes (>0.99 mmol/g) from the systemic blood circulation 

through renal excretion with minimal accumulation in the reticuloendothelial system 

(RES).
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Subsequent studies verified this behaviour by showing rapid clearance of the 

short hydroxylated SWNT (SWNT-ols) [166] o r the ammonium functionalised SWNT 

[167] after intravenous administration in mice. Moreover, Guo et al. [168] reported 

renal clearance of carboxylated glucosamine functionalised MW NT after intra- 

peritoneal administration. In contrast, other studies have reported accumulation of 

non-covalently coated MW NT in RES organs such as liver and spleen [169]. Lacerda et 

al. [170] have also reported liver and lung accumulation of serum coated pristine 

MWNT; similar results were obtained for Pluronic F-108 coated SWNT which showed 

mainly liver accumulation.

Several factors are expected to play a role in the in vivo fate of CNT including 

the type of surface modification (physical coating versus chemical functionalisation) and 

the degree of chemical functionalisation. Since pharmacokinetic profiling of carbon- 

based nanomaterials is essential from both pharmacological and toxicological point of 

view, this Chapter focused on the evaluation of the effect of the degree of MW NT 

chemical functionalisation on their ensuing pharmacokinetic profile.

4.2. RESULTS

4.2 ./. Chemical functionalisation o ff^M W N T and DTPA conjugation.

Two strategies were followed to functionalise the MW NT with

diethylentriaminepentaacetic acid (DTPA) molecules (Figure 4.1). In the first

strategy, ammonium functionalised MW NT were prepared by 1,3-Dipolar
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cycloaddition and subsequently conjugated to  DTPA as previously reported [161]. In 

the second approach, MW NT were first oxidised by acid treatment.

MWNT-NH

(MWNT*.)

NH,*

ii)

PtMm MWNT
(HWNT-I)

oxMWNT-NH-DTWk
(MWNT*)

ill)

PM-oddb.* MWNT 
(MWNT2)

oxMWNT-wiidNH,* exMWNTanld-NH-DTM

LswfbtctfeioCitd 
(MWNT 7.)

iH n a n é a t»
(MWNT4)

la w fu K H m lk ti 
(MWNT 7)

b t tm w J o M  (faK d«M 0M d 
(MWNT#)

9"V
Figure 4. I: Synthesis of D T P A -M W N T  (M W N T -6 , -7 and -8) studied, i) I)
Boc-NH-(CH2CH20)2-CH2CH2-NH-CH2-COOH/(H2CO)n in DMF; 2) 4 M HCI in 
dioxane. ii) DIEA/DTPA in dry DMSO/DMF. iii) H^SO/HNO^ (3:1), sonication. iv) I) 
Neat (COCI)^; 2) Boc-NH-(CH2CH20)2-CH2CHrNHz,dry THF; 3) 4 M HCI in 
dioxane.

Oxidation of carbon nanotubes by strong acids removed residual metallic

catalyst impurities and, along with sonication, shortened the carbon nanotubes and

introduced carboxylate groups, mostly at the tube ends and defect sites. The

carboxylate groups were then converted by amidation generating functionalised
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MW NT of various amino group contents subsequently conjugated to  DTPA. The 

derived DTPA-MWNT (MW NT-6, -7 and -8) were then chelated with radioactive

[" 'In ].

Table 4.1: D T P A -M W N T  characteristics.

f -M W N T
Initial NH^ loading 

(mmol/g)*^*^

% D T P A
loading

Free NH^ loading 

(mmol/g)^*^

M W NT-6 0.058 100% 0.0

M W NT-7 0.1 IS 30% 0.08

M W NT-8 0.320 89% 0.034

Based on the degree of chemical functionalisation, DTPA-MWNT studied were 

categorised into two types. The low degree of functionalisation DTPA-MWNT 

constructs (modified by 1,3-Dipolar cycloaddition or amidation reaction) 

corresponding to  0.058-0.1 IS mmol of amino groups per gram of nanotube material 

(mmol/g) (MW NT-6 and -7). The intermediate degree of functionalisation DTPA- 

M W NT constructs corresponded to 0.320 mmol/g (M W NT-8). This nomenclature 

was used to  differentiate these constructs from high functionalisation degree DTPA- 

M W NT (> 0.5 mmol/g) which we previously reported [7,8]. The quantitative Kaiser 

test was used to  establish the amount of free amino group content before and after 

DTPA loading. The characteristics of the DTPA-MWNT are summarised in Table 4.1. 

The DTPA conjugation on M W NT-6 reveal led to  be 100%, meaning that the DTPA 

could react with all the available free-amino groups on M W NT-6a. This was likely due
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to the side-wall functionalization through 1,3-Dipolar cycloaddition reaction, that 

exposed the free amino groups to DTPA in an optimal way in comparison to the pre- 

oxoxidised constructs. As concerns samples MWNT-7 and MWNT-8, the coupling 

with DTPA was less efficient, most probably due to a higher steric hindrance of the 

carboxylated functions in correspondence of the tubes’ tips. For the case of MWNT-7, 

a possible explanation for the low DTPA conjugation efficiency might be associated to 

the incorrect coupling reaction with TEG in sample MWNT-7a. If TEG was not 

covalently bond to the CNT, the following treatment with the base DIEA might have 

detached some TEG from the tubes, thus offering many more free-amino functions for 

the coupling with DTPA.

M W N T 6 M W N T 7 M W N T 8

I

200nal 200n;

C
224 0 -

20

Pristine MWNTPristine MWNT 

Y // / [  Oxidised MWNT

3 0 -

» .

I

1 0 -

250 500 750 1000 1250 1500 1750 2000 2250 250(

Length (nm) Oi*motor (nm)

Figure 4.2: Characteristics of D T P A -M W N T  used in this study. (A)
Representative Transmission Electron Microscopy of DTPA-MWNT studied; (B) and 
(C) represent a histogram from the semi-quantification using image J® of the length and 
diameter of DTPA-MWNT dispersions observed under TEM.
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Transmission electron microscopy (TEM) images (Figure 4.2) of the DTPA- 

MW NT constructs was obtained after aqueous dispersion and deposition onto a TEM 

grid and evaporation of water. Average diameter and length of M W NT-6 were 25-35 

nm and 0.5-1 pm, respectively, while shorter nanotubes were observed in MWNT-7 

and M W NT-8 (100-300 nm average length) due to  acid treatment, as expected.

4.2.2. Radio-labelling o f DTPA-M W NT and stabiiity studies in serum

In order to perform in vivo imaging of the DTPA-MWNT constructs in mice, 

the material was radio-labelled with [" 'In ], chosen because of its optimum half life 

(67.5 hrs) and because chelating agent DTPA rapidly cages [ " ‘In] with a high 

thermodynamic equilibrium constant [160]. DTPA-MWNT were radio-labelled as 

described in the method section. The reaction efficiency was determined by thin layer 

chromatography (TLC) and a phosphor imager (Figure 4.3).
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A A fte r Labelling reaction

Solvent f ro n t . f  t
1

B Prior to  injection

Application point  ir-
[ I  I I In] EO T A  M W N T  6

f
M W N T  7 M W N T  7 M W N T  8

Figure 4.3: The Labelling efficiency of [ '" ln ]D T P A -M W N T  conjugates. (A)
Images of TLC strips of [ " ' InJEDTA, MW NT-6, -7 and -8 immediately after the 
Labelling reaction and dilution in PBS. Labelling conditions: DTPA-MWNT
(lOOpgMOOpI) mixed with '" in  (20 MBq) in 0.1 M ammonium acetate buffer at pH 5.5 
for 30min. TLC was run in 50mM EDTA in 0.1 M ammonium acetate buffer pH 5.5. 
["'ln]DTPA or ['"In jEDTA migrates to solvent front. (B) TLC strips after washing and 
prior injection of DTPA-MWNT showing the absence of ["'InjEDTA.

Quenched ["'In jEDTA migrated to the solvent front while ["'inJDTPA- 

MWNT remained at the application point (Figure 4.3 and Table 4.2). As expected, 

specific radioactivity (MBq/mg of CNT) was improved as the degree of chemical 

functionalisation and DTPA loading increased. Excess un reacted ["'inJDTPA was 

quenched by addition of excess EDTA, and then removed by centrifugation. 

["'inJDTPA-MWNT pellets were recovered and re-suspended in 5% dextrose before 

administration into mice. The absence of free ["'InJDTPA in the injected dose was 

confirmed by TLC of the “ ready to inject” material (Figure 4.3 B and Table 4.2).
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Table 4.2: Percentage radioactivity (RA) detected at the application point 
( [" 'ln ]D T P A -M W N T ) determined by TLC .

f - M W N T
% o f R A  a fte r  labelling % R A  p rio r

reaction  in jection  in m ice

M W NT-6 15-20% 98.8%

M W NT-7 20-30 % 98.9 %

M W NT-8 70-90 % 99.8 %

Serum stability studies were conducted by assessment of free [" 'In ] released in 

the dispersion after 24 hrs incubation in 50 % mouse serum at 37 °C (Figure 4.4). All 

radio-labelled constructs have shown stability in the presence of serum.
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Figure 4.4: Labelling stability of [ '" in ]D T P A -M W N T  conjugates. (A) Stability 
of the conjugates after incubation in (A) PBS or (B) 50 % serum, at 37°C over 24 hrs. 
Y-axis represents the percentage of radioactivity at the application point ( [ ' " InJDTPA- 
MWNT) on TLC strips as a percentage of total radioactivity applied to the TLC strip.

4.2.3. Dynamic whole body imaging o f f~MWNT by SPECTICT in

mice

Each group of animals (n=3-4) was administered via tail vein injection with 50 

Mg of [ ' " InJDTPA-MWNT containing approximately 5-6 MBq. Three-dimensional
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reconstruction of the whole animal by SPECT/CT imaging of [ " 'In]DTPA-MWNT or 

['"In jEDTA was conducted immediately after injection (refereed to here as 0.5 hrs), 

3.5 hrs and 24 hrs (Figure 4.5).
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Figure 4.5: Nano-SPECT/CT fused images of the whole mouse. Images were 
taken at 0.5 hr, 3.5 hrs and 24 hrs post-injection for MWNT-6, -7 and -8 after injection 
of 50 |Jg of [ I I  I InjDTPA-MWNT with a scanning time up to 0.5 hrs.
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SPECT/CT imaging of MWNT-6 showed tissue accumulation predominantly in 

the liver followed by spleen, then lung. Signals were also detected in the bladder at 

early time point (0.5 hr) due to  early excretion of the individualised MW NT fraction. 

Imaging of MWNT-6 at later time points (3.5 hrs and 24 hrs) showed mainly liver and 

spleen accumulation with signals being reduced in the lung, and completely abolished in 

bladder. SPECT/CT imaging of MW NT 7 (f=0.115 mmol/g) showed a similar profile as 

MWNT-6 (f=0.058 mmol/g) at all time points. MWNT-8 (f=0.32 mmol/g) exhibited 

altered organ distribution profile from MWNT-6 and -7 with a clear reduction in liver 

accumulation and an increase in lung and spleen accumulation at 24hr. Moreover, at 

0.5 hr bladder signals were more intense in MWNT-8 than MWNT-6 and -7.

Table 4.3: Percentage Injected dose detected In bladder and total body.

f -M W N T O.Shrs *̂^ 3.5 hrŝ *̂ 24hrs'’*̂ 24hrs"̂ ^̂

MW NT-6 2.32% 0.15% 0.14% 63.39 %

M W NT-7 1.64% 1.42% 0.08% 71.55%

M W NT-8 17.68% 0.11 % 0.03% 48.96 %

[a] Quantified in bladder by SPECT

[b] Quantified in total body by gamma counting

Table 4.3 summarises the values of percentage injected dose detected in the 

bladder quantified by SPECT at all time points. Enhanced renal clearance with 

increasing the degree of chemical functionalisation was evident at 0.5 hrs.
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0.5 hr 3.5 hr 24 hr

y

Figure 4.6: W hole body image of [ '" in ]E D T A  in mice after single dose 
administration via tail vein shown by SPECT/CT at 0.5 hr, 3.5 hrs and 24 
hrs.

As a control, an equivalent dose of ["'In jEDTA was injected intravenously and 

the mouse was imaged using the same protocol mentioned above (see Section

3.1.1 1.3.1) As expected, free ['"In jEDTA showed accumulation mainly in the kidneys 

and the bladder at 0.5 hrs and 3.5 hrs, with no signals being detected at all at 24 hrs 

(Figure 4.6).

4.2.4. Gamma scintigraphy studies

After 24 hrs, organs were excised to obtain a quantitative estimation of the 

percentage injected dose retained in major organs by gamma scintigraphy. Results
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were expressed as percentage injected dose per gram tissue (% ID/g) and percentage 

injected dose per organ (% ID/organ) (Figure 4.7).
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Figure 4.7: Gam ma scintigraphy studies after intravenous administration 
vyith M W N T -6 , M A N T-7 and M W N T -8 . Results shown as percentage of injected 
dose per gram tissues (%ID/g) (left) or per organ (%lD/organ) (right) at 24 hrs after 
injection of 50 pg of [I I I In]DTPA-MWNT, quantified by gamma scintigraphy. Data 
were expressed as means ± SD (n=3-4).
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In the case of MWNT-6 and -7, the highest % ID/g was detected in liver, spleen 

and lung in the following order: liver>spleen>lung. This result agreed with SPECT 

imaging. In case of MWNT-8, a reduction in liver accumulation (from 70-80 % to <60 

% ID/g) and an increase in spleen and lung accumulation was observed compared to 

MWNT-6 and -7 confirming the SPECT imaging results. The results also showed lung 

to spleen translocation of MWNT-6 and -7 over time, a similar observation was 

previously reported for pristine and '"'C-taurine-MWNT which could be explained by 

translocation of overloaded MWNT from lungs to the afferent lymphatics and then to 

the spleen [171, 172].
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Figure 4.8: Gam m a scintigraphy studies after intravenous
administration with D O T A -M W N T . Results shown as percentage of injected 
dose per gram tissues (% ID/g) (top) or per organ (% ID/organ) (bottom) at 24 h after 
injection of 50 |Jg of [I I I ln]DOTA-MWNT, quantified by gamma scintigraphy. Data 
were expressed as means ± SD (n=3-4).
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No difference in biodistribution profile was noted when DTPA was substituted 

with DOTA in MWNT-8 (F igure 4.8). The percentage injected dose recovered from 

major organs (liver, spleen, lung and kidney) by gamma scintigraphy was ~ 63.4 %, 71.6 

%, 49.0 % fo r MWNT-6, -7, and -8, respectively (Table 4.3).

4.2.5. Brain uptake o f DTPA-M W NT following Intravenous 

administration

In order to study the translocation and accumulation of these materials 

following intravenous administration, the different ['"ln]DTPA-M W N T constructs or 

["'In jED TA were administered by tail vein injection in mice. The animals were 

sacrificed after 30 min, I hrs and 24 hrs post-injection, and their brains were 

harvested. After each brain was weighed and measured for [" 'In ] activity, the data 

were corrected for the physical decay of radioactivity (Figure 4.8). It was noted that 

none of the injected DTPA-MWNT or [" 'In ] -control exhibited significant 

accumulation in the brain tissue. As shown in F igure 4.9, the highest uptake of 

["'InJDTPA-MWNT constructs was found to  be less than 0.2 % ID per brain (as a 

whole).
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Figure 4.9: Gamma scintigraphy studies of whole brain after intravenous 
administration with M W N T-6 , M A NT-7 and M W N T -8 . Results shown as 
percentage of injected dose per gram tissues (% ID/g) (A) or per organ (% ID/organ) 
(B) at 24 hrs after injection of 50 |Jg of [ " 'in]DTPA-MWNT, quantified by gamma 
scintigraphy. Data were expressed as mean ± SD (n=3-4).

4.2 .6 . Blood clearance p ro file  and ph arm aco kinetic  m odelling

To calculate pharmacokinetic parameters, experimental values of blood 

concentrations were fitted in bi-exponential function models (see Section 3.2.10 for 

further details). The pharmacokinetics parameters obtained are shown in Table 4.4. 

Immediately after injection, the percentage injected dose detected in the blood 

declined rapidly for all MWNT (Figure 4.10).
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Figure 4.10: Blood clearance p ro file  o f D T P A -M W N T  studied (mean ±SD, 
n=3-4).

Two half lives were calculated. The short first-phase half-life T,/2a (~ 0.013- 

0.053 h ') suggested that MWNT were distributed rapidly between blood (central 

compartment) and tissues (peripheral compartment) with possibility of rapid renal 

excretion taking place. After a pseudo-equilibrium distribution has been achieved, a 

second phase follows where blood levels of MWNT-6, -7 and -8 very slowly declined 

over time. In this phase, the reduction in plasma concentrations is primarily due to 

nanotubes elimination, in contrast to the initial phase where the rapid reduction in 

plasma concentrations was also related to organ distribution [173]. The elimination 

half-life Tj/^pvvas calculated and estimated to be in the range of ~ 0.96-7.03 h '.
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Table 4.4: Pharmacokinetics parameters following intravenous
administration of M W N T-6, M W N T-7 and M W N T-8. Blood half-life (tj/2) and 
volume of distribution (Vd) after intravenous administration of f-MW NT

f - M W N T V d  ( m L ) [ ' ]

M W NT-6 0.019 0.96 3.995

M W NT-7 0.053 3.10 5.219

MW NT-8 0.013 7.03 1.904

[a] Obtained by fitting data points in a bi-exponential function model.

[b] The fitted value at t=0 is given by and the corresponding volume of distribution factor is

given by Vd’=IOO/f(0)=IOO/(A+B) . The actual volume of distribution is then given by Vd=Vd’*l.7mL, 

where we have assumed a blood volume of 1.7 mL for a 20 g mouse.

Despite the fact that all MW NT had similar blood profiles, a closer inspection 

in the Tj/jp suggested that MWNT-8 exhibited a longer elimination half-life compared 

to  MWNT-6 and -7. On the contrary, MWNT-8 (Tj/^a =0.013) decayed faster than 

MWNT-6 (T|/2a =0.019) and MWNT-7 (T,/2a =0.053) at early time points (^0.1 hr) 

which further agrees with the rapid renal clearance observed by SPECT imaging of 

MWNT-8 (Figure 4.5 and Table 4.3). Volume of distribution (Vd) was calculated by 

dividing the injected dose by blood concentration at 0 hr i.e. the intersection point of 

the tangential line of the elimination curve (Figure 4.10). High Vd values 

(approximately 1.9-5.2 mL/Kg) (Table 4.4) were obtained and justified by the vast 

MW NT distribution into major organs.

150



Chapter-IV

4.2.7. Long term  elim ination  o f  D T P A -M W N T

Based on results obtained in the biodistribution studies, major organs of 

accumulations were determined to be lung, liver, spleen and kidneys. The long term 

tissue biodistribution of MWNT-8 was further assessed by histological examination of 

fixed and stained sections from major organs at I hr, 7 days and 30 days post

administration. Histological examination by Neutral Red (to localise the f-CNT) or 

Hematoxylin and Eosin staining (to detect any tissue necrosis) was performed (Figure

4.1 I).

Neutral red 

I hr 7 days

H&E

30 days 30 days

Figure 4.11: Histological analysis of major organs after intravenous 
administration with M W NT-8. Neutral red- (A ) and Hematoxylin and eosin- (B) 
stained sections of mouse lung, liver, spleen and kidney at I hr, 7 days and 30 days 
post-injection of MWNT-8 (50 pg). Representative sections (n=3-4). Magnification 
X60. Arrows indicate MWNT location.

151



Chapter-IV

Figure 4 .1 I showed that the amount of f-CNT was reduced in the organs 

over time (30 days period). Furthermore, Hematoxylin and Eosin (H&E) stained 

sections revealed that there was no signs of tissue necrosis, fibrosis, or inflammation at 

both time intervals. In neutral red-stained sections, MWNT-8 appeared as black spots 

of varying size. Large and small clusters of MWNT-8 were observed in the lung at I hr 

and 7 days time points but only large clusters remained in the lung for 30 days. 

Smaller clusters of MWNT-8 were widely distributed throughout the liver and spleen 

at earlier time points but then were gradually reduced over the 30 days period. There 

was evidence of small, scattered CNT clusters in the kidney but this had reduced to a 

nominal level at 30 days (Figure 4.12). This result confirmed the occurrence of the 

subsequent phase characterised by slow clearance of MWNT-8 from major organs 

over prolonged period of time as predicted from kinetic modelling studies.

Neutral red B H&E

30 days

Figure 4.12: Histological analysis of kidney after intravenous administration 
with M W NT-8. Neutral red- (A) and Hematoxylin and eosin- (B) stained sections of 
mouse Kidney. Three regions of kidney are shown at I hr, 7 days and 30 days post
injection of DTPA-MWNT-8 (50 pg). Representative sections (n=3-4). Magnification 
x60.
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4.3. D IS C U S S IO N

It has been previously reported that pristine SWNT coated with the co

polymer Pluronic F108 [169] accumulated in the liver. Similarly, we also reported in 

another study that serum coated pristine MW NT resided in the liver and lung [170]. 

The rationale for hepatic accumulation was the desorption of physically adsorbed 

macromolecules upon entering the systemic circulation resulting in bundling of the 

carbon nanotubes [168]. Accumulation of chemically functionalised CNT in the RES 

has also been reported by others, where liver accumulation was attributed to  the 

difference in hydrophobicity of the hydroxylated versus chelate/amine functionalised 

CNT. In this study, the liver accumulation of the chemically functionalised DTPA- 

MW NT could be attributed to  the in vivo bundling of carbon nanotubes likely due to 

insufficient surface functionalisation. Moreover, it has been reported previously that 

pristine and '^C-taurine-MWNT exhibited a phenomenon of lung to spleen 

translocation [171, 172] where lung accumulation was reduced over time and vice 

versa for the spleen. Here, similar behaviour for MWNT-8 was observed where a 

reduction in lung accumulation and an increase in spleen accumulation over 24 hr was 

shown by both SPECT imaging and gamma scintigraphy. One possible explanation may 

be that the overloaded MW NT are translocated from the lung to  the afferent 

lymphatics and then to the spleen [171, 172].

Lacerda et al. [163] have previously also reported that individualised, well- 

dispersed MW NT were observed in the renal capillary lumen and during translocation 

through the glomerular filtration barrier with their longitudinal axis vertically
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orientated to  the endothelial fenestrations. Overall, it can be concluded from the 

previous studies that differences in CNT individualisation can determine their 

excretion profile in vivo v/ith only individualised nanotubes of average diameter 20-30 

nm being able to  excrete via the kidney. In this study, the diameter of all the constructs 

was smaller than the glomerular filtration cut off (<30 nm). The results of this Chapter 

indicated that the difference obtained in organ distribution and excretion profiles was 

solely dependent on the degree of chemical functionalisation which is expected to 

directly affect CNT individualisation. A  fraction (greater than 17 % of the injected 

dose) (Table 4.3) of MWNT-8 escaped the glomerular filter while the majority of 

aggregated carbon nanotubes accumulated in liver, spleen and lung.

The biodistribution studies also confirmed that intravenous administration do 

not favours the delivery of DTPA-MWNT to the brain. Similar results were previously 

observed by other groups, emphasising the limitations of non-targeted CNT intended 

to  be delivered in the brain after systemic injections. Nonetheless, the literature is still 

lacking studies using CNT with specific target ligands that could in this way potentiate 

the brain uptake of the construct.

Overall, these findings have three implications: (i) they confirm that our 

previous studies showing rapid renal clearance and low tissue retention of highly 

functionalised CNT was due to  the CNT individualisation as a result of the high degree 

of chemical functionalisation (>0.99 mmol/gm) [161, 163], (ii) renal excretion is not 

only length dependent as suggested by others [174] as both MWNT-7 and MWNT-8 

were shortened and of approximately the same dimensions , but MWNT-8 showed 

improved renal clearance compared to MWNT-7, and (iii) increasing the degree of
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chemical functionalisation in a controlled manner can enhance renal clearance while 

decreasing degree of chemical functionalisation favours RES accumulation.

To summarise, a series of DTPA-MWNT obtained from the same source were 

chemically modified and showed that MW NT exhibiting minimal surface 

functionalisation favour liver accumulation. Liver accumulation was reduced by 

increasing the degree of chemical functionalisation while renal excretion showed an 

opposite correlation. W e envisage that by controlling the degree of surface 

functionalisation of CNT, one is able to take control over their organ distribution and 

clearance profiles in vivo. Controlling these properties is considered extremely 

important in designing CNT-based diagnostics and therapeutic

155



Chapter-V

5. Brain Translocation Followed by Intra-Nasal 

Administration: an Emergent Strategy for Brain 

Delivery

The previous Chapter demonstrated that intravenous administration of the 

functionalised MW NT does not lead to significant levels of brain uptake or 

accumulation. Therefore, the exploration of alternative strategies to  overcome the 

highly selective nature of BBB will be crucial fo r the creation of new therapeutic 

treatments in the neurological field. The consequent search for an alternative route of 

brain delivery led to the investigation to the investigation of intra-nasal administration.
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5.1. IN T R O D U C T IO N

BBB is considered as the most robust barrier that restricts access of foreign 

substances as well as therapeutics to  the brain [175, 176]. Therefore, the development 

of new strategies to  deliver therapeutic/diagnostic molecules directly to  the CNS 

overcoming the high selectivity of the BBB is still an unmet need.

Local (stereotactic) administration of substances at precise brain locations 

provides an alternative approach, however, risks associated with such methodology 

including its invasiveness preclude its implementation as a routine route of 

administration for clinical use [I , 3]. Intra-nasal administration has been recently 

proposed as a potential delivery route to  overcome the limitations of the BBB 

permeability [2, 177-180]. The nasal passage has unique anatomical and physiological 

properties which allow the materials to  bypass BBB and enter directly into the brain, 

minimising systemic absorption and potential side effects. Rapid access of therapeutic 

molecules into the brain and the spinal cord and the minimal systemic exposure [181] 

are considered the main advantages of the intra-nasal route. In addition, this technique 

is relatively non-invasive, painless and lacks the risk of infection [177-179, 182, 183]. In 

the last couple of decades, several studies aiming to  treat CNS-related disorders such 

as dementia [184], pain and sleep disorders [185-188], neurodegenerative diseases [59, 

189-193], brain tumours [194-196], HIV [197, 198], epilepsy disorders [199, 200] and 

stroke [201 -205] have been carried out.

Although intra-nasal administration represents a promising approach for brain

drug delivery, the exact mechanism of brain uptake is not yet fully understood. Recent
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studies have been supporting the involvement of the olfactory sensory neurons and/or 

trigeminal nerves as both neuronal systems could connect the brain with the external 

environment [181, 206]. Anatomically, the olfactory sensory neurons have the cell 

bodies located in a distal epithelium, but their dendrite processes are exposed at the 

upper nasal passage. Their axon connects perforations in the cribriform plate of the 

ethmoid bone with synaptic glomeruly in the olfactory bulb region [178, 182]. From 

here, neuronal projections extend to multiple brain regions including the olfactory 

bulb, olfactory tract, anterior olfactory nucleus, piriform cortex, amygdale, and 

hypothalamus. On the other hand, the trigeminal nerve is a complex cranial nerve with 

three different branches (ophthalmic-, maxillary- and mandibular-division) which 

innervates the respiratory and olfactory epithelium of the nasal cavity and from there 

conveys sensory information to  the CNS [178]. The branches of the trigeminal nerve 

join together at the trigeminal ganglion and enter the brain at the level of the pons, and 

from here extend to the spinal trigeminal nuclei within the brainstem [181]. Similar to 

olfactory nerves, the trigeminal nerves also extend through the cribriform plate near 

olfactory bulbs, thus allowing an additional CNS entry point at the rostral part of the 

brain [181].

Such anatomical advantages have encouraged the use of intra-nasal route for 

the delivery of a wide range of molecules into the brain, in particular: drugs [195, 202, 

206], peptides [207, 208], neurotrophic factors [182, 193, 209], nucleic acids [210], 

stem cells [21 I, 212] or imaging agents [213, 214]. Intra-nasal administration requires 

formulations capable of providing a rapid transport through nasal mucosa, along with 

prolonged residence time ip the olfactory region, to  overcome the mucociliar 

clearance and the breakdown by nasal peptidase enzymes [215]. Therefore, over the
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last few years, the molecules have been incorporated within different nano-carrier 

systems, such as: nanoparticles [59, 216, 217], liposomes [183, 189],

micro/nanoemulsions [199, 218] and cyclodextrines [219]. This has enhanced the 

stability, absorption and bioavailability of the formulations in the CNS.

More recently, chemically functionalised carbon nanotubes (f-CNT) have been 

proposed as a category of novel delivery systems in neuroscience applications, raising 

tremendous hope for the treatment of several CNS-related disorders [220]. The 

potential capacity of f-CNT to  cross biological barriers makes them in this regard a key 

transporter system ([154]. CNT have been proposed as scaffolds for neural cell 

growth in neurodegenerative disorders and as platforms for neural stimulation [114, 

117]. A very recent study has suggested the intrinsic therapeutic “ neuroprotective 

activity”  of amine CNT in vivo in a rat stroke model, with minimal tissue toxicity as 

evidenced by low apoptotic and inflammatory marker profile after intra-ventricular 

administration [74]. In a later study, AI Jamal et al. [221] have concluded using the well- 

established endothelin (ET-1) stroke model in mice in vivo that local administration of f- 

CNT:siRNA (targeting CaspaseS) was successful in preventing neuronal apoptotic 

death in the stroke lesion.

The work reported in this Chapter studies the ability of functionalised-MWNT 

(f-MWNT) to be delivered inside the brain after intra-nasal administration. In this 

study, we established the ability of radio-labelled amine functionalized CNT to 

translocate from the nasal cavity to  selected brain regions including olfactory bulb and 

caudal brain regions after intra-nasal administration using a variety of techniques 

including SPECT/CT imaging, auto-radiography and gamma counting. The extra

ordinary delivery properties of f-CNT combined with their capacity to exploit the
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nose-to-brain translocation route offers a unique, effective and non-invasive approach 

for treatment of untreatable debilitating neuropathologies by means of newly emerging 

biologies.

5.2. RESULTS:

5.2. /. Chemical functionalisation and characterisation o f f-M W N T

In order to study the tissue distribution after intra-nasal administration, 

MW NT functionalised by means of two different chemical strategies were synthesised. 

Briefly, chemical functionalisation of nanotubes was achieved by introducing an 

ammonium group onto the multi-walled carbon nanotube (MWNT) using one of the 

chemical approaches: (i) the 1,3-Dipolar cyclo-addition reaction as described 

previously [96, 158] or (ii) a 2-step chemical treatment consisting of oxidation of 

pristine MW NT followed by amidation reaction as described in yielding MWNT-3 and 

MWNT-4 respectively (see Sections 3.2.1 for further detail the synthesis). Oxidation 

of the pristine MW NT in step (a) led to the introduction of carboxyl groups and the 

shortening of the nanotubes, with lengths o f between 200-300 nm (Figure 4.2.b) To 

radiolabel the nanotubes to  allow for SPECT imaging, MWNT-3 and MWNT-4 were 

covalently linked to  one of the most clinically established chelating agents -  

diethylentriaminepentaacetic dianhydride (DTPA) -  yielding MWNT-6 and -8 

respectively. DTPA was then used to cage the gamma emitting radionuclide [ '" In ] 

(t|/2=62.5 hrs), as reported previously [161, 162] (see Section 3.2.2 for further detail 

the synthesis). The molecular structure and TEM of the MW NT precursors (MWNT-3
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and MWNT-4) and MWNT-DTPA derivatives (MWNT-6 and MWNT-8) used in this 

study are shown in Figure 5.1.

M o le c u la r  i t r u c

MWNT-NHj*

(M W N T -3 )

MWNT.NH3*
(M W N T -4 )

.

MWNT-NHj*

(M W N T -6 )

MWNT-NHj*

(M W N T -6 )

Figure 5.1: Characteristics of f-M W N T  (M W N T -3  & M W N T -4 ). Chemical 
structures and Transmission Electron Microscopy (TEM) images of the (A) f-MWNT- 
precursors (MWNT-3 and MWNT-4) and (B) f-MWNT-DTPA derivatives (MWNT-6 
and MWNT-8). All nanotubes were dispersed in 5 % dextrose at 250 pg/mL final 
concentration. The TEM scale bar is 200 nm.

Functionalisation has shown to improve the dispersibility and individualization 

of f-MWNT as shown by TEM. The f-MWNT used in this study has an outer average 

diameter of 20-30 nm. f-MWNT functionalised by the 1,3-Dipolar cycloaddition 

reaction (MWNT-3 and MWNT-6) showed length distribution between 0.5-1 pm 

while oxidised/amidated MWNT (MWNT-4 and MWNT-8) were shorter in length ( -  

200-300 nm). Initial ammonium functional groups loading corresponded to 0.058 and 

0.329 mmol/g in case of MWNT-3 and MWNT-4 respectively, as determined by 

Kaiser Test and summarized in Table 4.1 (Chapter IV).
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TEM micrographs showed that DTPA conjugation did not alter the length and 

diameter distribution of the MWNT-3 and MWNT-4). The Figure 5.2 confirmed that 

after the labelling reaction with ['"In ], both MWNT-DTPA derivatives conserved their 

ultra-structure characteristic.

M W NT-6 M W NT-8

<< vk . 200nm

Figure 5.2: Transmission electron microscopy (TEM ) micrographs of 
M W N T -D T P A  derivatives after labelling reaction with [ '" In ]. MWNT-6 and 
MWNT-8 were dispersed in 5 % dextrose at 250 pg/mL final concentration before 
deposition in TEM grid. Scale bar in TEM images is 200nm.

5.2.2. Labelling efficiency and stability of ['"In]DTPA-M W NT derivatives

In order to investigate the biodistribution after intra-nasal delivery, MWNT-6

and MWNT-8 were reacted with ['"inJCIj to form the radioconjugated constructs

(['"ln ]-M W N T-6 and [ " 'ln]-MWNT-8), as described in Section 3. 2.1 1.2.1. Briefly,

the reaction efficiency was determined by spotting the quenched ['"ln]-M W N T-6 or

["'ln ]-M W N T-8 on TLC plates. Quenched ["'ln]-EDTA migrates to the solvent front

while [ ‘ "ln ]-M W NT remains at the application point (see Figure 4.3 (Chapter IV)).

Labelling efficiency (calculated as a percentage of initial [ '" in ] added to the Labelling
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mixture) was determined by autoradiography through a phosphor detector (see Table

4.2 (Chapter IV)). Excess un-reacted free [" 'In ] was eliminated by a centrifugation 

step and the radio-labelled f-M W NT were re-suspended in 5 % dextrose before nose 

instillation in mice. The absence of free [" 'In ] in f-MW NT dispersions was confirmed 

by TLC (as described in Table 4.2 and Figure 4.3 (Chapter IV). The radio-labelled 

conjugate was stable in mouse serum and PBS up to  24 hrs incubation period at 37°C 

(see Figure 4.4 (Chapter IV)).

5.2.3. Whole body biodistribution after intra-nasal administration

Each group of mice was administered intra-nasally with 15 pi of 5 % dextrose 

containing IS pg of ['"ln ]-M W N T. ['"ln ]-EDTA administered group was included as a 

control in all experiments. Mice were repeatedly imaged by the Single Photon Emission 

Computed Tomography (SPECT)ZCT scanner at three consecutive time points: 

immediately after administration (0-60 min), 4 hrs and 24 hrs. For quantitative analysis, 

mice were sacrificed at each time point and major organs including the brain were 

excised and radio-activity was measured and quantified and expressed as the 

percentage injected dose per gram tissue.

As can be seen in Figure 5.3 fo r both types of MWNT, immediately after

administration, nanoSPECT/CT acquisition detected the presence of radioactivity

mainly at nose and nasal cavity, as well as at mouth and pharynx/oesophagus level. A t 4

hrs, some MW NT were still present in the nasal cavity, and to  a larger extent in the

stomach and intestine. In both cases, the majority of the dose was cleared from the

163



Chapter-V

body within 24 hrs, with only residual radioactivity levels detected at nasal cavity or 

intestine at 24 hrs.

0.5 hrs

MWNT-6
4 hrs 24 hrs

MWNT-8

24 hrs0.5 hrs

Figure 5.3: Biodistribution profile of [ '" ln ]-M W N T  in major organs by 
nanoSPECT/CT after intra-nasal administration. Whole-body imaging of mice 
by 3D nanoSPECT/CT at 0.5 hrs, 4 hrs and 24 hrs after intra-nasal administration. Each 
panel shows the whole body 3D image of the animal (left) and a sagittal view (right) of 
the same animal
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Overall, the majority of the administered dose was excreted through the 

gastro-intestinal tract within 24 hrs for both ["'ln ]-M W N T types and ["'ln]-EDTA 

control (Figure 5.3 and Figure 5.4).

[ '" ln ]-co n tro l

0.5 hrs 4 hrs 24hrs

P
Figure 5.4: Biodistribution profile of ['" ln ]-E D T A  control in major organs 
by nanoSPECT/CT after intra-nasal administration. Whole-body imaging of 
mice by 3D nanoSPECT/CT at 0.5 hrs, 4 hrs and 24 hrs after intra-nasal administration. 
Each panel shows the whole body 3D image of the animal (left) and a saggial view 
(right) of the same animal

The SPECT observations were confirmed by quantitative radioactivity analysis 

performed by Gamma Scintigraphy (Figure 5.5 and Appendix B Table I). Similarly 

to the results observed by whole body nanoSPECT/CT, both nanotubes showed high 

levels of radioactivity in stomach and intestine initially after administration. A t 4 hrs, a 

decrease of radioactivity in the stomach and increase in the intestine was observed, 

suggesting that the dose administered was trafficking through the gastro-intestinal 

track (GIT). After 24 hrs, most of the dose was cleared from the body, with only a 

small fraction still present in the whole body at this time point.
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MWNT-6

1 hr 
4 hrs 
24 hrs

A ,
Lung Hear Liver Spleen Stomach Intestine Kidney

MWNT-8

I I ^ l~Y I

1 hr 
4 hrs 
24 hrs

Lung Hear Liver Spleen Stomach Intestine Kidney

Figure 5.5: Biodistribution profile of [ '" ln ]-M W N T  in major organs by 
gamma scintigraphy analysis after intra-nasal administration. Uptake into 
major body organs quantified by gamma counting at I hr, 4 hrs and 24 hrs expressed 
as percentage injected dose per gram per tissue after intra-nasal administration of 
MWNT-6 (top plot) and MWNT-8 (bottom plot). Results are expressed as mean±SEM 
(n=4).

166



Chapter-V

Overall, the biodistribution was similar between both nanotubes and sharply 

different to ["'ln]EDTA control (Figure 5.6) where the dose cleared faster and more 

extensively from the body compared to CNT formulations.

120 -n

ICO 

80 

60 -

«  40

S  20

I -

1 hr 
4 hrs 
24 hrs

Lung Hear Liver Spleen Stomach Intestine Kidney

Figure 5.6: B iod is tribu tion  pro file  o f [ " ' ln ]E D T A  co n tro l in m a jo r organs by 
gam m a scintigraphy analysis a fte r intra-nasal adm in is tra tion . Uptake into 
major body organs quantified by gamma counting at I hr, 4 hrs and 24 hrs expressed 
as percentage injected dose per gram per tissue after intra-nasal administration of 
["'ln ]EDTA control.

5.2.4. NanoSPECTICT im aging o f  mouse head a fte r in tra -nasa l adm in istra tion

In order to assess whether the presence of nanotubes in the nasal cavity over

an extended period of time increases the possibility of translocation of nanotubes to

the brain, we performed SPECT/CT scanning only in the head region of the mouse.

Static acquisition at different time points (0.5 hr, 4 hrs and 24 hrs) revealed that both
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nanotubes remained for an extended period of time at nasal cavity in comparison to 

["'ln]EDTA control (Figure 5.7).

gz
z

0.5 hrs 4 hrs 24 hrs

00

Z

£

•  i

Figure 5.7; NanoSPECT/CT imaging of mouse brain after intra-nasal 
administration. Static acquisition of multiple imaging of the same animal at 0.5 hrs, 4 
hrs and 24 hrs showed persistent signals near the olfactory bulb region up to 24 hrs in 
the case of MWNT-6, less signals were detected in the case of MWNT-8, while no 
signals remained in case of ['"inJEDTA control. The images were normalised at the 
same min/max settings.
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The time-frame within which the different systems (MWNT-6, MWNT-8 or 

['" in ] EDTA control) remained at the nasal cavity was then evaluated. A fraction of 

MWNT-6 and MWNT-8 remained in the nasal cavity, in close contact to olfactory 

bulb for at least 24 hrs (Figure 5.7 top and meddle roe of the panel respectively). 

However, when ['"in jEDTA control was used the same was not observed, and at 4 

hrs no radioactivity within nasal cavity was detected (Figure 5.7 bottom row of the 

panel).

To gain more detailed information about translocation of ['" ln ]-M W N T from 

nose to brain region, dynamic SPECT/CT imaging was carried for the entire first hour 

(four consecutive imaging intervals of 15 min each) focusing on the mouse nose and 

brain regions (Figure 5.8).

Overlay of dynamic acquisition by nanoSPECT/CT

[ '  " ln ]-C o n tro l M W N T -8 M W N T -6

l )
0-l5m in  45-60m in

Figure 5.8: Dynamic acquisition imaging of mouse brain after intra-nasal 
administration by nanoSPECT/CT. Overlaid 3D whole-body images captured by 
nanoSPECT/CT at two time intervals (i) 0-15 min and 45-60 min after intra-nasal 
administration. The images were normalised at the same min/max settings.
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Overlay of the signals obtained from the first 15 min (blue/red) with those from 

45-60 min (green) after intra-nasal administration with: MWNT-6, MWNT-8 or 

['"inJEDTA control. The images were taken under the same acquisition settings.

Noticeable differences were observed, depending on the formulation tested. 

Figure 5.8 (right panel) and Figure 5.7 (top row of panels in) showed clearly a 

prolonged contact between ['"ln ]-M W N T-6 and the nasal cavity (later was identified 

as the olfactory bulb region) up to 24 hrs indicated by the overlap (yellow signals) in 

SPECT signals detected at 0-15 min (red signals) and 45-60 min (green signals). [" 'In ]- 

MWNT-8 cleared from the nasal cavity at a faster rate than ['"ln ]-M W N T-6 (Figure 

5.8 (middle panel) and Figure 5.7 (middle row of panels in)), while ["'ln]EDTA 

showed almost no retention in the nasal cavity (Figure 5.8 (left panel) and Figure 

5.7 (bottom row of panels)). Majority of the initially dose of ['"ln ]ED TA allocated 

within the nasal cavity at the first 15 min was drained out to  the oesophagus after 45 

min, and consequently cleared from the nasal cavity.

5.2.5. Brain uptake after intra-nasal administration

The same result was confirmed by quantitative gamma scintigraphy (Figure 

5.9) where the amount of radioactivity detected in the whole brain at 24 hrs post

administration was significantly higher in case of MWNT-6 treated group (0.124 ± 

0.009 % ID/g brain tissue, p < 0.05) compared to MWNT-8 (0.048 ± 0.001 % ID/g 

brain tissue) and ['"ln ]EDTA control (0.061 ± 0.020 % ID/g brain tissue) treated
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groups. Values of percentage ID per g tissue for all organs at I hr, 4 hrs and 24 hrs are 

detailed in Appendix B.

0 .2 0  n

0 .0 5  -

M W N T  6 M W N T  8 [ ' "ln]-control

W hole brain at 24hours

Figure 5.9; Uptake of [ '" ln ]-M W N T  or [ I I  lln ]E D T A  control in brain tissue 
after intra-nasal administration in mice. Brain uptake quantified by gamma 
counting at 24 hrs expressed as percentage of injected dose per gram brain tissue after 
intra-nasal administration. Results are expressed as mean±SEM (n=4) (*p<0.05 by One 
way ANOVA; post hoc Tuckys and bonferrobi).

Overall, the data reported here indicates that only the MWNT-6 formulation 

was capable of remaining for an extended period at the nasal cavity and of significantly 

increasing the whole brain uptake after intra-nasal delivery. Such results suggested that 

the nose-to-brain translocation was selective for ["'ln ]-M W N T and not for 

[ " ‘InJEDTA. Moreover, the process was dependent on the nanotube properties such 

as length and surface characteristics, which may affected the hydrophobicity of the 

material
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5.2.6. Brain uptake mechanism and re-distribution within lymphatics

It was essential to determine the spatial distribution of [" 'ln ]-M W N T within 

brain regions. For this purpose, brains were cut into 5 coronal sections (3mm thick) 

and radioactivity was quantified in each section by gamma scintigraphy at I hr, 4 hrs 

and 24 hrs time points (please see Figure 3.1 and Section 3.2.1 1.4.3 (Chapter III)  

for further details).

2.0 -

0) 1.8 J
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M W NT-6
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Brain Areas
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M W N T-8

1 hr 
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OB 01 0 2  0 3
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Figure 5. 10: Spatial distribution of f-M W N T  in various brain regions after 
intra-nasal administration. Gamma counting of the five major coronal brain 
sections ("~3mm thick) at I hr, 4 hrs and 24 hrs after intra-nasal administration of (A) 
MWNT-6 and (B) MWNT-8. Brains were sectioned as depicted in the Figure 3.1. 
Uptake was expressed as percentage injected dose per gram tissue. Results are 
expressed as mean ± SEN (n=4).
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The results demonstrated that at all time points and all the formulations tested, 

the percentage ID per gram of brain tissue was the highest in section I (olfactory bulb 

region) and section V (caudal brain region) (Figure 5.10 A  & B and Figure 5.1 I).

2.0
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OB C1 C2 03 0 4

Brain Areas

Figure 5.11; Spatial distribution of [ '" in ]E D T A  control in various brain 
regions after intra-nasal administration. Gamma counting of the five major 
coronal brain sections (~3mm thickness) at I hr, 4 hrs and 24 hrs after intra-nasal 
administration of ["'InJEDTA. Uptake was expressed as percentage injected dose per 
gram tissue. Results are expressed as mean ± SEM (n=4).

However, at 24 hrs time point, it was clear that MWNT-6 exhibited 3-4 fold 

higher uptake values (OB: 0.35 ± 0.056 % ID/g brain tissue; C4: 1.259 ± 0.41 I % ID/g 

brain tissue) than MWNT-8 (OB: 0.189 ± 0.029 % ID/g brain tissue; C4: 0.360 ± 0.002 

% ID/g brain tissue) and ['"InJEDTA control (OB: 0.181 ± 0.030 % ID/g brain tissue; 

C4: 0.389 ± 0.047 % ID/g brain tissue) (Table 5.1). Furthermore, in case of MWNT-6 

there was a significant increase in % ID/g brain tissue of the caudal brain region (C4)
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over time which increased from I hr to 24 hrs while a gradual reduction in uptake on 

the olfactory bulb (OB) region was noticed over time (Figure 5.10 A  & B).

Table 5.1: Biodistribution profile of different section of the brain after intra
nasal administration with ['"InJED TA  control, M W N T-6 and M W N T-8
(%I.D./g of tissue ±S.E,M.).

Brain
Area

[' "InJEDTA M W NT-6 M W NT-8

Ihrs 4hrs 24hrs 1 hrs 4hrs 24hrs Ihrs 4hrs 24hrs

OR 1.203 0.729 0.181 0.657 0.322 0.353 1.142 0.181 0.189
(±0.473) (±0.033) (±0.030) (±0.134) (±0.077) (±0.056) (±0.551) (±0.046) (±0.029)

O 1 0.664 0.361 0.035 0.245 0.076 0.060 0.184 0.026 0.022
k*# 1

(±0.220) (±0.054) (±0.013) (±0.043) (±0.032) (±0.01 1) (±0.026) (±0.004) (±0.002)

0.586 0.304 0.034 0.269 0.092 0.066 0.166 0.045 0.028
(±0.160) (±0.039) (±0.014) (±0.079) (±0.042) (±0.010) (±0.038) (±0.014) (±0.001)

0.469 0.287 0.046 0.231 0.112 0.095 0.166 0.081 0.040
(±0.117) (±0.032) (±0.017) (±0.042) (±0.041) (±0008) (±0.031) (±0.013) (±0.003)

C'A 0.807 0.561 0.389 0.815 0.735 1.259 0.500 0.370 0.360
(±0.078) (±0.048) (±0.047) (±0.037) (±0.065) (±0.411) (±0.01 1) (±0.027) (±0.002)

Autoradiography studies were then conducted to  obtain greater details on the 

re-distribution of [ " ‘ln]-MW NT from the olfactory bulb region (OB) to the caudal 

brain region (C4) (Figure 5 .12).
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M W N T -6 M W N T -8

Ihr

24hrs I 24hrs

O lfac to ry  bulb Caudal brain O lfac to ry  bulb Caudal brain

Figure 5.12: Autoradiography of para-sagittal brain sections at I hr and 24 
hrs post- intra-nasal administration with M W N T -6  and M W N T -8 . Both time 
points were taken under the same settings, and all the figures have been exposure in 
the autoradiography cassette during the same period.

Autoradiograph of para-sagittal brain sections (3mm thickness) confirmed 

results obtained by gamma scintigraphy, demonstrating specific nose-to-brain 

translocation of both MWNT-6 and MWNT-8 within the first hour of intra-nasal 

administration. This observation was not seen in case of ["'ln]EDTA control. 

Autoradiographs of the same regions obtained at 24 hrs showed higher accumulation 

of MWNT-6 in the caudal brain region compared to uptake in OB region (at 24 hrs) 

and uptake in the caudal brain uptake (at I hr). Indicating that over time, this particular 

MWNT tends to accumulate at the caudal part of the brain. MWNT-8 exhibited less 

signals at 24 hrs throught the whole brain possibly due to reduced overall brain uptake 

compared to MWNT-6.
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In summary, this study agreed with our gamma counting results (Figure 5.10) 

where both types of nanotubes were shown to initially translocate to the olfactory 

bulb and brainstem, while after 24 hrs only MWNT-6 remained in the caudal part of 

the brain.

MW NT-6 MW NT-8

Light photography Autoradiography Light photography Autoradiography

%

max
min

Figure 5.13: Localisation of [" 'ln ]-M W N T  in trigeminal nerve after intra
nasal administration by autoradiography. Light photographs and autoradiographs 
of trigeminal nerves excised at I hr and 24 hrs post intra-nasal administration of [ '" in ]- 
MWNT (MWNT-6 and MWNT-8). Both time points were taken under the same 
settings, and all the figures have been exposure during the same time.

Autoradiography of the isolated trigeminal nerve confirmed its association with 

signals from MWNT-6 and MWNT-8 (Figure 5.13) at I hr post-administration while 

the former could also be detected at 24 hrs time point which corresponds well with 

autoradiograph obtained at 24 hrs in case of MWNT-6. A different profile was 

observed for MWNT-8, with low radioactivity detected within trigeminal nerve at 24 

hrs post intra-nasal administration, confirming that only a negligible fraction of this 

nanotubes was able to reach the brain following intra-nasal administration.
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To exclude the fact that signals detected are free [" 'in ], histological 

examination of neutral red stained sections of the trigeminal nerve indicated ['" in ]- 

MWNT presence indicated by the presence of the black nanotubes in the tissues, 

which agreed with autoradiography results (Figure 5.14). Such results suggested the 

trigeminal nerve pathway as a route of transport of [" 'ln ]-M W N T from the nasal 

cavity to the caudal part of the brain (brainstem). However, olfactory route of 

transport cannot be excluded at this stage.

\  T '  

\

Figure 5.14; Localisation of [" 'in ]-M W N T  in trigeminal nerve after intra
nasal administration by histology. Histological examination of neutral red stained 
sections of trigeminal nerve confirmed localization of ['" ln ]-M W N T within the 
trigeminal nerve tissues. Carbon nanotubes are identified by the black arrows.

Furthermore, in order to investigate possible clearance and re-distribution of 

nanotubes following intra-nasal administration, autoradiography and histology 

examination were carried out on the deep and superficial cervical lymph nodes. 

Superficial cervical lymph nodes were also isolated, imaged and histologically examined 

(Figure 5.15). [" 'ln ]-M W N T could be detected in the cervical lymph nodes at both
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I hr and 24 hrs suggesting possibility of nanotube clearance elimination via lymphatic 

drainage.
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Figure 5.15: Re distribution of [ '" ln ]-M W N T  in cervical lymph nodes after 
intra-nasal administration. (A) Light photographs and autoradiographs of cervical 
lymph nodes excised at I hr and 24 hrs post intra-nasal administration of [ '" in ]- 
MWNT. (B) Histological examination of neutral red stained sections of cervical lymph 
nodes confirmed localisation of MWNT-8 within the lymph nodes tissues.

5.3. D ISCUSSION

Both types of nanotubes described here have been shown to offer therapeutic 

options at pre-clinical levels, in particular for debilitating and extremely challenging
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pathologies such as cancer or stroke [74, 103, 150]; however, there is still a need to  

establish a feasible route of administration to  the brain. During the past few years, 

there has been increasing interest in the intra-nasal route for brain delivery and several 

studies have shown its potential to  overcome the limitations of systemic delivery and 

BBB permeation [2, 177-180].

Nose-to-brain translocation requires systems capable of providing rapid 

transport through nasal mucosa, as well as a prolonged residence time in the olfactory 

region by overcoming mucociliar clearance. Several nanomaterials have shown 

potential in the improvement of the stability, absorption and bioavailability of the 

formulations in the CMS after administration through this route, such as nanoparticles 

[186, 216, 217, 222, 223], liposomes [183, 189], micro/nanoemulsions [199, 218, 224] and 

cyclodextrines [219]. However, to  date, no studies have been published with regard to 

the use of carbon nanotubes as a brain delivery system after intra-nasal administration. 

In this Chapter, an innovative approach to  establishing a feasible administration route 

to the brain using ammonium functionalized nanotubes has been explored.

In order to  access the biodistribution after intra-nasal delivery, MWNT-6 and

MWNT-8 were reacted with [ ‘ " ln ]C l3 to  form [ ' “ ln]-MW NT radioconjugates ( [ ‘ "in ]-

MWNT-6 and ['"ln ]-M W N T-8 respectively). Radioconjugated nanotubes were

administered and imaged in vivo using a SPECT/CT scanner, as this technique can

capture the emitted gamma radiation of the radioisotope, thus allowing a direct

imaging of labelled nanotubes in the whole body in real time through a non-invasive

manner [225]. The results suggested that part of the administered dose drained out

from the nasal cavity to  the oesophagus after being swallowed. Initially, both nanotubes

remained at the nasal cavity, but over time were translocated to the GIT and excreted
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from the body within 24 hrs. This pattern was also confirmed by quantitative gamma 

scintigraphy, indicating a transient detection of MWNT-6 and MW NT-8 on GIT organs 

such as stomach and intestine. Also, little radioactivity was found in the lung, possibly 

due to  low levels of inhalation of the dose. Moreover, the fact that almost no 

radioactivity was found in the liver and spleen suggested that these MW NT did not 

undergo systemic absorption at the nasal cavity and therefore the peripheral 

distribution was very limited. Similarly, other nanomaterials have shown an identical 

whole body biodistribution profile after intra-nasal administration [183, 185, 218, 224]. 

Overall, the negligible systemic absorption can be seen as an advantage of this route, as 

the potential side effects at non-target peripheral organs were minimised. Interestingly, 

quantitative gamma scintigraphy revealed a significant increase of radioactivity in the 

brain after administration with MWNT-6 in comparison to MWNT-8 or ["'in jED TA  

control, demonstrating that MWNT-6 were able to  translocate into the brain to a 

greater extent after intra-nasal delivery.

Intra-nasal administration represents a promising approach for brain drug 

delivery, however the exact mechanism of brain uptake is not yet fully understood. 

Recent studies have been supporting the involvement of the olfactory and/or trigeminal 

nerves as both neuronal systems connect the brain with the external environment 

[178, 181, 206]. The trigeminal nerve pathway has been described in the literature as a 

possible translocation mechanism to the brain after intra-nasal administration, mostly 

because it innervates the respiratory and olfactory epithelium of the nasal cavity and 

from there conveys sensory information to  the olfactory bulb and brainstem [178, 181, 

206]. Nonetheless, olfactory nerves are also exposed at the upper nasal passage, 

connecting it to  the olfactory bulb region [178, 182, 183]. Therefore, olfactory nerve
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pathway cannot be excluded as an additional route for the translocation of nanotubes 

to the brain specifically that signals throughout the brain were detected in the brain as 

a whole (F igure 5.12). Although more studies need to  be conducted in order to 

better understand mechanisms of nose-to-brain translocation and clearance from the 

brain tissues, the current results shown here indicated that it is possible for f-MW NT 

to translocate to  brain tissues following intra-nasal administration. Furthermore, 

altering f-MW NT characteristics and functionalisation chemistry could prolong the 

residence time in the nasal cavity resulting in a temporary “ depot” of nanotubes near 

the olfactory bulb region allowing for brain translocation through olfactory and/or 

trigeminal nerve pathways [201, 218, 224].

To summarise, this Chapter proposed for the first time an efficient and non- 

invasive strategy to deliver functionalised carbon nanotubes to  the brain. The unique 

properties of carbon nanotubes facilitate their translocation from the nasal cavity to 

brain parenchyma. This results suggested noticeable differences in levels of nanotube 

uptake and localization within brain regions, closely dependent on their type of 

chemical functionalisation. The results indicate that olfactory bulb and brainstem are 

the main targeted regions within the brain, mostly likely to  translocation mainly 

through the trigeminal nerve system. This novel delivery approach highlights the 

potential of f-MW NT as non-invasive theranostic devices offering new therapeutic 

options in the debilitating and challenging field of neurology.
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6. Stereotactic Administration of Functionalised

M W N T
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6.1. Cellular interaction, fate and inflammatory 

response following cellular internalisation of 

functionalised multi-walled carbon nanotubes 

within CNS

The previous Chapters investigated different approaches to  achieving brain 

uptake or accumulation. In Chapter V, brain translocation after intra-nasal 

administration was demonstrated, rendering it essential to  understand the interactions 

between functionalised MW NT and the neural tissue. Therefore, stereotactic 

administration of functionalised MW NT was performed, in order to  investigate their 

internalisation mechanisms, intracellular translocation and sub-cellular localisation, 

along with the neuroinflammatory response caused by the presence of the material. 

The prevailing interactions between nanotubes and neural cells in vivo are deemed 

highly important for the development of both nanotube-based brain delivery systems 

and implantable devices for CNS applications.
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6.1.1. IN T R O D U C T IO N

Stereotactic surgery can be used for the delivery of therapeutic agents into the 

brain. Despite the invasive nature of the methodology, it allows precision targeting 

and direct access to specific areas within the brain [I , 3], thus making it a widely used 

surgical intervention for the treatment of neurological diseases, including clinical 

treatment of Parkinson’s disease by DBS [226], or pre-clinical approaches in certain 

pathologies, such as stroke [74, 75] and Huntington’s disease [227]. The unique 

properties of CNT make them amongst the most promising nanomaterials for 

applications in biomedical areas, especially for interventions in the CNS. During the 

last decade substantial evidence has been published regarding CNT electrical

conductivity, strong mechanical properties and morphological similarity to  neuritis, all 

relevant to  neurological applications [111]. Previous studies employing various 

neuronal cell culture in vitro models have explored the potential use of CNT as 

substrates for neuronal growth; utilising their capacity to  integrate with neurons and 

enhance neuronal functions such as increased neurite outgrowth and branching. 

Furthermore, functionalised carbon nanotube (^CNT) have been shown to  promote 

the re-establishment of synaptic connections among neuronal populations [107, 108, 

114-117]. More importantly, recent pre-clinical in vivo studies have demonstrated that 

f-CNT are a viable therapeutic option for extremely debilitating CNS-related 

disorders with complex pathologies, such as Alzheimer’s disease [149], stroke [74, 75, 

150] and SCI [80] and glioblastoma [47, 48].
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At the same time, other studies have demonstrated the interaction, binding and 

internalisation of different types of CNT into a variety of tissues in vitro and in vivo 

[154]. The role of f-CNT characteristics, such as surface charge density, length or 

both, on interaction with  cells and tissues is intensely investigated both in relation to 

mechanisms in cell biology and toxicological responses on interaction with such 

materials [228]. However, knowledge regarding the interaction and fate following 

cellular internalisation of nanotubes within CNS tissue remains scarce. Understanding 

the prevailing interactions between CNT and neural cells in vivo, along with their 

internalisation mechanism, intracellular translocation and sub-cellular localisation is of 

major importance, especially in view of their potential application in neurological 

disorders. Bardi et al. [131], have previously demonstrated the feasibility of 

stereotactic administration of pristine MW NT coated with the block copolymer 

Pluronic F-127 once injected directly into the visual cortex [131]. Moreover, recent 

studies have shown that intratumoural injection of CNT in intracranial-implanted 

glioblastoma (either pristine MW NT coated with Pluronic F-108 or SWNT chemically 

conjugated with PEG) was well tolerated, eliciting only transient and self-limiting local 

inflammatory responses [47, 48].

It is essential that the short- and long-term fate of implanted or injected CNT 

in the brain are well understood. The purpose of this Chapter was to  investigate the 

interactions between ^M W NT and brain tissue in vivo, in particular the structure- 

function relationship between MW NT surface functionalisation and the resultant 

cellular response. Parenchymal distribution and the cellular localisation of f-MW NT 

was assessed by histological examination and TEM two days and two weeks following 

stereotactic injection. Furthermore, the inflammatory response of neural tissue to  the
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presence of f-MW NT was examined, in particular regarding cytokine expression and 

glial cell activation. This Chapter reports that the type of functionalisation chemistry 

used for synthesis of MW NT led to  significant differences in nanotube localisation and 

distribution patterns within the brain parenchyma, along with distinct differences in 

cellular uptake and inflammatory reactivity.

6.1.2. RESULTS

6 .1,2.1. Chemical functionalisation and characterisation o f f-M W N T

In order to investigate the effect of chemically functionalised MW NT on the 

interactions with cortical brain tissue in vivo, two different chemical strategies were 

used to synthesise the amino functionalised MWNT: M W N T -N H / (MWNT-3) and 

oxM W N T-NH/(M W NT-5). Briefly, MWNT-3 were functionalised by 1,3 Dipolar 

cycloaddition of azomethine ylides, which was previously reported in Georgakilas et al. 

[96] and have a length of between 0.5-1 pm. MWNT-5 were synthesised following a 2- 

step protocol consisting of a) oxidation of pristine MW NT and b) introduction of 

amine groups by 1,3 Dipolar cycloaddition reaction. Oxidation of the pristine MW NT 

in step (o) led to  the introduction of carboxyl groups and the shortening of the 

nanotubes, with lengths of between 200-300 nm (see Section 3.2 .1.1 &  3 .2 .1.2 for 

further details on the synthesis).
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M W N T -N H j^
(M W N T -3 )

o x M W N T -N H j^
(M W N T -5 )

B M W N T -3 M W N T -5

Figure 6. I: Features of f-M W N T  (M W N T -3  & M W N T -5 ). (A) Chemical 
structures of f-MWNT (MWNT-3 and MWNT-5). (B) Transmission Electron 
Microscopy (TEM) images of f-MW NT dispersed in 5 % dextrose at 250 pg/mL final 
concentration (scale bar lOOnm).

The molecular structure and TEM analysis of both f-MWNT are shown in 

Figure 6.1. The TEM indicates that both f-MWNT were individualised, with good 

aqueous dispersibility, and free from any major impurities (measured from 0.25
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mg.mL''/sampie). The degree of amino group loading on the sidewalls and tips of the f- 

MW NT was determined by the Kaiser Test and is summarised in the Table 6.1.

Table 6.1: Properties of functionalised M W N T  (M W N T -3  and M W N T -5 ).

Type
Chemical
Functionalisation

Degree
(amine

tof Functionalisation 
groups/g of C N T )

M W NT-3
1,3-Dipolar
cycloaddition

0.147 mmol/g

M W NT-5
Oxidation & 
1,3-Dipolar

cycloaddition
0.170 mmol/g

f  Determined by Kaiser test

6. f .2.2. In vivo brain parenchyma distribution after stereotactic 

administration o f f-M W N T

Both f-MW NT were stereotactically injected into specific coordinates in the 

motor cortex of mouse brain (latero-lateral(x) +0.5mm, dorso-ventral(y) +l.5mm, 

rostro-caudal(z) 0.7mm from Bregma) as a single dose of 500 ng/mouse (Figure 6.2). 

Additionally, nanoSPECT/CT imaging was performed in order to confirm the precision 

of the injection (Figure 6.2 A).
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0.5 hrs

Sagittal plane Coronal plane

4 hrs 24 hrs
Sagittal plane Coronal plane Sagittal plane Coronal plane

i

Pax in os Reference H&E staining Magnification of H&E coronal 
section

i '  Ÿ

Latero-Uteral(x) +0.5mm, Dorso-Ventral(y) + 1 .Smm, Rostro-Caudal(z) 0.7mm

Figure 6.2: Coordinates of the stereotactic Injection with f-M W N T . (A)
nanoSPECT/CT imaging of rat brain after stereotactic administration of MWNT-8. 
Static acquisition of the same animal at 0.5 hrs, 4 hrs and 24 hrs showed the persistent 
signal in the injection site up to 24 hrs post injection. (B) f-MWNT were injected at 
specific coordinates into the MI/M2 brain regions of the mouse motor cortex 
(according to Paxinos et al. [229]): Latero-Lateral(x) +0.5mm, Dorso-Ventral(y) 
+ 1.5mm, Rostro-Caudal(z) 0.7mm. Two days post-injection, brains were isolated and 
coronal sections were processed for H&E staining and Transmission electron 
microscopy (TEM) imaging. Area surrounded by a dashed square (Imm^) represents 
the area processed further for TEM analysis. Note that all the experiments in this 
Chapter were performed in mice, except the nanoSPECT/CT scanning that was 
performed in Rats for sensitivity reasons of the technique.

Two weeks post-injection, the examination of sequential coronal sections (H&E 

staining) showed different distribution patterns between MWNT-3 and MWNT-5 

according to the location of the injection site (Figure 6.2). Carbon nanotubes can be 

identified in histological sections by their characteristic black colour against, the pink- 

blue background of the H&E stained tissue. MWNT-3 were detected more abundantly

within the brain parenchyma in comparison to MWNT-5 (Figure 6.3 A, arrows).
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MWNT-3 were identified in several sequential coronal sections of around 120-140 

pm, whereas MWNT-5 were only observed in a few sequential sections, of between 

30-50 pm thick (Figure 6.3 B, arrows). These measurements took into account the 

dorso-ventral(y) distance between the first H&E coronal section where it was possible 

to visualise the presence of the nanotubes up until the last H&E coronal section where 

the nanotubes were observed.

Tw o w eeks post- injection

Tw o w eeks post- injection

(ii)

SOOum
lOOum

Figure 6.3: Parenchyma distribution of M W N T -3  and M W N T -5  after 
stereotactic administration in m otor cortex of C57/BL6 mice. Light 
microscopy of H&E staining coronal sections, two weeks after injection with:(A) 
MWNT-3, and (B) MWNT-5. Measuring the distance between the first H&E section 
where was possible to visualise the presence of the nanotubes to the last H&E section 
where the nanotubes were observed under light microscopy, MWNT-3 were 
observed within 120-140 pm, whereas MWNT-5 were detected within only 30-50 pm 
thickness. (C) High magnification images of brain parenchyma areas after injection with 
MWNT-3. (C-iii & -iv) represents a high magnification of cortex (CX) and ependymal
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layer (EL) (interface between ventricle (VT) and brain parenchyma), respectively. Black 
arrows identified the presence of f-MW NT in the figure.

Furthermore, MWNT-3 were not only observed local to the injection site but 

they were also seen in different regions of the cortex, in particular, close to  and 

within the ependymal cells (the interface between the brain parenchyma and 

ventricles), and also within the brain ventricles, as can be seen in Figure 6.3 C. 

Histological examination of sequential coronal brain sections at two days post-injection 

showed that both f-MW NT constructs were detected and no major difference was 

observed regarding their spatial distribution inside the brain tissue (MWNT-5 was 

detected within 3 IO-330pm in comparison to MWNT-3 that was detected within 260- 

270 pm thickness ) (Appendix C).

6,1,2,3, Internalisation o f f~MWNT within neural cells following 

intracortical administration

To better understand the cellular internalisation and fate of f-MWNT, brain 

sections were processed and imaged by TEM two days post- injection (Figure 6.4). 

Electron micrographs of brain tissue confirmed that both types of f-MWNT (MWNT-3 

and MWNT-5) are internalised by neural cells in vivo. Interestingly, the two f-MW NT 

showed different patterns of cellular internalisation (Figure 6.4 A  & B).
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M W N T-3 M W N T-5

m a g

-M

Figure 6.4: Transmission Electron micrographs of brain parenchyma close 
to the injection site after administration with f-M W N T . (A) Low magnification 
micrographs of a glial cell (microglia) showing MWNT-3 localised intracellularly. It is 
also possible to observe free and individualised MWNT-3 at extracellular environment; 
(B) low magnification micrograph of glial cells (microglia) with MWNT-5 mainly 
localised intracellularly;

TEM suggested that the presence of carboxylic groups as on MWNT-5 could 

have an impact on the behaviour of the nanotubes in vivo. Non-oxidised f-MWNT 

(MWNT-3) were clearly dispersed and spread throughout the brain parenchyma 

(Figure 4 A). Moreover, ultra-strucutre examination made it possible to perceive 

MWNT-3 being engulfed by cells, in addition to observing single nanotubes piercing 

cellular membranes (Figure 6.5).
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Figure 6.5: Uptake features of M W N T -3  two days post-stereotactic 
administration under transmission Electron Microscopy (TEM ). The
extracellular presence of MWNT-3 is represented in the figure by two examples (A & 
B). In both images is possible to observe the engulfment process of the CNT 
aggregates (arrows) or the transmembrane piercing of individualised CNT (arrow 
heads).

Once in the cytoplasm, MWNT-3 appeared either as small aggregates enclosed 

within a membrane or as individualised free nanotubes in the cytoplasm (Figure 6.6 

A). On the other hand, at the cellular level, pre-oxidised MWNT (MW NT-5) showed 

a higher tendency to group together, leading to the presence of small clusters of 

material within vesicles inside the cytoplasm, as can be seen in Figure 6.6 B
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M W N T-3 B M W N T -5
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Figure 6.6: Intracellular fate of M W N T -3  and M W N T -5  two days post- 
stereotactic administration under transmission electron microscopy (TEM ).
(A) Represents a sequence of increasing magnifications of a microglia cell with 
MWNT-3 present intercellularly. (Ai) whole microglia cell; (Aii) and (Aiii) shows a 
high magnification micrograph of the cytoplasm of the cell in Ai; (Aiv) high 
magnification of cytoplasm showing a group of MWNT-3 that appear to be vesicle- 
free and dispersed in the cytoplasm of the cell. (B) Represents a sequence of 
increasing magnifications of a neuron cell with MWNT-5 present intercellularly. (Bi) 
whole neuron cell; (Bii) and (Biii) shows a high magnification micrograph of the 
cytoplasm of the cell in Bi; (Biv) high magnification of cytoplasm showing a group of 
MWNT-5 that appear to be enclosed in vesicle in the cytoplasm of the cell.
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6.1.2.4. Cytokine-associated inflamm atory response following 

intracortical administration of f-M W N T

The neuroinflammatory response associated with an increase in the expression 

of inflammatory cytokines was investigated in the cortex following the stereotactic 

injection of i) 5% dextrose saline solution, ii) lipopolysacchaide (LPS);positive control, 

iii) MWNT-3 and iv) MWNT-5 (Figure 6.7 and Figure 6.8).

TNF-a IL-ip

If"

f i

^  a  MWNT-3

y
m  MWNT-5

ll li
3Hre 16 Hrs 24 Hrs 7 Days 14 Days

a  MWNT-3
MWNT-5

i iii
a  MWNT-3 
■  MWNT-5

- = m -
3 Hrs 16 Hrs 24 Hrs 7 Days 14 Days 3 Hrs 16 Hrs 24 Hrs 7 Days 14 Days

TGF-pi

Pilli
a  MWNT-3 
■  MWNT-5

3 Hrs 16 His 24 Hrs 7 Days 14 Days

MWNT-3 MWNT-3
MWNT-5 MWNT-5

3 Hrs 16 His 24 His 7 Days 14 Days 3Hre 16 Hrs 24 Hrs 7 Days 14 Days

Figure 6.7: Neuroinflam m atory response following stereotactic injection of
f-M W N T . Cytokine expression profile in C57/BL6 mouse cortex following 
stereotactic injection of 5% dextrose saline solution, MW NT-NHj"’ and oxMW NT- 
N H /. Relative gene expression was calculated using the AACT method. The p-actin 
(housekeeping) transcript in each sample was used to normalize the amount of each 
primer transcript. The normalized values for each primer transcript were then 
compared to the normalized expression in the 5 % dextrose control groups to  
calculate a fold change value (mean ± SD). (*p<0.05 by One way ANOVA; post hoc 
bonferrobi)
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A t all time-points investigated (3 hrs, 16 hrs, 24 hrs, 7 days and 14 days), 

MWNT-5 consistently induced a higher expression of pro-inflammatory cytokines, in 

particular TNF-a, IL-I(3, TGF-PI, IL-6 and MCP-I, in comparison with the MWNT-3. 

A t 16 hrs post-injection, statistical significance was observed between the both f- 

MW NT for the pro-inflammatory cytokines TNF-a, IL -ip  and TGF-pl. To confirm 

that the increased expression of cytokines to  the f-M W NT injection was transient, we 

measured cytokine levels both at 7 days and 14 days. Notably, the increases seen in 

cortical cytokine expression levels at earlier time points was transient for both f- 

MW NT , peaking at 16 hrs and subsiding drastically by 7 days and 14 days. The 

presence of f-MW NT also affected the expression profile of the anti-inflammatory 

cytokine IL-IO, however this cytokine displayed different expression profile kinetics in 

comparison to  those observed with the other pro-inflammatory cytokines.

IPS

0) c 6 0

X  (0Q) 0)
g W40
D) "O
o £

ED TNF-a

□  IL-6 
MCP-1 
TGF-P1

3 Hrs 16 Hrs 24 Hrs 7 Days 14 Days

Figure 6.8: Neuroinflam m atory response following stereotactic injection of
LPS. Cytokine expression profile in C57BL6 mouse cortex following stereotactic 
injection of LPS (2.25 pg/mouse). Relative gene expression was calculated using the 
AACT method. The P-actin (housekeeping) transcript in each sample was used to 
normalize the amount of each primer transcript. The normalized values for each 
primer transcript were then compared to  the normalized expression in the 5 % 
dextrose control groups to  calculate a fold change value (mean ± SD). (*p<0.05 by One 
way ANOVA; post hoc bonferrobi)
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6 .1.2.5. Astrocyte and microglia cell activation following intracortical

administration of f-M W N T

To further explore the potential cellular reactivity to the presence of f-MW NT 

in the cortex, the activation of astrocyte and microglia cells by immunohistochemistry 

(IHC) was investigated. Coronal brain tissue sections (50 pm thickness), were 

immunostained with specific antibodies (GFAP and CD! lb) three days and 30 days 

post-stereotactic injection and the fluorescence was semi-quantified and compared. 

Staining against GFAP was aimed at the identification of activated astrocytes, whereas 

the microglia/macrophage marker CD 11 b overexpression was interpreted as a sign of 

active inflammation [230].

Three days after injection, GFAP and GDI lb expression levels (extrapolated 

from semi-quantification of fluorescence) in the control group (injected with a 5% 

dextrose saline solution) were similar to  the values observed in both f-MW NT 

injected group (Figure 6.9).
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Figure 6.9: G lia activation studies a fte r 3 days post- stereotactic  injection w ith 5 % 
dextrose saline solution, M W N T -3  and M W N T -5 . Average fluorescence intensity 

induced by astrocyte activation (GFAP) (left) and by microglia activation (C D I lb) (Right) after 

3 days was measured and quantified in an area of 1x0.5 mm surrounding the injection sites.

Interestingly, 30 days after stereotactic injection, IHC analysis revealed that 

both astrocytes and microglia activation was differently induced by the different types 

of f-MW NT tested. The fluorescence intensity in the surrounding area of the injection 

site (Ix0.5pm) (i.e. excluding the innate local reactivity caused by the presence of 

CNT) was semi-quantified (Figure 6.10). The results indicated that the oxidised f- 

MW NT (MWNT-5) induced higher expression of GFAP and CD I lb when compared 

to MWNT-3. 30 days post-injection, similarly to 5 % dextrose- injected group, the 

injection of MWNT-3 did not exhibit overexpression of astrocytes or microglia 

activation markers in the brain.
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Figure 6.10: Glia activation studies after 30 days post- stereotactic injection 
with 5 % dextrose saline solution, M W N T -3  and M W N T -5 . Average 
fluorescence intensity induced by astrocyte activation (GFAP) (left) and by microglia 
activation (CDI lb) (Right) after 3 days was measured and quantified in an area of 
1x0.5 mm surrounding the injection sites. (*p<0.05 by One way ANOVA; post hoc 
bonferrobi).

Moreover, MWNT-4 was investigated regarding glial cell activation after 

cortical injection, and was found to increase GFAP and GDI lb over-expression in 

comparison to MWNT-3, albeit with lower levels when compared to MWNT-5 

(Appendix D).

Further analysis of sections revealed that GFAP and GDI lb fluorescence was 

predominantly present at the site of injection; eliciting a self-limiting local inflammatory 

response, associated to the innate local reactivity caused by the presence of GNT 

(Figure 6. I I ) .
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Figure 6.1 I: Immunohistochemistry of brain sections after injection with 5 
% dextrose (30 days post-injection) and o x M W N T -N H / (3 and 30 days 
post-injection). Green colour (top panels) represents glial fibrillary acidic protein 
(GFAP) positive cells (astrocyte marker) and the red colour (meadle panels) 
represents CD I lb positive cells (microglia marker). The bottom panel represents the 
overlapping of both markers.

Another consistent observation in the brain tissue treated with oxidised f- 

MWNT (MWNT-5) was the presence of mast cells in certain regions of the brain 

close to perivascular spaces (Figure 6.12). Mast cells can be identified by 

methacromatic stain in the presence of blue basic dyes, such as toluidine blue staining 

under light microscopy. The ultra-structure of mast cells was also confirmed by TEM.

200



Chapter-VI

No such evidence of increased numbers of mast cell within brain parenchyma was 

noted in groups treated with 5 % dextrose or MWNT-3.

M W N T -5 (ii) (iii)

i

Figure 6.12: Detection of Mast cells in the brain cortex 14 days post
injections with: (A ) M W N T-3  and (B) M W N T -5 . (A) H&E staining does not 
shows any evidence of the presence of mast cells after stereotactic injection of 
MWNT-3. On the other hand, mast cells (arrows) can be visualised after injection of 
MWNT-5 (B & C). (C) shows (i) a semi-thin section of brain parenchyma 14 days 
post -injection of MWNT-5 stained with toluidine blue, (ii & iii) represent the TEM of 
mast cells with their typical granules (G), present in the cytoplasm.
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6,1.3. DISCUSSION

Conflicting data has been published concerning the safety of using CNT for 

biological applications [132]. Nevertheless, it is important to  highlight that chemically 

functionalised MW NT that are rarely used in toxicological studies, have presented 

promising results in terms of biocompatibility [133], Over the past years, several 

groups have demonstrated the interaction, binding and internalisation of different types 

of CNT into a variety of cells both in vitro and in vivo [154]. However, knowledge 

regarding the interactions between CNT and neural cells in vivo, along with their effect 

on short- and long-term neurotoxicity remain limited.

This Chapter investigated the structure-function relationship between carbon

nanotube surface functionalisation and cellular reactivity; paying particular attention to

the internalisation of f-MWNT, the intracellular fate and the neuroinflammatory

response of neural tissue in vivo after exposure to different chemically functionalised

nanotubes. One of the nanotubes tested was prepared by 1,3-Dipolar cycloaddition

reaction without prior oxidation that yielded ammonium functionalised MW NT

(MWNT-3) with a length of between 0.5-1 pm. Recently the exact same type of f-

MW NT was shown to  be effective in the delivery of a pro-apoptotic siRNA sequence

into solid tumours [103]. Moreover, Al-Jamal et al. [75] have proven the effectiveness

of this construct in mediating the delivery of siRNA (si Cas-3) in an endothelin-l stroke

murine model; where the siRNA-CNT therapy acted to reduce apoptosis in the

infarct area and promoted behavioural recovery. The other carbon nanotube

investigated in this w ork also underwent a 1,3-Dipolar cycloaddition reaction, however

this time the reaction was performed on pre-oxidised MWNT. This oxidation step
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introduced two more variables, in particular shortening of the MW NT as well as the 

presence of free carboxylate groups on the surface and at the tips of the tubes as in 

MWNT-5. Previous studies have recently demonstrated that this nanotube is highly 

biocompatible with neuronal cells in vitro, without altering cell viability, neuronal 

morphology or normal functions of primary neurons [123].

The TEM analysis indicates that MWNT-3 and MWNT-5 exhibit good aqueous 

dispersibility profiles. In addition to  TEM, physical inspection of the aqueous nanotubes 

dispersions clearly indicate that chemical functionalisation favours the aqueous 

dispersibility and individualization of the MW NT as seen by preparing successful 

aqueous dispersions in 5% dextrose saline solution.

Histological examination of sequential coronal sections two weeks post- 

stereotactic injection revealed that MWNT-3 were detected abundantly in brain tissue 

in comparison to MWNT-5. Both f-M W NT were detected as frequent at an early time 

point of two days, whereas MWNT-5 (unlike MWNT-3) disappear at later time 

points likely because of increased detection by neural cells and consequently more 

effective clearance of the material at the injection site.

The prevailing effects of CNT in terms of internalisation and intracellular fate 

along with cellular inflammatory response is of major importance, especially in view of 

their potential use for the treatment of debilitating and extremely challenging 

pathologies of the CNS [48, 74, 75, 149, 150]. From a biological perspective, the ability 

of CNT to  internalize within neural cells in vivo constitutes an advantageous property 

as their therapeutic cargo may be directly delivered to  the cytoplasm of cells and 

therefore reach specific intracellular therapeutic targets. Internalisation of nanotubes
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into cultured microglia and neurons has been reported previously [47, 75, 130, 231], 

hov/ever no study has interrogated the determinant factors of such interactions. In 

order to better visualise the localisation and intracellular fate of f-MWNT, TEM 

examination was performed in unstained sections two days after stereotactic injection 

into the motor cortex. Results indicate that both carbon nanotubes were uptaken by 

a variety of neural cells (microglia and neurons), however with evidences that microglia 

internalisation was more widespread and was the predominant mechanism of early- 

time tissue response. This observation is in agreement with previous studies 

performed after intratumoural injection of nanotubes in intracranial-implanted 

glioblastomas [47, 48]. Nevertheless, it is important to highlight the fact that these 

former studies were conditioned by the pre-implanted glioblastoma tumours, which 

per se influenced the tissue architecture and levels of pre-existing activated microglial 

cells in the glioblastoma mass.

Once internalised, MWNT-3 were visualised either within vesicles o r as free 

individualised nanotubes in the cytoplasm. The different intracellular localisation sites 

seem to  be related to the mechanism of uptake [232, 233]. The prevailing uptake 

mechanisms observed in this study were a combination of endocytosis o r phagocytosis 

of f-M W NT clusters and direct translocation of individualised nanotubes through the 

cellular membrane. Both pathways have been described previously in the literature 

using other types of cells, albeit with conflicting data concerning the predominant 

mechanism [47, 130, 154, 234-236].

Mu et al. [237] has proposed a working hypothesis for the determination of the 

crucial parameters and factors affecting in vitro cellular uptake of chemically
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functionalised carbon nanotubes, suggesting that nanotube aggregates (of MWNT- 

COOH or M W N T-N H /) were mainly internalised via active endocytosis (or 

phagocytosis - dependent on cell type and dimensions of the material interacting with 

the cells), whereas individualised MWNT-NHj"^ could enter the cells through a direct 

membrane translocation pathway. Al-Jamal et al. [238] have also recently reported data 

in agreement with such hypothesis using non-phagocytic A549 cells and primary human 

monocyte-derived macrophages (HMMs), a professional phagocytic cell type. In these 

studies the direct translocation of M W N T -N H / was confirmed by high-resolution 3D 

electron microscopy both by piercing the plasma membrane on nanotube entrance 

into cells or after vesicular internalisation by piercing the vesicular membrane to 

escape into the cytoplasm. In both cases, individualisation of nanotubes facilitated this 

process. Here similar observations were obtained in vivo after direct injection of 

MWNT-3 in the cortex parenchyma. However, the TEM analysis was performed only 

two days after the injection, therefore the visualization of the uptake or endosomal 

escape phenomenon was limited and conclusions regarding the predominant uptake 

mechanism cannot be drawn. Even though, the data of this Chapter clearly indicate 

that direct translocation of individualised MW NT is one of the internalisation pathways 

by which MWNT-3 can directly enter neural cells.

All therapeutic strategies that involve implantation or injection of CNT into the 

CNS need to  address the question of inflammatory response to this material following 

interaction with neuronal tissue. Consistently, MWNT-5 induced a stronger and 

statistically significant inflammatory response compared to  MWNT-3, for the pro- 

inflammatory cytokines TNF-a, IL-lp  and TGF-PI, peaking at 16 hrs but gradually 

falling thereafter. Noticeably, MWNT-5 have also shown different expression profile
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kinetics compared to  MWNT-3 for the anti-inflammatory cytokine IL-IO. An increase 

in the expression of IL-IO occurs earlier fo r MWNT-5 (at 16 hrs) whereas MWNT-3 

peaks at 24 hrs post injection. The increases observed with the anti-inflammatory 

cytokine IL-IO are also transient and represent an endogenous response to  restore the 

natural brain homeostasis and to  protect surrounding brain tissue from the pro- 

inflammatory state created by the injection [239], Overall, the data suggests that 

MWNT-5 is more reactive within neuronal tissue than MWNT-3 as they induced a 

higher expression of pro-inflammatory cytokines.

It is now clear that cytokines act as powerful regulators of glial cell (microglia 

and astrocytes) function in the CNS, either inhibiting or promoting their contribution 

to  CNS pathology. Glial cells are dynamic in nature and their role is crucial in 

maintaining normal functioning of the nervous system. After an injury, reactive gliosis 

occurs as a response by endogenous glial cells to  neural tissue damage. This immune 

reaction is sustained by the activation of both astrocytes and microglia cells, which are 

key elements in the process of brain inflammation [240, 241]. Astrocytes respond by 

proliferation and morphological changes characterised by hypertrophy. Reactive gliosis 

has been suggested as an early marker of damage within the brain, and may be 

detected morphologically and quantified by measurements of GFAP increase. Microglial 

cells are the resident immune effectors of the CNS, with the ability to  respond to the 

most subtle neuronal injury [242, 243]. Under certain conditions, microglia becomes 

activated, changing their highly ramified morphology to resemble gradually both, in 

shape and in function, typical macrophages. Under normal conditions, microglial cells 

express CD 11 b [32], however upon activation the protein expression is significantly 

up-regulated [242]. Here, it was found that the injection of f-M W NT mainly elicited an
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expression of GFAP and GDI lb  in the injection site as seen by fluorescence 

microscopy, suggesting a self-limiting local inflammatory response caused by the 

injection of material. Furthermore, up to 30 days post-injection, only MWNT-5 (also 

MWNT-4 as shown in A ppend ix  D) caused a major activation of microglia and 

astrocyte cells in the area surrounding the injection site. The same was not observed 

in the brain injected with 5% dextrose saline solution or MWNT-3, indicating a better 

biocompatibility of these materials.

The reactivity of brain tissue to the presence of oxidised MW NT (MWNT-5) 

were also supported by the identification of mast cells in the cortex after injection 

with MWNT-5. Mast cells are an important member of the immune system, being 

effectors cells in the inflammatory reaction, underlying immediate hypersensitivity 

reactions [244, 245]. Under physiological condition, the “ brain pool”  of mast cells are 

located in restricted areas, such as the thalamus and the hypothalamus, with only very 

few cells present in the cerebral cortex and basal ganglia [245]. However, it has been 

reported that mast cells have the capability after stimuli to migrate to  other areas by 

chemo-attractant response [246] and the ability to  release potent vasoactive and 

neuroinflammatory mediators [245]. Recently, activation of perivascular microglia and 

infiltration of mononuclear and mast cells was observed as a response mechanism to 

microglia activation through cytokine and chemo-attractants release using 

macrophage/microglia activated murine model [245].

So far, the literature has reported only a few in vivo studies regarding the 

biocompatibility of CNT within the brain tissue. VanHandal et al. [47] investigated the 

uptake and toxicity of pristine MW NT coated with pluronic F-108 in a GL26I
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intracranial tumour model. The results showed a preferential accumulation of MW NT 

in tumour macrophages/microglia in a dose dependent manner. The same group later 

observed similar results, this time however using SWNT chemically functionalised with 

PEG2000 to deliver CpG oligodeoxynucleotides into glioblastoma [48]. Similar to  the 

observations obtained in this Chapter, both of these studies [47, 48], demonstrated 

that the intra-cranial injection of CNT was well tolerated, only eliciting transient and 

self-limited inflammatory response. Importantly, Bardi et al. [131] have previously 

reported the only work to  date investigating the biocompatibility of CNT within 

healthy brain. This study demonstrated that pristine MW NT coated with pluronic F- 

127 could be injected into the visual cortex without eliciting damage at the cellular 

structural level, suggesting the compatibility of the CNT-based material with neural 

tissue [131].

To summarise, this Chapter reported the role of chemically functionalised MW NT 

on the cellular interaction with cells of the CNS. A relationship between the type of 

surface functionalisation and cellular reaction after stereotactic administration in vivo 

was demonstrated. Two different types of /-MWNT (MWNT-3 and MWNT-5) were 

comparatively studied, with noticeable differences seen in brain parenchyma 

distribution pattern, cellular uptake, and inflammatory response (cytokine and glial cell 

activation) depending on the approach of functionalisation chemistry used. Electron 

micrographs confirmed that both f-MW NT can be internalised by neural cells 

(microglia and neurons) by a number of different pathways, which may also occur in 

parallel. The capability of nanotubes to  directly translocate through the membranes
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allows them to deliver their cargo directly into the cytoplasm, which potentially 

increases their effectiveness as CNS delivery systems. TEM showed that only MWNT- 

3 were individualised and present in both intracellular and extracellular domains. Two 

days post injection, unlike MWNT-3, the MWNT-5 were mainly detected as small 

clusters in intracellular regions of the cells, with a very limited amount visualised in the 

extracellular space. The results also suggested that following interactions with neural 

tissues, MWNT-5 were cleared faster from injection site in comparison to  MWNT-3. 

Along with these observations, MWNT-5 consistently led to  higher cytokine and glial 

cell activation, suggesting that oxidation of the nanotube surface may have contributed 

to inflammatory reactivity of neural tissue. Contrarily, the presence of MWNT-3 was 

better tolerated, eliciting only a local and transience inflammatory response, without 

major activation of glial cells and inflammatory cytokines. The significance of these 

observations lies in the fact that this is the first evidence to  clarify the importance of 

chemical functionalisation on the neurotoxicity of CNT after their interaction with 

neural cells in vivo.
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6.2. Imaging of i n  v i v o  degradation of 

functionalised carbon nanotubes after stereotactic 

administration in the brain cortex

All possible strategies that involve implantation or injection of CNT material 

into the CNS need to address the question of the long-term fate of this material 

following interaction with neuronal tissue. In this section, following on from the 

previous studies in Section 6.1 and recent published work by Al-Jamal et al. [75], a 

suspension of MWNT-3 was stereotactically injected into the mouse brain cortex. Its 

interaction with neural cells and consequent effects on the CNT structural integrity 

was investigated both by TEM and Raman spectroscopy of brain tissue sections.
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6.2.2. IN T R O D U C T IO N

The development and use of nanomaterials as therapeutic and diagnostic 

modalities can contribute to  a much needed understanding of the CNS and the 

discovery of novel strategies for intervention against neurological pathologies. The 

application of nanomaterials in neuroscience is still at the early stages of development 

despite an impressive body of research that is emerging [4]. Carbon-based 

nanostructures, such as CNT, are some of the most interesting types of novel 

materials proposed for the design of nanomaterial-based neurological interventions. 

Even though as-produced carbon nanotubes are insoluble in most aqueous solvents, 

the development of functionalisation chemistries for their surface has led to a notable 

enhancement in aqueous dispersibility that has allowed their application in physiological 

environments including the CNS [96]. The scope of their biological applications [102] 

has broadened dramatically in the last few years, ranging from therapeutics and 

diagnostics for oncology [103] to  neuroprosthetic devices [23].

The purpose of this section was to further investigate the interaction between 

MWNT-3 (considered as potential drug delivery nanovectors) and brain tissue in vivo 

after cortical administration. MWNT-3 were functionalised by the 1,3-Dipolar 

cycloaddition of azomethine ylides as previously reported in Section 3.2.2.
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6.2.3. RESULTS

6.2.3.1. Ultra-structural examination o f M W N T-3 2 days after stereotactic 

injection.

MWNT-3 (0.5|jg/mouse) were stereotactically injected at specific coordinates 

in the motor cortex of a mouse brain (F igure 6.2) and two days post-injection, ultra- 

thin sections of brain parenchyma near the injection site were prepared for TEM 

examination (F igure 6 .13). In order to better visualise the localisation of f-MW NT in 

the sample at the cellular level, TEM imaging was performed on unstained sections. 

Microscopic analysis of tissue sections 2 days post-administration confirmed that 

MWNT-3 were dispersed and spread in the vicinity of the injection site and the brain 

parenchyma. It also confirmed their ability to  internalise within different types of brain 

cells including both microglia and neurons.
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Figure 6.13: U ptake o f M W N T -3  by m icrog lia  in vivo. (A ) High magnification of 
H&E stained coronal section that is representative of the area processed for TEM 
analysis. MWNT-3 were mainly detected in an area of approximately 225 pm x 225pm 
(50nm^) around the injection site. (B) TEM of brain parenchyma close to the injection 
site. (C ) low magnification image of microglia showing MWNT-3 localised 
intracellularly; (D ) high magnification of the dashed box in C, showing individualised 
MWNT-3 enclosed within an intracellular vesicular membrane. (E) high magnification 
of the solid box in C, showing individualised MWNT-3 that are free in the cytoplasm.
(F) low magnification image of other microglia showing MWNT-3 localised 
intracellularly, exhibiting the co-existence of individualised and intact MWNT-3
(G)(dashed box in F) and nanotube debris (H) (solid box in F). Cyt, Lys, and Mit stand 
for cytoplasm, lysosome and mitochondria, respectively.
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The widespread internalisation of MWNT-3 by microglia is shown in numerous 

panels in Figure 6.13 (Figure 6.13 C-G). Higher magnification of the cytoplasm 

region of the cells containing nanotubes indicated that when in clusters o r aggregates 

the material localised in vesicular structures (presumably phagolysosomal vesicles). A t 

the same time, individual nanotubes were also found either in the cytoplasm or 

crossing the vesicular membranes after internalisation (arrows in Figure 6.13 D).

From the same TEM analysis of the brain tissue sections after 2 days post

injection, it was observed that within many microglia that internalised MWNT-3 large 

clusters of seemingly decomposed nanotube material existed (Figure 6.13 F & H). 

Intrigued by such observations, it has been decided to further investigate the 

morphology of these structurally undefined materials that could be found within the 

cytoplasm of many cells throughout the brain sections.

Most nanotubes that localised intracellularly were seen intact, however 

widespread structural changes were also evident suggesting the initiation of a 

degradation process. As can be seen in Figure 6 .14, numerous areas contained such 

nanomaterial debris that had suffered severe structural deformations, reduced length 

and loss of cylindrical structure (Figure 6.14 A-C). Higher magnification at the 

interface of such clusters indicated the presence of both intact and structurally 

deformed MWNT-3 in the cytoplasm of microglia cells in vivo. Moreover, Figures 

6.14 (C i-C iv) offered further insight as to  how this degradative process may be 

evolving, with the co-existence of intact carbon nanotube structures (Figure 6.14 

Cii), carbon sheets that seem unravelled from the concentric cylindrical conformation
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(Figure 6.14 Ciii) and also the decomposed material that had clearly lost all 

structural features resembling a nanotube (Figure 6.14 Civ).

h

OOnm

cm "

Figure 6. 14: Evidence of degradation of M W N T -3  residing within microglia 
in vivo. Intracellular MWNT-3 imaged with severe structural deformations, reduced 
length and loss of cylindrical structure by TEM. (Ai & Bi) low magnification 
micrographs showing different microglia cells containing MWNT-3 in their cytoplasm; 
(Aii and Bii) high magnification micrographs of dashed boxes in Ai and Bi respectively; 
(Aiii and Biii) high magnification micrographs showing examples of MWNT-3 that lost 
their cylindrical shape. Intact tubular structured nanotubes (full arrow) can also be 
detected in the periphery of these clusters; (Alv and Biv) high magnification 
micrographs of panels Ai and Bi respectively, showing nanotubes with signs of 
morphological change presumably enclosed within an intracellular vesicle (dashed 
arrow pointing at the membranous boundary); (Ci) high resolution micrographs with 
co-existing individualised, intact M W N T-N H / (Cii); carbon sheets unravelling their 
concentric cylindrical conformation (Ciii); and degraded nanotube material with 
almost complete loss of their structural integrity(Civ).
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6.2.3,2, Ultra-structural examination of M W NT-3 2 days after stereotactic 

injection.

In order to further investigate these nanoscale-based structural observations, 

and also to interrogate the pristine nature of the graphitic material localised 

intracellularly, Raman spectroscopy of the brain coronal sections was performed 

(Figure 6.15). Animals were injected with MWNT-3 stereotactically at the same 

cortical location and brain tissue was removed after 2 and 14 days post-injection for 

sectioning.
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Figure 6 .15: Examples of Raman spectra of 20pm thick brain sections after 
2 days (left) and 14 days (right) post-injection. The Raman spectrums are 
representative data, corresponding to locations I -4 indicated in the optical microscopy 
images (Aii & Aiv);
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The Figure 6 .15 shows how optical microscopy of the tissue sections at the 

injection site was used to  obtain the Raman spectral analysis at different locations. 

Typical Raman spectra obtained at different regions of the brain sections after 2 and 14 

days post-injection are shown in Figure 6.15. While Raman spectra with all the 

characteristic features of MW NT were obtained, it was observed that after 14 days 

the material exhibited an overall reduction in the intensity of the overall peaks with 

increased background noise, suggesting the presence of less intact carbon nanotubes 

(Figure 6.15 and Figure 6.16). The characteristic D/G band intensity ratio, that is 

considered an indication of the degree of structural defects, was also distorted with 

time (i.e. overall decrease of the ratio), suggesting severe changes in the carbon 

structure of the material residing in the tissue (Figure 6.16 A  & B)
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Figure 6 .16: Raman spectroscopy of brain tissue sections 0, 2 and 14 days 
after stereotactic administration of M W N T -3 . (A) Collated Raman spectra as 
acquired from the starting material before injection (Od, left) and from brain sections at 
2 days (2d, middle) and 14 days post-injection (I4d, right). The intensity ratio between 

D and G bands (Id/Ig) indicated was calculated from the average intensities of D and G 
bands at each time point (n=IO, 14 and 16 spectra used for each time point 
respectively). Average intensity of G band was normalised to I; (B) D/G band ratio 
calculated from Raman spectra in each region of interest in the section. An overall 
reduction in Iq/I^ ratio was observed with time suggesting dramatic changes in the 

carbon structure of the nanotubes inside the brain.

6.2.4. D ISCUSSION

As observed previously in the Section 6.1, microglial internalisation of 

nanotubes was widespread and was the predominant mechanism of early-time tissue
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response This observation agrees with previous reports following intratumoural 

injection of nanotubes within a brain-implanted glioblastoma model [47, 48] despite the 

inherent differences in tissue architecture and level of pre-existing microglial activation 

between normal brain and the glioblastoma mass.

Evidence that oxidative conditions, irrespectively of the pH environment [247], 

can induce degradation of CNT has recently emerged since Allen et al. [248] showed 

the biodégradation of SWNT after incubation with horseradish peroxidase and H jO j 

under static conditions (at 4 °C for 12 weeks) [248, 249]. The same team also 

demonstrated that SWNT could be degraded by the catalytic action of human 

neutrophil myeloperoxidase and, more importantly, have shown that the biodegraded 

nanotubes did not induce an inflammatory response when aspirated into the lungs of 

mice [250]. While a completed degradation leading to CO j [248, 249, 251] might 

indeed be seen as beneficial fo r the biocompatibility of CNT suggested for drug 

delivery, an incomplete degradation of these nanotubes based on fused carbon 

aromatic rings might lead to  the generation of toxic aromatic by-products such as 

polyaromatic hydrocarbons. The long-term biological consequences of degradation 

should thus been further considered and investigated. Recently, Russier et al. [252] 

have also reported the oxidative degradation of carboxylated SWNT and MW NT in a 

test tube, indicating that both types can undergo degradation, albeit to  a different 

extent. Likewise, Zhao et al. [251] have studied the enzymatic degradation of different 

M W NT (purified, oxidised, nitrogen-doped) using similar a-cellular assays and 

demonstrated that MW NT degradation greatly depend on the degree of 

carboxylation on the CNT. In other studies, Liu et al. [247] also studied the effect of 

surface functionalisation on CNT degradation, and showed that pristine, ozone-treated
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and aryi-sulfonated nanotubes could not degrade as effectively as oxidised SWNT 

under phagolysosomal-mimicking conditions. These last three studies demonstrate that 

degradation could affect different kind of CNT, both SWNT and MWNT. However, 

further studies are needed to address more systematically the questions as to  whether 

the degradation observed here in the brain applies to  other CNT, and of its modalities 

(e.g. pH conditions, CNT surface functionalisation).

In the context of the present study, microglia have often been associated with 

oxidative processes that may be related to  their highly efficient capacity for 

phagocytosis and their role in response to  even subtle neuronal injuries. Microglia cells 

are the resident immune effectors of the CNS, and as such their oxidative lysosomal 

environment, with low pH and the presence of hydrolytic enzymes may further 

promote the degradation of the CNT. However, this remains a speculation at this 

stage until further work arises.

Conclusively, this study reports the occurrence of partial degradation of 

chemically functionalised MW NT in vivo following internalisation and intracellular 

localisation within microglia after direct stereotactic injection in the motor cortex. The 

degradative processes and mechanisms taking place are not elucidated in this study, 

however TEM analysis of the tissue sections offered widespread structural evidence 

that nanotube degradation can start within 2 days post-injection. No report in the 

literature has previously offered direct evidence of carbon nanotube in vivo degradation 

within any tissue. This study offers such initial evidence and the impetus for further 

investigations to  further explore the critical parameters that will determine the kinetics
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of CNT in vivo degradation. Depending on the intended biomedical application, 

degradation of CNT may be desirable (e.g. drug delivery, diagnostics) or not (e.g. 

implants, neuroprosthetic devices, scaffolds). Regarding the scenario of degradable 

CNT, understanding, identifying and engineering carbon nanotubes that could allow 

rapid and complete degradation within the tissues in which they reside will also change 

the landscape regarding the overall toxicological profile of the material that is critically 

dependent on tissue biopersistence.
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7. Final Remarks and Future W ork
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The work described in this thesis has proved valuable in further understanding 

the key factors involved in the tissue distribution and fate of chemically f-CNT in living 

animals, as administered through three different routes: intravenous, intra-nasal and 

stereotactic. Broadly, the steps taken to achieve this understanding were, first, the 

investigation of the pharmacokinetic profile of different f-CNT (following intravenous 

administration); second, the exploration of the ability of f-CNT to  be delivered in the 

brain (after both intravenous and intra-nasal administration); third, the elucidation of 

the prevailing interactions between f-CNT and brain tissue in vivo, in the context of 

cellular affinity, cellular internalisation, fate and structural integrity of the 

nanomaterials (after direct stereotactic administration). Furthermore, questions 

regarding neurotoxicity and inflammatory response following interaction of f-CNT 

with neural tissue were addressed.

Summarised and discussed below are the main messages that emerge from this

work:

I . Critical f -M W N T  physicochemical (structure and surface) properties 

and pharmacological (route of administration) parameters, can 

direct nanotubes to accumulate in specific tissues/organs.

Physicochemical parameters, such as the length of f-CNT, the nature of

functional groups and the degree of functionalisation on the CNT surface, have been

shown to  directly affect the dispersibility characteristics and individualisation of CNT,

and thus to  influence the pharmacokinetics and tissue distribution of administered

CNT. The work performed in Chapter IV shows that increasing the degree of chemical
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functionalisation of CNT enhances their renal clearance, whereas decreasing the 

degree of chemical functionalisation favours RES accumulation (Figure 7.1).

PHYSICOCHEMICAL PROPERTIES

DTPA

M W NT-NH-DTPA oxMWNTamid-NH-DTPA

Degree of
functionalisation: 0.058 mmol/g 0.115 mmol/g

Intravenous
administration

Intra-nasal
administration

0.320 mmol/g 

 >

Figure 7.1: Control of tissue distribution/exposure of chemically f-C N T in 
living animals by modifying material properties. Both panels showed that by the 
control of the physicochemical properties of CNT the material behaves differently in 
vivo.
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This was observed even clearer when the results were compared with those 

obtained from previous experiments using similar material to MWNT-NH-DTPA 

(MWNT-6), but with a much higher degree of chemical functionalisation (>0.5 

mmol/gm). In those early studies CNT were shown to be rapidly cleared from the 

bloodstream through renal excretion with minimal accumulation in RES organs [161, 

162]. It has also been demonstrated that renal excretion was not merely length 

dependent as suggested by other laboratories [174]. This can be seen in a comparison 

of the biodistribution of oxMWNTamid-NH-DTPA (MWNT-7 & MWNT-8): although 

both pre-oxidized CNT had similar dimensions, only MWNT-8 showed improved 

renal clearance.

It was further found that the intravenously administered f-CNT accumulated at 

different levels, mainly in the liver, spleen and lungs. Over time the accumulation of 

CNT in those organs appeared to  decrease. However, more studies need to  be 

performed in order to  elucidate the long term organ distribution and possible 

biopersistence, which are expected to  affect the CNT toxicity profile.

The selection of an adequate route of administration is crucial and needs to 

take into consideration the dispersibility and physicochemical characteristics of the 

CNT, along with the targeted tissue. Depending on this, f-CNT can be directed to 

accumulate in specific organs (Figure 7.2). Overall, the studies indicate that CNT with 

“ low”  to  “ intermediate”  degree of functionalisation (<0.320 mmol/g) may be more 

suitable fo r local administrations (intra-tumoural injection [103] o r stereotactic 

injection [75]), while very highly functionalised CNT (>0.99 mmol/g) would be more 

appropriate for systemic administration.
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ROUTE OF ADMINISTRATION

DTPA

fiO.320 mmol/g

Intra-venous
administration

Intra-nasal
administration

Stereotactic
administration

IV SL106 5mo Oh

Figure 7. 2: Control of tissue distribution/exposure of chemically f-C N T  in 
living animals by modifying the route of administration. Both panels showed 
that by the control of the pharmacological administration routes, the material behaves 
differently in vivo. All images shown are single photon emission computed tomography 
(SPECT/CT) data captured in live animals after administration of radioconjugated 
oxMWNT-NH-DTPA (MWNT-8) via different routes.

Additionally, following systemic administration, a low level of brain delivery was

obtained. This observation highlights the limitations of non-targeted CNT intended to

be delivered in the brain after intravenous injection. The challenge here will be the

development of f-CNT able to avoid RES uptake, circulate for longer periods in the
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bloodstream and specifically target certain BBB receptors, thus promoting brain 

uptake. The ability of CNT to act as brain delivery vectors for therapeutic and 

diagnostic purposes is currently uncertain. The development of CNT should first aim 

to  achieve longer blood circulation half-lives, hopefully resulting in the eventual use of 

intravenous administration of CNT for therapeutic purposes. Recent studies have 

shown to  increase the blood half-life after systemic administration of CNT. The main 

strategy used to achieve this increase in blood half-life has been through the use of 

PEG, a polymer that is known for its steric hindrance which favours the blood 

circulation [174, 253-255].

2. Depending on their physicochemical parameters (structure and 

surface) f-C N T  can overcome the mucocilliar clearance, remaining 

for an extended period of tim e in the nasal cavity, which favours their  

nose-to-brain translocation.

After intra-nasal delivery both f-CNT acted as a mucoadhesive-like delivery 

systems. f-CNT remained for extended periods of time in the nasal cavity likely 

because of the overcoming of the mucocilliar clearance mechanism present there. 

However, by changing the length and degree of functionalisation, the hydrophobicity 

and dispersibility of the CNT was affected, resulting in different retention times. The 

extended retention of CNT at the nasal cavity appears to be a key factor for the 

translocation of the material to  the brain. Therefore, it is expected that by varying the 

physicochemical properties of CNT formulation (hydrophobicity and dispersibility).
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one will be able to control (or inhibit) brain uptake of the CNT formulations following 

intra-nasal administration.

It was observed that unlike the oxMWNT-NH-DTPA (MWNT-8), the MWNT- 

NH-DTPA (MWNT-6) could be delivered inside the brain after intra-nasal 

administration. Mechanistically, there is evidence that brain translocation occurred 

through bypassing BBB, mainly via the trigeminal nerve pathway. However, one cannot 

completely exclude the olfactory nerve pathway as an additional route of translocation. 

This is because nasal passages are also exposed to olfactory nerves, which establish 

neuronal connections between the rostral part of the brain and the exterior (Figure 

7.3) Moreover, a fraction of the material that remained in the nasal cavity did not 

translocate to the brain, and may have been re-distributed elsewhere into the 

lymphatic system.

Following intra-nasal administration, part of administered f-CNT drained out 

from the nasal cavity to  the oesophagus, travelling through the gastro-intestinal track 

before being excreted from the body. f-CNT underwent very reduced inhalation and 

systemic absorption (almost inexistent accumulation of CNT on lungs, liver or spleen). 

This can be seen as a potential advantage of the system, in part because of the 

minimised side effects on non-targeted peripheral organs. Even so, further studies need 

to  be conducted in order to  clarify the how harmless o r toxic are the effects on the 

body from the transient passage of CNT in the GIT or lungs.

The research described in Chapter V  suggests a need for further investigation 

regarding the therapeutic efficacy of CNT in the brain following intra-nasal 

administration. Furthermore, there is still room to enhance the percentage of brain 

delivery by this route. The strategy may pass through the development of f-CNT with
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target ligands (such as lectins), which have recently been proven to increase brain 

uptake after intra-nasal administration [19, 217].

Overall, this insight into the mechanism by which f-CNT can translocate to the 

brain after intra-nasal administration suggested that it should now be possible to 

design f-CNT with tailored physicochemical characteristics to control desirable (e.g. 

brain drug delivery, diagnostics of CNS) or undesirable (e.g. non-brain nasal vaccine 

therapies) brain uptake.

Cerebral spinal Clearance/
fluid Elimination

Olfactory
jôlfactà ofiucans

Pons/

Cerebral spinal 
fluid Cervica

Lympti nodes

Clearance / 
Elimination

V A .
_______________Nasallcavity /  adm in is tratio n

"* • — . ^
Intra-nasal

Figure 7.3: Mechanism proposed for brain translocation and clearance 
following intra-nasal administration of M W N T .

3. f-C N T  can interact with brain tissue and internalise neural cells

The effectiveness of a delivery system at the cellular level is dependent on the

interaction and internalisation of the vector within cells. In Chapter V I it was

demonstrated that after direct stereotactic administration both f-CNT were
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internalised within different neural cells, including both microglia and neurons. TEM 

also suggested that microglia internalisation was the predominant mechanism of early- 

time tissue uptake, which was expected as these cells are the sentinels of the brain.

Concerning the mechanism for cellular internalisation in vivo, the high 

resolution offered by TEM suggested that it can occur by more than one pathway. 

Cellular internalisation occurred by a combination of endocytosis and phagocytosis of 

CNT into vesicles and by the direct translocation of individualised CNT through the 

cellular membrane. The latter is one of the most attractive properties of CNT, as their 

therapeutic cargo can be directly delivered inside the cytoplasm of cells and reach 

specific intracellular therapeutic targets. The literature had already identified both 

pathways, albeit with some conflicting data regarding the predominant mechanism. 

According to the results obtained, the mechanism of uptake is closely dependent on 

the cell type and individualisation state of the CNT. Since TEM analysis was performed 

only two days after injection, the visualization of the uptake mechanism was limited 

and conclusions regarding the predominant uptake mechanism cannot be fully drawn. 

Nevertheless, the electron micrographs clearly illustrated that along with 

endocytosis/phagocytosis, the direct translocation of nanotubes through the cellular 

membrane is one of the mechanisms responsible for the uptake (in particular for 

M W N T-N H / (MWNT-3).

Based on the w ork presented in this thesis, future studies attempting to  further 

elucidate the predominant mechanism of internalisation in brain tissue should explore: 

i) multiple site of injections (as the percentage of phagocyte cell varies between brain 

regions); and ii) CNT functionalised through the same chemical reaction but with 

different dimensions and/or different degrees of chemical functionalisation. Moreover,
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there should be further investigation into the in vivo fate of CNT after cellular 

internalisation, in particular the identification of the cellular compartments where CNT 

accumulate and possible existence of endosomal escape, cellular exocytose and cellular 

recycling from neural cells.

4. f-C N T  can induce different levels of inflamm atory responses 

following interaction with neural tissue, that depend on their 

physicochemical properties (structure and surface)

Chapter V I provided evidence that neuro-inflammatory response to the 

presence of CNT was determined by their length, the nature of functional groups and 

their individualisation (Table 7.1). Similar to  previous studies [47, 48], the injection of 

f-CNT was found to mainly elicit transient and self-limiting inflammatory response in 

the injection site. However, cellular activation (microglia and astrocyte cells) in the 

neighbouring areas away from the injection site was still high four weeks post

administration with pre-oxidized CNT: oxMWNTamid-NHj^ (MWNT-4) and 

oxMWNT-NHg^ (MWNT-5). Consistently, pre-oxidized CNT (shortened and with 

carboxylic acid groups attached on the surface): MWNT-4) and MWNT-5 induced a 

stronger and statistically significant inflammatory response than that observed after 

administration with M W N T -N H / (MWNT-3) (long and without carboxylic acid 

groups on the surface). These differences can be attributed to the different length and 

nature of functional groups attached on the surface of each CNT, as a consequence of 

the oxidation step during the chemical functionalisation. Another possible contribution 

to the inflammatory response may be the lack of individualised oxMWNT-NH^^
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(MWNT-5) in vivo, since this type of CNT was mainly identified as being grouped in 

small organised clusters (probably due to hydrogen bonding formation between the 

functional groups of single nanotubes).

Table 7. 1: Properties o fo x M W N T -N H / (M W N T -5 ) and M W N T -N H /  
(M W N T -3 ).

CNT Physicochemical characteristics MW NT-5 MW NT-3

•  Diameter ~40 nm ~40 nm

•  Length 200-300 nm 500-1000 nm

•  Functional groups -CO O and -NHj^ -NHj"

•  Comparative hydrophylicity > <

•  Overall TEM dispersibility Good Good

•  Comparative Physical inspection of

the Feasibility to disperse in 5% Good Good

dextrose

The literature has now reported the in vivo biocompatibility of CNT within the 

brain tissue [47, 48, 131]. In these studies different CNT constructs were used, and 

overall no major adverse toxicological effects were observed. Nevertheless, as shown 

in the results of this thesis, control of the physicochemical characteristics of CNT 

determines the degree of neuroinflammatory response by brain tissue. The injection of 

oxMW NT-NH]^ (MWNT-5) consistently led to  higher gene expression levels of pro- 

inflammatory cytokines in the brain, when compared to MWNT-NH^^ (MWNT-3). 

Nevertheless, this increase in cytokine gene expression was found to  be transient, 

returning to  normal values after 16 hrs.

Further studies will need to elucidate the key factors (length, degree of 

functionalisation, and nature of chemical groups) that elicit neuroinflammation. The
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future development of CNT in neurology should be expected to focus on: I) the 

determination of any acute or chronic responses such as on neurotransmitter levels 

and pharmacodynamic behaviour; ii) the use of specific toxicity markers to identify any 

interference of CNT with more complex biological cascades and processes; iii) the 

exploration of any acute and chronic toxic effects after multiple administration of 

CNT.

5. Cellular Internalisation of f-C N T  Into microglia can prom ote  

biodégradation of the material.

A crucial factor that remains to be determined is the fate of CNT in the body. 

This question is of wider interest as it relates to  the safety of CNT-based technologies 

in general to human health and the environment. Recent studies have reported the 

proof-of-concept that biological oxidative environments are able to  degrade f-CNT 

both in test tube and in cell culture (in vitro) up to their complete decomposition [256]. 

The study described in Chapter V I (Section 6.2) demonstrated for the first time 

that biodégradation can also occur in vivo. The results presented there, which consider 

the case of amino-functionalised MW NT prepared by 1,3 Dipolar cycloaddition, might 

not be applicable to  all CNT. Nevertheless, our observations (i.e. extensive 

modification of structure and shortening of some CNT) agree with previous reports 

that demonstrated CNT degradability. The degree of biodégradation greatly depends 

however on the physicochemical characteristics of the CNT (chemical groups present 

at the surface).
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Depending on the intended biomedical application, degradation of CNT may be 

desirable (e.g. drug delivery, diagnostics) or not (e.g. implants, neuroprosthetic devices, 

scaffolds). Further studies are needed to  clarify if the biodégradation of CNT is 

universal for all types of CNT, as not all functionalisation approaches (although only a 

limited number have been explored) led to biodégradation. Moreover, no data is 

available on the capacity of specific phagocytic cells o r a specific tissue to  trigger CNT 

degradation following their in vivo administration. Therefore, studies addressing the 

mechanism and factors that promote degradation of CNT must be performed in future 

works. O ther important issues in need of clarification are the health impact, 

biopersistence and environmental accumulation of CNT-degraded material.

In summary, the application of CNT in neurology is a fast-developing area. 

Recent studies published in the literature showed that CNT have already found 

application in several neurological fields as neuroprosthetic devices, material for tissue 

regeneration, neuroprotection and therapy (see Section 1,1.3.) Along with these 

proof-of-concept studies, the investigation described in this thesis has opened up new 

frontiers in the development of CNT materials fo r neurological application. As the 

search continues for a more feasible route to  deliver CNT into the CNS, elucidation 

of the influence that physicochemical properties and pharmacological strategies have 

on the in vivo fate of CNT will provide the research community with an additional tool 

for future therapeutic strategies.
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Nanomedldrte

Hybrid Polymer-Grafted Multfwalled Carbon Nanotubes 
for In vitro Gene Delivery
Antonio Nunes, Nadja Amsharov, Chang Guo, Jeroen Van den Bossche, 
Padmanabhan Santhosh, Theodoras K. Karachalios, Stephanos E Nitodas, 
Marko Burghard, Kostas Kostarelos,* and Khuloud T. Al~Jamal*

Carbon natiotubes (CNTs) œnsist of carbon atoms arranged in sheets o f graphene 
rolled up into cylindrical shapes. This class o f nanomaterials has attracted attention 
because o f their extraordinary properties, such as high electrical and thermal 
conductivity. In addition, development in CNT functionalization chemistry has led 
to an enhanced dispersibility in aqueous physiological media which indeed broadens 
the spectrum for their potential biological applications including gene delivery. 
The aim o f this study is to determine the capability o f different cationic polymer- 
grafted multiwalled carbon nanotubes (MWNTs) (polymer-g-MWNTs) to efficiently 
complex and transfer plasmid DNA (pCMV-pGal) in vitro without promoting 
cytotoxicity. Carboxylated M W NT is chemically conjugated to the cationic polymers 
polyethylenimine (PEI), polyallylamine (PA A), or a mixture o f the two polymers. In 
order to explore the potential o f these polymer-g-MWNTs as gene delivery systems, 
we first study their capacity to complex plasmid DNA (pDNA) using agarose gel 
electrophoresis. Gel migration studies confirm pDNA binding to polymer-g-MWNT 
with different affinities, highest for PEI-g-MW NT and PEI/PAA-g-CNT constructs 
P-galactosidase expression is assessed in human lung epithelial (A549) cells and 
the cytotoxicity is determined by modified L D H  assay after 24 h incubation period. 
Additionally, PEI-g-MW NT and/or PEI/PAA-g-MWNT reveal an improvement in 
gene expression when compared to the naked pDNA or to the equivalent amounts 
o f P E I polymer alone. Mechanistically, pDNA was delivered by the polymer- 
g-MW NT constructs via a different pathway compared to those used by polyplexes 
In conclusion, polymer-g-MWNTs may be considered in the future as a versatile tool 
fo r efficient gene transfer in cancer cells in vitro, provided their toxicological profile 
is established

K  Nims. Dt C  Gwo. Dr. |.V. den Bnssdw. IW .  K. Kastordo^ Dr. N. AmstMtw, Or. R Senthosh, Or. M. Burghiwd
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Centre for Drue Oclwety Reseerdi, The School of Pharmacy Mersenhergdraae 1.70569 Stutteart Germany
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I.  K. Katachallos. Or. S. F. Wttodas 
Nanothinc S A , Sladioti Sir.

DO*] io joo2/sm ljîoiooo8 6 4  Montras, 26504, Greece

No. 3C  ̂a d i - z s y i  O  zOiOWilayVCHVeriagGfflfaH a  Ca. KGaA. W eàiheini ■H yualliedlin iy jl 2381

236



Appendices

The FASEB Journal article fj.09-141036. Published online July 20,2010.

The FASEB Journal •  Research Communication

Enhanced cellular internalization and gene silencing  
with a series o f  cationic dendron-m ultiwalled carhon  
nanotuheisiRNA com plexes

Ehuloud T . A lja flu l,*  Fraocesa &L Toma,^ A ç e ^  YUmazer,* Hanene AG^ouoetta,* 
Antonio Nunes,* B fa ria^ to n ia  Hetrero,^^ B<m#en T iao ,* V^ad Fddaoui,*
Wafa* T  A fjam al,* Alberto Bianco,̂ '̂  U aurizio Prato,^ ' and Kostas KnstareXos* '
*Nanonicdicinc Laboratory, Centre for Drug Delivery Research, School o f Pharmacy, University o f 
London, London, UK; Center o f Excellence for Nanostructured Materials, Department o f 
Pharmaceutical Sciences, University o f Trieste, Trieste, Italy; ^Departamen to de Q uim ka Organica, 
Facidtad dc Quimica. Universidad de Castilla-La Mancha, Ciudad Real, Spain; *FIow Cytometry Core 
Facility, University College London, Institute o f Child Health, London, LTK; and ^Centre National de 
la Recherche Scientiiiquc, Institut de Biologie Moléculaire et Cellulaire, LTPR 9021 Immunologie et 
Chimie Thérapeutiques, Strasbourg, France

ABSTRACT One o f the nugor obetmdem la dse diniraJ 
development o f gene ■îlenring by small interfering RNA  
(bRNA) is its effective cytopi imnir d^veiy. Cerbtm neno- 
tidree hswe been proposed as novel nenomateiiels that can 
offer sigmficent advantages for the intracellular delivery 
o f mideic acnh, ouch as bRNA. We reoenlhr demon
strated in a proof-of-principle study that amino- 
functionaliaed muhhvaDed carbon nanotitbea (^MWNT) 
can eBieUiveiy deliver m v m  an bRNA sequence, Iriggm- 
irqg w»n apoptossa that results in Ihmmhi haig xenogyaft 
eradication and prolonged awrvrvaL In  the prcoent aürdy, 
we tfemtaaRnRe bow a neaiy y ntls'aiied acrica o f polyca- 
tionk: dendion-MWNTooaatmctB with a predaeiy tailored 
nurrdrer o f amino functiona (deiahun genet atiorra) can 
complex and effective^ debvta donble-atrandedaiRNAlD 
adiiem  gene nb ts ing in A igali niatic compermon 
between the /M W N T  aeries so terms o f cvUnlsr uptake, 
^rtotoxrcity, aral bRNA complexatian is offered. SsgnifL 
cant improvement in bRNA delivery with the dendran- 
M W NT conjugmtes is shown, and gene nlenfiag was 
obtained in 2 oefl Unea trnng 2 cElfaent aiRNA
sequences. The study tm v sb that through/M W NT atmc- 
tmwbiological functioa anaiyaia novel nanotidie baaed 
siRNA tnmafer vectora can be tiengucd with minimal 
^totnxidty and effective tWivery aral genesOendng ca- 
pebïïrtiew.—A ljam al, K. T ., Toma, F. &L, Yilmaapr, A., 
AliRouoetta, H ., Nunes, A ., Herrero, U rA ,, Tian, B., 
Eddanui, A ., Akam ai, W. T ., Bianco, A ., Prato, M ,

K lTnli«nr«wl
oflencrt^ with a aeries o f cationic dendranamhiwalled 
carbon nanotubeaiRNA complexes. FASEB J . 24, 
#09-000 (2010). www.&acb|xag

K tj Words: UNA in te ifrm c e ' gme trm isJiiT 'knotM tm m  
* nanolechnologj ■ nomnrof

T h e  e m e rg e n ce  o f  c a r b o n  n ano tubcs  (CNTs) as 
advanced  nanom ateria ls  a n d  in  pa rticu la r tow ard b io 

medical and biotechnological applications is o f great 
interest (1—3). In  terms o f the biologically relevant 
features o f CNTs, one o f the most attractive properties 
described is the capacity to translocate cellular barriers 
(such as the plasma membrane) by mechanisms that 
are novel and seem to be reminiscent o f a nanoneedle 
piercing the cells (4 ). Numerous laboratories (4 —8) 
using various types o f CNTs have now reported their 
cellular uptake by a wide range o f cells. The solubiliza
tion o f pristine nanotubcs by means o f difFcrcnt func
tionalization strategies allovied the development o f a 
wide variety o f singlewalled CNTs (SWNTs) and mul
tiwalled CNTs (MWNTs) that have shown promise in 
tem u o f biocompatibility and the ability to crass the 
plasma membrane and to act as traiuporters for drugs 
(9—13), biological molecules such as peptides and 
proteins (6, 14—17), small interfering RNA (siRNA; 
refs. 18, 2 0 -2 3 ), and plasmid DNA (7 , 24 -27). Despite 
conflicting reports on the toxicity profile o f CNTs, 
chemically functionalized CNTs compared with pris»- 
tine CNTs have shown promise with significantly lower 
cytotoxicity profiles obtained (28).

One o f the ^proaches used for CNT-assisted siRNA 
delivery involves the chemical conjugation o f siRNA to 
SWNTs or the material used to coat them. Kam t t  aL 
(18) conjugated pDNA and siRNA to phospholipid- 
coated SWNTs ria  deavable duulfide bnkages and

* Correspondence: K.K., Nanomedicine Laboratory, Cen
tre for Drug Delivery Research, The School o f Pharmacy, 
University of London, London W C IN  I AX, UK. EmaU; 
kostas.kastarelas@phatmacyBC.uk; A.B., CNRS, Institut de 
Biologie Moléculaire et Cellulaire, UPR 9021 Itnmunologie 
et Chimie Thérapeutiques, 67000 Strasbourg, Frattce. Er 
mail: a.bianco@ibmc-cnrs.unistraJï; M.P., Center of Excel
lence for Nanostnictured Materials, Department o f Phar- 
maceuncal Sdences, University o f Trieste, 54127 Trieste, 
Italy. E-mail: prato@units.it 

doi: i0.l096/fj.09-141056
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Efîicient rcceptor-independent intracellular translocation of aptamers 
mediated by conjugation to carbon nanotubesf

Jeroni Van den Bnssdie,* W afa’ T . A l-Jam al,'' Bowca H a n ,' Antonio Nones,'
Chiani FmWao,* Alberto Bianco,'̂  M aoririo  Prato* and Kostas K ostarelo^'

X e e â re i 25tà Jhme W IO, Aeeepteâ 3rd Âagmst 2ÛIÔ 
D ût: I0.lâ3$/dlcc02092c

We iMie am leully in fied  aptimeri onto carlmxjlaUd carima 
■amtubcB to dadgn a mnrci aector ajatan tin t can ea«% 
transiacaie Èmta the cjtaaol of Æfierait ccQ tod^endeml 
of reoeftomiedlaled xyta&e. We prof one toe me of cadma 
namtitoni for toe efficfenl fatraccRiije delaay of bfokg^alÿ 
acftae aptamwa tor pofcntii i  toerapeniic appkaüona.

The use of naoostructurcd materkk for therapeutic purposes 
is currently the goal of many laboratories. Carbon nanotubes 
(CNTs) have beoomc increasipgly an port ant within the 
biomedica] field as they can be easily modified and exhibit a 
large surface area and hif^ in rifo  staN lit).' DqKnding on 
whether thqr exist as a single cylindrical graphene laya or 
multiple concentric sheets they are opically rrfm ed to as 
sin^c-walled (SWNTs) or muki-walled carbon nanottdxs 
(MWNTs).* It has been shown that the functionalisation of 
these materials with peptides, small targeting ligands (such as 
folic acid) and monoclonal antibodies can result in active 
binding to qxdfic ceU recqrtors.* in addition, functionalised 
Mlft'NTs have been described to have the capacity to directly 
translocate oelular membranes resultng in cytoplasmic 
delivery of their carga^ This particular phenomenon is 
considered o f importance towards the design of drug rldivciy 
s)stems that a n  adiieve facile transport of biologically active 
agents directly into the cytoplasm.* Recently, our laboratories 
have utilised this capaUhty of MWNTs to intracdlularly 
ddha ptaanid D N A  àRNA, fluoresoert prdba and anticancer 
agents.'-*

MWNTs have also been investigated for the corstruction of 
biosensors using both cmalent and non-owalent modifications 
with aptamers.* Aptamers represent a new class of DNA or 
RNA oligonuclootidcs that adopt well defined conformations. 
They can be sdectcd to recognize a wide vanety of targets such 
as ptroteins, lipids, rmicleic acids and sugars with high affinity 
and selectivity, using the SELEX methodology (systematic 
evolution of ligands by exponential enrichment). In addition, 
as small nirldc arid ohgomos, they can be asüy synthcsrird

'  Naatm ctfkm e L jH ra ttr jr , O ra tre fir Dntg D u trtry ,
The ScJmJ a f fh in m ic y , Vmaermtf o f Litodoii,
3 ^3 ^  Anaumcll S itm e . Loodon. UK W C IH  ÉAX.
E-m ail: koxb ili.km tm âœ f^ph am a cfra iik :
Fax: +44 (0 )3 ) 77575942; Teh +44 {0)20 77535061 

^ D ipa rtiitea lo  tS ScSeme F trm aaaaia lr, IM à e râ tà d i T ria u ,
34127 1'rksie. lia tly  

‘  CNKS, h a tita  ée Bi>hrgie U o im ih re  et C e itda ie , IxA o ia to i-e  
d ImaoÉialogie et O tin ie  Thém feuiiiftes, 67000 Stradfata^, France 

t  Dactronic supplementary infimaatian (ESI) available: Cdl vis bitty, 
pre-incuhation erpenments, rdW ar uptake of scrambled M W N T  
Apt. See DOE IO IO*,k(kd)2(l»:e

on large sale and modified witii a variety o f chemical agenta 
These properties have led to aptamers tiiat can be consideicd 
promising candidates in cancer titerapy as biomarkers 
(recogniticm o f tumor antigens) or therapeutics (cytotoxic 
activity).*

In this commimiation, we describe a MWNT-aptamer 
(M W NT-Apt) hybrid prepared by coupling an anti 
M U C l-aptanrr (soquaoe GGCGTACGGTAGGCXSOGG- 
TCAACTG), modified at toe 5'-cnd with a fluorescent probe 
(Cy3) and at the T-end with a primary amine, to the aiboxy- 
lated MWNTs. M U C -I is a membrano-assoriatcd glyooform 
of the mucin family and is commonly overexpressed on a 
broad range of epithelial ancer cell lines (breast, ovary, colon, 
pancreas, Itmg and prostate).*** We investigated the pbysico- 
cbcmial properties of the ^tocsized MW NT-Apt construct 
using transmission electron microscopy (TEM ), atomic force 
miooscopy (AFM ), and tocrmogravimctric analysis (TGA) 
Furthermore, we studied the intracdltdar translocation and 
traffickiitg of these conjugates using laser sanning ccnfocal 
miooscopy.

Ffg. lA  toows toe synthetic pathway to prepare the 
MWNT-aptamer conjugates. Pristine MWNTs 1 were 
oxidixd for 4 h with a HNOĵ Tî SO  ̂mixtiuc istpg a procedure 
described prcviottdy.'* The resulting arboxylatcd MWNTs 
were conjttgated to toe aptamers usirig I-{3'-(dimetoylaminoF 
propyll-3-ctbylcarbodiiniide/.V-hydrcBtjsuociniinide (H 3C I/N H ^  
and isolated using filtration and thorough washirgs ( Fjg. 1 A). 
The final MW NT-Apt construct was easly dispersed in S% 
dextrose in water at I mg m l"'.

The physioocbcntical characterisation of the MW NT-Apt 
coqugata usii% TEM, A FM , polyacryhmide gel dectro- 
phoresis (PAGE) and TGA was carried out (Fjg. IB -E ). 
TEM indiated that both the oxidised MW NT (ox-MW'NTs) 
precursors and the MW NT-Apt consist of individualised 
nanotubcs, fiee from any major impurities (measured from a 
0.1 mg m l' sample) (Rg. IB  and ESIt, Fig. S I), also toowing 
that the surface of MW NT-Apt was coated (Fig. IB , bottom 
panel). The constructs were then further studied by AFM  
indcating sharp difiaenccs in the surface morphology 
between the oxidised MWNTs and toe MW NT-Apt 
(Fig IC  and ESlt, Fjg S2).

To confirm the covalent binding t£  the aptamer motecula to 
the MWNTs (as aptamers have been known to self-asgmible 
with MWNTsX" we conducted a PAGE gel and observed toe 
apt am O' bands using ctoidium bromide (Fig. ID ) Lancs 1, 2 
and 3 toow the naked aptamer, a mix control of the aptamer 
with the oxidised M W l^s aid  the M lhN T-A pt conjugate, 
respectively. The gd con finned that covalent fnking between

This journal is ® The Royal Sodety of Chemistry 2010 Chem. Commun̂  2010, 44, 7379-7381 | 7379
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Polyamine functionalized carbon nanotubes: synthesis, characterization, 
cytotoxicity and siRNA binding^
Pfabhpreet Singh,'* Cnstiam Sa mon,* Francesca M aria Tom a,* C yrill Bussy,* Antonio Nunes,*
Khuloud T . Al-Jam al,* Cédha Ménard-Moyon,* M aurizio P rato ,** Kostas Kostardos** and Alberto Bianco*

Reeeited 23ed N in tm ie r 2010, Aeeepted iê d t Jmmmy 2011 
DOk l&IOMMqmMWam

in this work we have qmtbcsiaed a new seiies o f cahonic carbon nanotubes (CNTs) for siRNA binding.
Both single- and multi-walled CNTs bave been modibod ty  addition or amidation reaction with short 
linear polyamine diains including putxeacine, spcnnidineand spermine. All the newcoiyugates have 
been characterized with several spectroscopic and microscopic techniques. Tbcdrcytotoncebecls have 
been assessed on human lung carcinoma cdl line. Finaly, we have analyzed their capacity to bind 
siRNA towards the development of new carriers tor genesilmcii^ applications. The dispersibility 
properties and the capacity to complex mRNA o f the dilferent oonjpgatcs were found to be stron^y 
dependent on the psosition of the functional groups on CNTs {Le. mainly at the tips folowing the 
amidation reaction or on the sidewalls by direct C -C  addition).

Introducticm

Siug lew ailed carbon nanotubcs (SWCNTs) and muhiw ailed 
carbon nanotubcs (MWCNTs) are an important class of nano- 
materials,'"*and recent studies in the field of nanotechnology and 
nanomedicine have reported that CNTs could find a wide range 
o f biological applications such as drug and gene delivery, ther- 
apetaios and diagnostics.

However, to folly nploit the properties of CNTs n nano- 
medidne, we need to overcome their extremely poor aqueous 
dispersion and didr tendency to aggregate in order to obtain 
homogeneote dispersions in aqueous media. In comparison to 
other nancsnaterials, functionalized CNTs (/'-CNTs) have shewn 
h i^ o ' biooonqratihility and the capacity to cross ceU membranes 
easily .*~* The chemical modification o f the CNT surfoce throu^ 
covalent or non-oovalent fonctionalimtion increases thdr solu
bility in both organic and aqueous solvents.** Two main 
approadres have been dev doped for the covalent funcfionalua- 
tion of carbon nanotuhes: (i) the amidation and the estérification 
of oxidized CNTs; and ^ ) the addition chemistry to the surface 
o f CNTs.** The first approadi includes treatmait o f the ptistiic 
material unda stroqg acidic and oxidative coralitions, such ra

*CNKS, fc.eaiir de O itkygie U a léadeiie et OdkihJre, /alvm riw e  
d'lam uaokipe et Otàme n ^ o fe u tip ia , 67000 Strmbote-g, lham x. 
E-m m il e b îB aco t^ ilm ic-a rem ittra .fr
^Dipertim eeta d i Sâemte Fantutceutidke, V ttitenàà  d i Trieste. 34117 
Trkste. Ita ly . E -m ai: pratu@ uaisJt
*N im m eJcine LaO aratirp, CatCnr _ fir D ntg D e lite ry RexsmJk, The 
Sehnd e f Phanrmay, U tite rd ly  o f LasdoK Ltmdim, W CIN  lA K  t/K  
£ -m a ii hm ta* h u ttr^ t^ p la im a c y jie jik
t  Ebctronk tnppkmentaiy information (ESI) aval fable. See DOL 
laioasfoOjiiMaMa

sonication in a mixture of eoncemrated nitric and sdfiaic acid, 
or heating in a mixture of sulfuric acid and hydrogen pieroxidc, 
which results in the formation o f short open tubes with 
oxygmated functions (mainly carboayic groups). This approadi 
represems a popular pathway for further modification o f the 
nanotubcs, since the carboxylic functions can react with alcohols 
or amines to give ester or amide derivatives. In the second 
approach, more elaborate methods have been developed to 
attach organic moieties directly onto the nanotufae sidewalls 
{eg . cycloadditiona, electrophilic, nudeophilic or radical 
additions).*

In our search fay  new cationic carbon nanotubcs towards the 
dcvdopment o f advanced systons for the ddivery of nudeic 
adds, we have tecemly designed simple ammoniian-functional- 
ized CNTs and more sophisticated dendton-based nanotuhes.*'* 
The différait conjugates were used for gaic silendng experimcats 
in  wtraand si ràro demonstrating the capacity of such systems to 
dekvcf and eventually knock-down different genes efficiently.'* 
In this paper we have «tended the synthesis ef cationic nano
tuhes for gene sdenciqg throu^ reaction writh a series of linear 
polyamines. Polyamines, such as putresdnc, spermidine and 
spermine, are polycationic strai^t-diain alphatic compounds, 
ubiquitously present in all prokaryotic and eukaryotic cells," 
and arc lequked in important biological processes such as cdl 
proliferation and différentiation."''* Spermidine and spermine 
primarily exist in aqueous solution at pH 7.4 as fully {xottsiated 
po]ycations.'*Thcrcfcre, they can hind to die negative^ charged 
nudeic add dther by dectrostatic Btaactiom and/or by 
hydrogen bonding. They have been shown to condense DNA to 
stabilize its conformation or to prévoit its degradation," and to 
induce both B-to-Z and B-toA transitions in certain DNA  
sequences." T h ^  also modulate the structure of transfer RNA

4&50 I J. Motar. O iem . 2011, 21, 4&50-4060 This jotm al is &  The Royal Society of Chemistry 2011
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Cardiovascuîar, Pulmonaty, and Renal Pathology

Length-Dependent Retention of Carbon Nanotubes 
in the Pleural Space of Mice Initiates Sustained 
Inflammation and Progressive Fibrosis on the 
Parietal Pleura

Fiona A. Mi^phy,* Craig A. Poland,**
Rodger Duffin,* KhuCoud T. Al-Jamal,**
Hanene AG-Boucetta,* Antonio Nunes *
Fiona Byme,^ Adriele Prina-Meilo,^ Yuri Volkov,**1 
Shouping Li,** Stephen J. Mather,**
Alberto Bianco,** Maurizio Prato,**
William MacNee,* William A. Wallace,^^
Kostas Kostarelos,* and Ken Donaldson*
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The ÛbrouB stupe of carbon lunotubcs (CNTs) ralscB 
conocrn that they m ay  pose an awhrtns like Inbala- 
tion hazard, Icadlî  a» the dcvclofMncnt of discaaca, 
especially mcaothcllonia. Direct Inatillatioo of long 
and diort OCTa hUn the plcnral cavity, the aJle of 

dcrelopfnent, produced aabcatos-llke 
lengih-tiepcndeot responses. The response to long 
CNTs and lottg asbcsias waa characterized by acute 
inflammatiofi, leading to progress Ire fibrosis on 
the parietal pleura, where storuata of strictly deftncd

size limit the egress of long, but not short, flixers. This 
waa confirmed by demonstrating clearance of short, 
but not long, CNT and nickel nanowirca and by rlsn- 
aifaiiig the migration of short OiTa from the pleural 
apace by aingk photon émission compntcd tcHDo- 
graphlc imagi*̂ - Our data confirm the hypothesis 
that, aldmqgh a proportion of all deposited portkJea 
passes tbroogb the pleura, the pstbogeniclty of 
long CNTs and other ffocrs arises as a result of 
length-dependent men don at the stomata on the 
parietal pleura. fA m j fUtaot zoff, l7»25S T-a600i o a u  
iaioL6̂ aS>aüuoiiMiOéO}

Carbon nanotubes (CNTs) are higb-aspect ratio nanopar- 
fides formed from a single graphene cylinder (single
walled CNTs) or several graphene cylinders slacked irv 
skfe each other [mi t̂rwatled CNTs (MWCNTs)J. They are 
t^icafly up to tens of nanometers in diameter but can
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Functional motor recovery from brain ischemic insult 
by carbon nanotube-mediated siRNA silencing
Khuloud X Lisa GherardM* Giuseppe Bardi*-' ,̂ Antonio Nunes*. Chang Guo*. Cyril Bussy*.
M. Antonia Herrero*. Alberto Bianco*. Maurizio Prato*. Kostas Kostarelos*^. and Tommaso Pizzorusso'*"
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Stroke B the second cause o f deaBi tworklwide witfi ischemic stroke 
accounting for 80% of all stroke instdts. Caspase-3 activation con
tributes to brain tissue loss and down stream biochemical events 
that lead to programmed cell death after haumatic brain injury. 
Aleviatian of symptoms folowing ischemic neuronal injiay can 
be potentially achieved by either genetic disruption or phannaco 
logical inhbitian of caspases. Here, we studied w hetier siencing 
of Caspase-3 using caibon nanobibe-mediated in vivo RNA interfer
ence (RftAi) could offer a therapeutic opporfonity against stroke. 
Effective ddivery of siRNA diiectiy to the CMS has been shown to 
normalize phenotypes in animal models of several neurokgical dis
eases. R is shown here that perHesional stereotactic administration 
of a Caspase-3 sIRNA (siCas 3) delivered by functiondized cadron 
nanohJbes(f-OfT) leduced neurodegeneration and promoted ftatc- 
tional proservation before and after focal ischemic damage of the 
rodent motor cortex using an endothelin-1 induced strofe model. 
These observations llustrate the opportunity offered by caibon 
nanofobe-mecf ated siRNA delivery and gene siencing of neuronal 
tissue applicable to a variety d  cfifferent neuropathokgicd condi- 
tions where intervention at w ei local zed brain fcxi may offer foer- 
apetAk and fundional bendits

nanom ecfkjne | ncurodegenero tire  | n a m p ro te c tio n  Incu rpK M ncB i | 

gene tharapy

Prcrvcntirç in jured ncurcvis frcxn undergoing apn;R<e,is in the 
acute phase c# cerebral echernia (neurcyrotecticvi) is awidely 

studied strategy to  a iun tc tac t the cffccls erf stroke. The central 
ro le o f  C'aspare-3 in re jjila tin g  cell death ( I ,  2 ) processes, a in 
si kutes this prrkca.sc as a prime target fo r the dcselopmcnt erf 
ncu iop io tcctivc treatments Indeed. Caspase-3 activation oontri- 
butes to  brain tissue loss and downstream biochemical events 
leadittg to  programmed œ il death after traumatic bra in kijury 
(3, 4). Both genetic dB tuptk in  and pharmacological inh ib ition 
o f  caspases after rfroke can reduce ischemic neuronal kijury 
inducing a neuroprotcctive effect (5 -8 ). It has been suggested 
that rflendng erf ^ ip t o t ic  genes using in vivo R N A  kiterfe rence 
(R N A i)cea ild  he potent iaBy an effective treatment fo r stroke (5. 
9 ) .  Moreover, non viral efeliireiy erf s iR N A  directly to  the Central 
Nervews System (CNS) has tiecn repeated to  effectively normal
ize phenotypes in animal moefels erf several neuro logcal diseases 
( I f f - 13). Hcmevcr. one erf the majcr challcrtgcs is to achieve suf
ficient ki vivo delivery o f  s iR N A to target tissues, and irko  target 
ce lk. to induœ effective gene s lendng. Adm inistration o f  naked 
s iR N A  by o in tinuous pump infusion into the CNS (13) rcepiircs 
high siR N A deses, while the use erf lip id  tran rfed ion re a y  nts o r  
clectroporaticn tcchniepies may induœ neuronal tissue eiamage 
and ce ll death (14-16).

Recently, a unique t ^ ie  o f  nexivkal gene vector has emerged, 
based on functionaleed ca rto n  nanerfibcs (/-C N T). Various 
t^ ie s  o f  nanerftiie chcmieal fonctionalization ^p roaches have 
led to  impreivcmcnts erf the ir ehsperability ki physiological media

that broaden the sped mm o f  potential biolcigical applicatkins 
(17 -19 )./-C N T  posses unique features that make themi extre
mely attractive fo r the oonstrudieo o f  unique gene delivery 
vcderes. Most im perrtantly./-CNT have the afailky to Interad w ith 
btological cewnportents and be internalized erfficiently in different 
cell types by d ifferent medianisms (20-22). Several studies haw  
shown prom iskig rcatlls. exploitir% /-C N T  charadcrmtics fo r 
pD N A  and siR N A delivery in v itro  and h i v t w  (17, IK. 2»L 
23-28). Chemically functionalized sirtgle-wailed CTST have been 
able to deliver siR NA to knockdcxsn the cxprcsswinof telom  erase 
reverse transcriptase ki an Lewis Lung Carcinoma mouse tum or 
model (26). have recently demonstrated that therapeutic 
silcnciitg using ammonium functionalized multiwaUed carfton 
nano tube-mediated s iR N A  delwery can lead to  tum or growth 
arrest and prolonged survival o f  anknals bearkig a human king 
tumor xenograft (Calu 6) (28). Some o f  us have also previously 
reported that Plutonic F127<oated CTrfT ir^ectcd in to the œre- 
bral cortex did not induœ any adverse tcKicobgical effects (29).

Based on previous firxfiryp that biocompatihle /-C N T s are 
effect he in traœ llu lar transporters fo r s iR N A  and that down- 
regulation o f the Caspase-3 gene can aid rccrwery after ischemic 
attack, we hypothesized in this work th a t/-C N T  can act as nano- 
scale devices fo r the delivery o f  Caspase-3 siR N A (siCas 3) in to 
neurons o f the rodent m otor cortex and lead toprotectkrn against 
ischemic in su lt Herein wc rfiow that perideskrnaL stereotactic 
adminBtration o f  siCas3 delivered b y /-C N T  led to neuroprotcc- 
tion a fter focal ischemic damage indrxzed by Bndothelin-1 (ET-1) 
in the m otor cortex erf mice and rats, which promoted functional 
rccewcry as shown by the functional ' ik i le d  reaching' test in 
living rats.

Resiks amtf Otscusifofl
Oherelerf FimctMnrfbatkm o f CNTs. Chemical tunctim alization 
o f  nanotiiics  was achieved by n tro d u cn g  an ammonium group 
onto the multiwalled carbon nanotube (M W N T ) backbone using 
the U V d ipo la r cycloaddition reaction as described previously 
(30. 31). The chemical structure o f  the / -C N T  studied is shown 
in Fig. L4 . Chemical functiexialization has shown to agniffcantly 
improve the aqueous disperrfbkily and ind iv idua lka tion  o f  tlie

AUO» anv tu iK n . K.TAJ.. Lj&. GA. AH. MZ. K.X. «1 TZ. dn^ntd r«MTU<, 
K TA i.  LG. GA, AA. CA. CA. UAH pwlMwd fMMUv tT A J ,LG . GA. 
AA. MZ, K K. rod t z  roayro) dau. rod ATA i. LG. GA. AA XA. rod TZ wou 
thtpKw.
t t *  auUen dKtM* nc onWci of n u n a

• fh »  ISMCI S<Jbma*ro r o x w  had a p iw arangad adnw

VTA J, LG. rod GH corxittiuwd aq̂ jaN to Uio »odc

adtZa*- XTM CST Crotw t o  Itom w dw obg, to iow iKas S6 1»  mu, iwy.

To whd* anrofiohdroc* ow* 6» addraxad. E«wA ioa«mam#hdv_« w kocWL 
a«Vfoto%ZwmaqoacA

Thd a r u w  c o n ts ra  w p p o r ro g  a ito m a to a i ceên «  w « w fh a L O fg » (O o p % j« iV  
den 1A «7 ito>a*-1 ie O « S 1 » ro c S o w X » m ro tA
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Combining nanotechnology and genetics to counter stroke

Cmln)l Trtatwi

Cafton nanotubcs debver dRNA to the Ikcml

Roscarckcn hav^ cetaUwhcd that 
the damage to brain tûsae caused by 
an isrhemir stroke can be partly at
tributed to the action of CaqMue-3. 
an enzyme that helps trigger pro
grammed cell death in neurons. That 
it the rationale nnderpnming ex
perimental efforts aimed at nlwicing 
Caspase-3 in the neurons of stroke- 
afflicted rodents. Khulotid Al-Jamal 
et al. (pp. 10952-10957) attempted to 
facihtate the targeted delivery of ad
equate amounts of a silencing agent 
to stroke-damaged bram tissue in an
imals using carbon nanotubea, uduch 
can serve as nanoscale needles. The 
authors used 20-30 nm wide nano
tubes to delK'er siRNA—anippets of 
silencing RNA—against Caspase3 
to a region of the brain's cortex diat 
controls the movement of fbrehmbc in mice. A  day later, the authors induced stroke in the mice and found that mice 
that received siRNA via the nanotubes were better protected against stroke-induced neuronal ceU death compared 
with mice that received a placebo. Further, the authors rqiort. rats treated with anti-cafpa3e-3 siRNA using the nan
otubes could better move their forehmbe to reach, grasp, and retrieve food pellets from a well after the induction of 
stroke, compared with stroke-afflicted control rats. The findings suggest that carbon nanotubemediated delivery of 
siRNA m i^ t hold therapeutic potential for human neurodegenerative diseaaea, according to the authors. —  P.N.

Nature's Pitot tubes: Sensors on bat wings

Bats perform an array of aerial maneuvers during flight 
that are unmatched among mdudmg sharp
tnmc. hovering, and upended 
perching Although research
ers have long smpected that 
the rows of microscopic, domed 
hairs carpeting the wing mem
branes of bats contribute to their 
aerodynamic prowess, evidence 
for that belief has remained elu
sive. Susanne Sterbing-D .Angelo 
et al. (pp. 11291-11296) mea
sured the electrophysiological 
respxmse of the big brown bat to 
stimulation of the domed hairs 
on the bats’ wing membranes
with brief puffs of air. The authors lepiort that air pxiffs 
from e i^ t directions triggered respsonses from clusters 
of neurons in the somatosensory cortex o f the bats'

www.pna.cx'gAcsiMoinO. 107aM271l 108

brains; bats whose wmg membranes had been chemically 
depilated showed no such respionses. The authors sug

gest that receptors at the base 
of the hairs detect turbulent air 
flow, likely helping to stabilize 
flight. In  flight tests in which the 
bats wvre trained to negotiate 
their path through an obstacle 
course, bats whose hairs had 
been removed from the wmg's 
trailing edge flew faster and 
made wider turns, comjMred 
with bats whose wing hairs were 
intact. The findmg: suggest that 
the domed hairs might act as 
f li^ t  spieed and stall sensors, 

similar to Pitot tubes on aircraft wings According to the 
authors, domed hairs on bat wings m i^ t represent an 
evx>hitiofiaiy ad^tation for aerodynamic control. —  PN.

8NAS I «ol. 108 | no 77 | IM77-18928
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Nanotube Tbmcobgy
OOd: Ia i0 a 2 /w ile 3 0 9 3 0 m i

Degree of Chemical Fimctionalization of Carbon Nanotubeis 
Determine* Tissue Distribution and Excrétion Profîie**
Khuloud T. Al-Jamal, Antonio Nunes, Laura Methven, Hanene Aïi-Boucetta, Shtm pin^ L i, 
Francesca M. Toma, M. Antonia Herrero, Wafa* T. Al-Jamrà, Huuh M. M. ten Eikelder, 
Julie Foster, Stephen Mather, M aurizio Prato,* Alberto Biancci* and Kostas Kostarelos*

Cufaoa n jfia tid ies (CNT'k)  w e n  Aral deacilicd at t ie  ationriK 
level h j  lÿmm in the l99Ck^'* P A aze  (js frad nced , nofi- 
A m d iooaE n4  CNTk a n  wafer in u l iM e  and a va rie ^  irf 
chem ia l akafegiea ham  hnm e s fla n d  to  Ancticmalme die 
nanotdbe aniAce and make ih ™  dagw rA le  an aqneaaa 
envîminenk.^'*^* Sane yean ago we n p o a td  A e  And iao - 
d a t i o i  by l ^ d p d a r  cydoaddnioo a t  azonediine ybdea 
m to tb e  caafuD haolhooeofthetid iea to  append lyAophiBc 
amÏDO gm tya  to  the ndienntly h yA c flK É ic  o r  bon d n o  
tn e .^  l b  w dem and A e  fbannacdkniEtic p o A k  o f  CKTs 
cbem iod^ Dtodfied t f  additkai reactim a webarn frew oD i^' 
eralnated the b io d ia iA n d a i of h m c tia ia lin d  amglearalkd 

and nmNavailed ( fM W N T t)  CKT» d te r  nbra- 
venom adnâmdratâai b  monae and vat o iodeh.^^ Aannw 
n a n /S W N T h (a m a g e  daanetev «d I van anvagekngA  of

r |  D*. IL T  0 ^  A. H m >" IV  L  W itfM iM.
I V  K  Wi ■ n w rm . tV W .T  A ^ v m d . U U LIL  KaUMmbt 
W Mia I— dr  IB  I A n ia ln m  C a d #  b r  O vD g O h lM jr Ü B aae lv  dCL 
S d w d  o f  F h ia u w ^  I k e w i l y  C d l^ v  LoaAan 

IW O N IA X  (IM )

IV  S. U. IVA . l i ia c B
CNKS. a m w  d* KoiofV tAatéoit vB M Ci AIb b  LBcMakBB
dlMMiBotî iaviOrüvM T afi^pa id ïyB É
s m n  Savi fcn i ^  [Aamcd
E BÔI aVÉMangt nrr-<w»t.Bijai>fc
IV  F. U. I m b  (V  U. a . Prd M. Naas
DipMlKVBB» d  SowvM fWMMMiclW.UI«i<ni«t dt TvrnVW
14127 Va n* [BV)
Enmat pnd«Aw«teek-il 
IV  H U  U tM E A a M i*
H o n sA lrtf aad Bio« A Mraa'»-t Cnv^i E adM vaa Uniiani^ of 
UMofegjr (ITw NaAwbaA)
I V ^  R w i M . I  U U m *
IV fa O M O  a  a h d e e  t W  S i B o d ia t M n / *  and D m  
UMdaaHwpW [IM) 

r i  Divm aw lw * f r u ih idvd a^ad y  la llU  wnA,
[**| DÜ «oA ana p«nm% Mp^amd by dm C i^ ia tB n g  and F ly tica l 

Scnaeva b n a n c b C a M d  pFSKQ  C n a d  ChvÊnagm g n n  p ? /  
C O O f l ^ )  a ad d w  E w e p w  Cm m m m m  TP7 ANTaCM»
(KEAmuoDuna;). mi cakbcnamosuoce ^ jw a -
AdC-327tl^ (aw g im i^  U P acbm iW gi* ËM IVm M aiqr of 
D n tU  WSTUbalaabti«wyar6faeabaiiMUi fo ftuPm . 
MMSUZTSSaad mb«AimFrKA).K^paaRal«Vam b4:aKa. 
a ad Æ  dM OIK Saadi ha Aganea Waam ab da b Kadiaaeha ||niaa 
ANIUE-|qC«m «t). Mm. A.B. wbmab dpa Aa MCS [Faoiad 
h t  Innm ibna l SdnaefcCao^Mfera) OIKS taaaôd augpnia. 

( A  SapfMatg iaAaautfua fa  A«a arSdb naaaAMa nadM W IW  
aaadn hnp//Adaic% /M I<M:/aan JOBOIUIL

300-1009 ooijT* and /-M W NTa (avenge dm neA r erf 20- 
lO n o i; an tage  levglb <rf 300-2000■any w e n  veag«gated 
wâlb A e  (he la têg inoleaile d V llq ~ V iitT ii i i iB r |r r t i ir fd r  
dtuAydrâde (D TP A) and then labeled w ith la d io a d iw  
in d im i ( " Im )  f a  W a ^ ig  pfBfMaea.

Ptevwma dynaanic mna^rg aBdka l y  S P E C T A rr( iW |^  
photon eaniadm aompUed BanopapAy) and q n a o d m in  
gaanana a c B tg r if  by in d ia te d  vapid fllMaa—*  o f  Ipg^ÿ  
f aairtinaufand nanotvAea f la m  ayateamc bAmd circidaliao 
tlao tgA  n n a l event inn m A  w iB B ia l aocvmnvdation m the 
■aa«raiViaaidaaliali j l  ifU e m  (RES). SvAaeqoent atndiei veii- 
Aed mdependendy tb it beh ana  l y  d n m ig  lagad cleavance 
o f  d n v t lyd nayd ited  SW TfTi^ a  ananoiiom  /S W N T d "* 
after Btiaarena a  admaattvatiai b  miice. Renal dearanoe of 
eavfaoxylaledj^acoaamBe/MWNTb m a akoveported aA a  
inuaperitm eal aAnmabatiotL'^) C onlnvy to A e  a b o n  
mentioned amdie% a be r w o b  baa dhoww aocaanadadm of 
maaonudecide (po lym a  a  % io p d ^ e r)^ v m e d  M W KTc 
aconivnlatwg m a in^ a  RES ovgaan, auA aa liver and 
q ik e n . '^ '^  Y fc  have alao lepotled i v a  and lo g  aocaann. 
lation «Ë aenmeoatod. om fiBctiooaAved M W X Ta "

Several fae ton a n  beAeved to play a n d e in  the io v ivo  
fate o f  CKTk mcAidaig the type o f  aaA ce m od ifia tioa  
(pfapdcal cent Mg venaa (Aenical fm iclicn iaAunai) and the 
degree o f  ehemical A incdoniliation.^^* Since phumaoola- 
netic {n d d n g  o f carbon baaed nanooiatonila A canenial f a  
both pAarmactdqpcal and tn d o o lq ^ a l naaotm, t U i  atody 
attenyiA to  deteauane the effect o f  A e  degree o f  IrfW N T 
chemical fm d io n a liB tia n  on tbew cnam ig pharmaoobaedc 
p rank . H ra  atoateg^ wen naed to  A n c ia u l ia  MWNTk 
wüh CTPA m deonka (ScAeme I). In the fnat O n te g f, 
ammoatam /-VfW NTa w e n  pvepaved Iqr Iv ldga da r q rc l»  
addbion and aiAaequendy ooiÿogatod to DTPA aa pnvîooalÿ 
v e p o te d ^  In  A e  aecond afgrawch, MWKTh w e n  fnat 
o r iS a d  t y  acid tnaAnenL, fcAowed by amidation and 
conÿgation to  DTRA.f***'

The paid atinn o f  OMbon naawitdhfa l y  alnaig acidc aA iig 
w ith  aoaacation. bbovtenedthe caibon nanotiAca and intio- 
doced oubovylate p o q p ^  menlly at the tobe t ip i and the 
deifcct ntea. The caiboiylate giDO|n w e n  Aen cnnveftedby 
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Application of carbon nanotubcs in ncuroloR) 
clinical perspectives and toxicological risks

A l#oak Nunes • Khuloud Al-Jamal 
Takeshi Naàajlm a • M a r* an H ariz 
Kflstas Koïtardos

Reccréoi: 2 Ajril 3012/ A ccrped: 12 Afril 2012 
C  Verljg 3012

Abstract Nanontvcdidnc isan emerging held thtfpropm ci 
the application o f procisdy engineered rtartomaterials for 
the prevention, di^nosis and therapy o f  certain diseases, 
irvcluding neurological pathologies. Carhon nanolubes 
(C N T) are a rvew class of rvanonuterials, which have been 
shown to be promising in different areas o f nanomedicine In 
this revievs, the application of C NT interfacing with the 
central nervous sy «cm (CNS) will he described, and repre
sentative examples of neuroprosthetic devices, such as 
neuronal implants artd electrodes will he discussed. Fur
thermore, tlve possible application of (TNT-based mate ria Is 
as regenerative matrices o f  neuronal tissue and as ddivery 
systems for the therapy of CNS wiD be presented

Keywords Carbon nanotubes Neurology •
CNS neurotoxicity Therapy ■ Neuroregeneiadon

Abbrev tat Ions
C NT Carhon narvotubcs
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e mail: k.kntuielnxOiicIac.iA
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.Sciracoi, King's GoUegc London. London, UK
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M liu iz
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S W N T Sir%lc-walled rranotuhes
M W N T  Multi-walled nanotubes
pCNT Pristine carbon nanottibes
ssDNA Single-strtraded DNA
CNS Central nerv ous system
BBB Blood-brain barrier
PEI Polyethyieneimine
N G F Nerve growth faaor
B D N F Brain-derived raeurotrophic factor
PABS Poly-m-aminohcntcne sulphonic K id
PEG Polyethylene glycol
Cai~ Caldum
K~ Potassium
ROS Reactive oxygen species
PS-W) Polyox yethylcne sorhitan monooleaie
SDS Sodium dodecy I sulphate
SDBS Sodium dodecy kenzcne sulphonate
SC Sodium cholrte
LBL Layer by layer
PDDC Polyt diallyldinnethylammonium chloride) 
PAA Polytacry Be add)
NSCs Neural stem cells
SCI Spinal cord injury
Ach Acetylcholine

Introduction

Nanomedicine is an emergirtg field hat proposes the 
application o f  precisdy emginocred nanomaterials for the 
prevention, di%nosis and therapy of certain diseases, 
ineludir% netrrological pathologies Carhon nanotubes 
(C N T ) arc a new class of nanomaterials, which have been 
shown to be promising in different areas of nano medic irvc 
(Bianco et al. 2005: Lacenda et al. 2006). The CNT
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Preliminary C o m m u n ic a t io n

For refxlnt orders, please contact: reprkits^uturemedidnecom

In  vivo degradation of functionalized carbon 
nanotuhes after stereotactic administration in the 

brain cortex

Aim: Carbon nanotubes (CNTs) are increasingly being utilized in neurological applications as components 
of implants, electrodes or as delivery vehicles. Any application that involves implantation or injection of 
CNTs into the CNS needs to address the distribution and fate of the material following interaction arvd 
residence within the neuronal tissue. Here we report a preliminary study investigatirvg the fate and 
structural integrity of amino functionalized CNTs following stereotactic administration in the brain cortex. 
Materials & methods: The CNTs investigated had previously shown the capacity to  internalize in various 
cell types of the CNS. An aqueous suspension of multiwalled CNT-NH,* was stereotactically injected into 
the mouse brain cortex. Their interaction with neural cells and consequent effects on the CNT structural 
integrity was investigated by optical, transmission electron microscopy and Raman spectroscopy of brain 
tissue sections for a period between 2 and 14 days post cortical administration. Results & discussion: The 
occurrence of severe nanotube structure deformation leading to  partial degradation of the chemically 
functionalized multiwalled CNT-NHj* /n wvo following internalization within microglia was revealed even 
at early time points. Such initial observations of CNT degradation within the brain tissue render further 
systematic investigations using high-resolution tools imperative.

Original submitted 20 October 2011; Revised submitted 19 February 2012

KEYWORDS: biodégradation brain carbon rranomaterial microglia Raman 
spectroscopy TEM

T L e  a p p lic a tio n  a i n a n o m a te ria U  in  neu to ac ten c«  
i* • t i l l  a t  t i ie  e a t ly  t t a g e t  o f  d e v e lo p m e n t,  

d e s p ite  a n  im p re ss iv e  k o d y  o f  r e s e a rc h  t h a t  is 

e m e r g in g  [t[. C a r h o n - b a s e d  n a n o s t r u c tu r e s ,  
s u c h  as c a r h o n  n a n o tu h e s  (C N T s ) ,  a rc  so m e  

o f  th e  m o s t  in te r e s t in g  ty p e s  o f  n o v e l m a te ria ls  
p r o p o s e d  fo r  t h e  d e s ig n  o f  n a n o m a te r i a l  

h a se d  n e u ro lo g ic a l  in te r v e n t io n s  [2]. A l th o u g h  

a s -p ro d u c e d  C N T s  a re  in so lu b le  in  m o s t  a q u e o u s  
so lv e n ts , th e  d e v e lo p m e n t o f  f u n c t io n a l iz a t io n  

c h e m is tr ie s  fo r  th e i r  su rfa c e  h a s  led  to  a n o ta b le  

e n h a n c e m e n t  in  a q u e o u s  d isp e rs ib i li ty ,  w h ic h  
h a s  a llo w ed  fo r th e i r  a p p lic a tio n  in  p h y s io lo g ica l 

e n v iro n m e n ts ,  in c lu d in g  th e  C M S  U]. T h e  s co p e  

o f  th e i r  b io lo g ic a l a p p lic a tio n s  [4] h a s  b ro a d e n e d  
d ra m a tic a l ly  in  th e  la s t  few  y ea rs , r a n g in g  f ro m  

th e ra p e u tic s  a n d  d ia g n o s tic s  fo r  o isco lo g y  [5], to  
n e u ro p ro s th e t ic  d ev ices  [4].

T h e  in te r a c t io n s ,  b in d in g  arsd in te rn a l iz a t io n  

o f  d i f f e r e n t  ty p e s  o f  C N T s  in to  a v a r ie ty  o f  
t is su e s  in vitro a n d  in vivo is im p e ra t iv e  [7]. T h e  

r o le  o f  f u n c t i o n a l i z e d - C N T  c h a r a c te r i s t ic s ,  

s u c h  as s u r f a c e  c h a rg e  d e n s i ty  o r  l e n g th  o n  
i n te r a c t io n  w i t h  c e lls  a n d  t is s u e s ,  is u n d e r  

i n v e s t ig a t io n  b o t h  i n  r e l a t i o n  to  b io lo g ic a l  

m e c h a n is m s  a n d  to s i ic o lo g io a l  re s p o n s e s  [I). 
H o w e v e r ,  k n o w le d g e  r e g a r d i n g  t h e i r  f a te  

fo l lo w in g  c e l lu la r  i n te r n a l i z a t io n  w i th in  th e

C N S  t is s u e  r e m a in s  s c a rc e . U n d e r s ta n d i n g  
t h e  p r e v a i l i n g  in te r a c t io n s  b e tw e e n  C N T s  

a n d  n e u r a l  c e l ls  i n  VIVO, a lo n g  w i t h  t h e i r  

i n t e r n a l i z a t i o n  m e c h a n i s m ,  i n t r a c e l l u l a r  
t r a n s lo c a t io n  a n d  s u b c e l lu la r  lo c a l iz a t io n  is 

o f  m a jo r  im p o r ta n c e ,  p a r t i c u l a r ly  in  v ie w  o f  
th e i r  p o te n t ia l  as d r u g  o r  g e n e  d e liv e ry  v ec to rs . 

L e e  r t  t l.  h a v e  r e c e n t ly  s h o w n  t h a t  a m in e -  

fu n c t io n a l iz e d  s in g le -w a lle d  C N T s  (S W C N T s)  
in je c te d  d i re c t ly  in  th e  v e n tr ic le s  w ere  ab le  to  

e x e rt  a c tiv ity  a g a in s t  i n f la m m a tio n  a n d  p ro te c t  

n e u ro n s  a f te r  in d u c t io n  o f  is c h e m ic  d a m a g e ,  
e v e n  th o u g h  th e  m e c h a n is m  fo r  s u c h  a c tiv ity  

r e m a in s  e lu s iv e  [)]. M o re  re c e n t ly ,  w e  h a v e  

s h o w n  t h a t  f u n c t io n a l iz e d -m u l t iw a l le d  C N T s  
( ^ M W C N T s )  (a m  in e - fu  n c t lo n a l i z e d  b y  th e  

1 ,3 -d ip o la r  c y c lo a d d i t io n  r e a c t io n )  w e re  ab le  
to  e ff ic ie n tly  d e liv e r  s iR N A  to  n e u ro n s ,  le a d in g  

to  e n h a n c e d  c e ll  su rv iv a l  b y  s ile n c in g  C a sp a se  

3  a n d  r e s u l t i n g  in  s ig n i f i c a n t  r e c o v e r y  o f  
I sc h e m ia - in d u c e d  m o to r  c o r te x  f u n c t io n  [K)|.

A n y  a p p ro a c h  t h a t  in v o lv e s  im p la n ta t i o n  

o r  in je c tio n  o f  C N T s  in to  th e  C N S  w il l  n e e d  
to  d e te r m in e  t h e  f a te  o f  t h e  n a n o m a te r i a l  

f o l lo w in g  i n te r a c t io n  w i th  n e u r o n a l  t is s u e .  

I n  th is  s tu d y ,  a n d  in  c o n t in u a t io n  f ro m  o u r  
re c e n tly  p u b lis h e d  w o rk  [10], a  su sp e n s io n  o f  th e  

c h e m ic a lly  s a m e /^ M W C N T s  (ht W C N T -N H ^ * )
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Appendix B: Biodistribution after intranasal administration.

Appendix B Table I: Biodistribution profile of the m ajor organs after 
intranasal administration of [" 'ln ]E D T A  control, [  " ln ]-M W N T -6  and 
[" 'ln ]-M W N T -8  in mice (% I.D./g of tissue tS.E.M.).

Tissue

Control M W N T -6 M W N T -8

ihrs 4hrs 24hrs ihrs 4hrs 24hrs ihrs 4hrs 24hrs

Lung 0.229 0.098 0.042 1.346 0.076 0.064 0.248 0.070 0.025
(±0.009) (±0.003) (±0.004) (±0.895) (±0.006) (±0.014) (±0.172) (±0.014) (±0.002)

H ea rt 0.154 0.082 0.072 0.068 0.117 0.1 14 0.154 0.057 0.047
(±0.018) (±0.001) (±0.016) (±0.009) (±0.011) (±0.029) (±0.033) (±0.019) (±0.008)

Liver 0.146 0.088 0.025 0.061 0.084 0.013 0.072 0.050 0.009
(±0.030) (±0.033) (±0.010) (±0.022) (±0.062) (±0.002) (±0.028) (±0.035) (±0.001)

Spleen 0.176 0.146 0.096 0.140 0.206 0.144 0.307 0.091 0.057
(±0.026) (±0.096) (±0.018) (±0.029) (±0.045) (±0.022) (±0.215) (±0.028) (±0.005)

Stomach 79.922 0.573 0.244 34.660 13.897 0.1 10 85.002 4.872 1.357
(±37.107) (±0.134) (±0.088) (±4.154) (±5.385) (±0.037) (±1.737) (±2.090) (±0.461)

Intestine 19.914 27.428 0.295 13.586 16.865 0.146 31.697 36.251 0.757
(±3.137) (±0.697) (±0.048) (±2.847) (±6.365) (±0.060) (±7.497) (±9.070) (±0.188)

Kidney 1.613 0.823 0.221 0.068 0.081 0.080 0.052 0.051 0.079
(±0.185) (±0.089) (±0.016) (±0.010) (±0.008) (±0.022) (±0.013) (±0.004) (±0.018

Brain 0.697 0.390 0.061 0.319 0.137 0.124 1.297 0.068 0.048
(±0.198) (±0.040) (±0.020) (±0.036) (±0.045) (±0.009) (±1.037) (±0.007) (±0.001)

247



Appendices

Appendix C: Parenchyma distribution of f-MWNT 2 days after stereotactic 
administration

B
MWNT-3 MWNT-5

1

Â
120 urn 190 urn

Appendix C Figure I : Brain parenchyma biodistribution of f-M W N T  2 days 
post-stereotactic administration in cortex of C57/BL6 mice by Toluidine 
blue staining. Light microscopy images of brain coronal sections at 2 d post
administration of :(A) MWNT-NHj^; (B) M W NTox-NH /. Nanotubes were detected 
within similar thickness within brain cortex (CX). The injection site is represented by 
(I). The presence of f-MWNT in the figure is identified by black arrows. oxMWNT- 
N H / (MWNT-S)could be detected within 310 pm in comparison to M W N T-N H / 
(MWNT-3) that was detected within 270pm thickness. Scale bar is 0.5mm.
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Appendix D: Stereotactic injection of o xM W N T am id -N H /

Molecular structure

oxMWNTamid-NH.

TEM

r-\HzN 0 0
1

HN

A

Oxidation and amidation Functionalisation; 320 pmol/g

3 days post injection 30 days post injection
3 days post injection

G FAR G D I  lb

C o n tro l M W N T - 4  C o n tro l M W N T -4

30 days post injection

GFAP G D I  lb

C o n tro l M W N T -4  C o n tro l M W N T -4

Appendix D Figure I: Features of o x M W N T - a m i d - N ( M W N T -4). (A)
Chemical structures and (B) Transmission Electron Microscopy (TEM) images of 
M W N T-4  dispersed in 5 % dextrose at 250 pg/ml final concentration (scale bar 100 
nm). (C-E) Glia activation studies after stereotactic injection with oxMW NT-amid- 
N H /.  (C) Immunohistochemistry of brain sections at 3 and 30 days post
administration. Green color (top panels) represents Glial Fibrillary Acidic Protein 

(GFAP) positive cells (Astrocytes), red color (bottom panels) represents G D I lb 
positive cells (Microglia). (D & E) Average fluorescence intensity induced by astrocyte 
activation (GFAP) and by microglia activation (G D I lb) after 3 days and 30 days, 
respectively. Intensity was measured and quantified in an area of 1x0.5 mm 
surrounding the injection sites.
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Appendices

Appendix E: Advantages and disadvantages of different nanomaterials in biological 
applications

Advantages

• High drug-loading capacity;
• Protection against chemical or enzymatic 
degradation;
• Flexibility to modify Np surface 
properties

• Physiologically compatible and 
favourable adverse-effects profile;
• Potential to identify a specific pathologic 
or anatomic target;
• Prolonged blood half-life;

• Reduced photo-bleaching and high signal 
detection;
•Potential to single particle trafficking of 
target molecules in live cells

Nanoparticles

Magnetic
Nanopar^çles

QDots

Limitations

• Instillation of nanoparticles (small 
diameters and large surface areas ) may 
induce pulmonary inflammation

• Difficult to differentiate the Np signal 
from the resident brain iron signal

• Poor stability and low BBB permeability;
• Tendency to aggregate and toxicity, 
mainly due to the material used for their 
fabrication

• Ability to receive and transmite electrical 
impulses

• Most clinically establish nanomaterial. 
•Flexibility in the design of the bilayer
• Biodegradable

• Specific dimensions and controllable 
branching;
• High drug loading capacity and ability to 
encapsulate and solubilise hydrophobic 
drugs within the dendritic structure

Antioxidant activity

• Promotes a favourable environment for 
the stimulation of cell-signalling pathways 
and axons regeneration

Nanowires

M
Liposome

Dendrimers

Fullerenes

Self assemble 
nanofibers

Invasiveness
Long-term safety unclear

Liver accumulation profile 
RES recognition

• Biodistribution profile still need to be 
clarified;
• Steric hindrance associated with the 
dense globular architecture makes the 
engineering of enzymatic cleavable 
linkages difficult

• Concerns regarding in vivo 
biocompatibility and toxicity

• Difficult to control the length of the self 
assembled nanofiber structure 
•Long-term safety unclear (kinetic of 
degradation unknown)

• Chemically functionalisation renders the 
CNT biocompatible
• Nanoneedle uptake mechanism

CNT • Inherent hydrophobicity and lack of 
dispersibility of pristineCNT 
•Long-term safety unclear
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