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SUMMARY

Synthetic carbon allotropes, such as SWNTSs, represent a growing family of
fascinating nanomaterials with outstanding properties that are relevant in many
potential applications, ranging from synthetic materials to drug delivery systems and
imaging probes. These novel technologies are very exciting but they require
considerable development and precaution before they can be translated into realistic,
clinical-relevant tools. In fact, all the studies employing SWNTSs in life science are at
a very early, proof-of-concept stage, as systematic preclinical therapeutic data are
completely lacking.

The main aim of this work involves the development of novel single-walled carbon
nanotubes (SWNTs)-based near-infrared (NIR) fluorescent probes with reduced
toxicological impact on human health. These novel NIR probes are expected to find
application in in vitro and in vivo optical imaging as biomedical diagnostic tools.

Chapter 1 illustrates (1) the application of optical imaging in biomedical diagnostics,
with particular emphasis on the NIR fluorescence imaging, (2) the current impact of
nanotechnology on biomedicine and biomedical imaging, (3) SWNTs chemical reactivity
and the current state-of-the-art in the non-covalent/covalent functionalisation of SWNTs
for biomedical applications, (4) a description of the main biomedical applications of
SWNTs scaffolds, and finally (5) the biodistribution of SWNTs and their translocation
across biological membranes. This chapter also includes a section describing the aims of
this research project.

In Chapter 11, the preparation and the full optical characterization of NIR probes based
on covalently functionalised SWNTs are reported. The two-step oxidation procedure
employed as functionalisation method results in SWNTs (1) free from toxic metal
impurities, (2) characterised by small aspect ratio, (3) decorated with functional
oxygenated groups that enable potential further functionalisation, and (4) able to emit
efficiently in the NIR. These results establish for the first time the potential use of
covalently modified SWNTs as NIR fluorescent agents for in vitro/in vivo optical
imaging.

Since SWNTs’ unique properties (such as size, shape, and composition) have raised
safety concerns on their potential human toxicity and on the techniques that need to be

used to assess such toxicity, Chapter Ill assesses the cytotoxicity of the SWNTs-based
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NIR probes previously developed using for the first time three-dimensional (3D) cellular,
tissue-mimetic models. The data, showing that no cytotoxicity was detectable in the 3D
cellular model, (1) clearly underlines the importance of incorporating 3D tissue-mimetic
cell models in the assessment of SWNTSs toxicity, (2) it strongly leads to the redefinition
of the conventional nanotoxicology protocols, and finally (3) it establishes the potential
employment of the SWNTs probes developed in these research project in biological
systems.

Finally, Chapter IV provides a detailed description of the general methods and
experimental procedures that have been used in this research project, while Chapter V
reports conclusions and future outlook for the research project.

Chapter VI reports the statistical analysis of the in vitro cytotoxicity studies described in
Chapter I11.
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image capturing by epi-fluorescence microscope (adapted from images by Coakley et

al.™® and Bazou et al.™).

Figure 4.5. Typical 3D cell aggregates levitated in the USWT for (a) 5 min and (b) 24
h. After 24 h (b) the aggregate morphology was more closely packed. (c, d) SWNTs are
visible as black agglomerates encapsulating the cell aggregate. Cell concentration: 10°
cells/mL; SWNTs concentration: 1.2x10* pg/cell. Scale bar: 40 pm (10x

magnification).
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epithelial cells exposed to 8-methoxy-6-nitro-BIPS for 24 h. The composite images
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M) are reported. (b, f, g) Significant image fields showing decreased cell viability and
increased cell membrane permeability at 10° M. (c, g, k) The cell viability results
comparable to the negative controls at 10° M. Image size: 0.897mm x 0.671 mm (10X

objective).
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SWNTSs at concentration of (a, d) 12x10™ pg/cell, (b, €) 6x10™ pg/cell, (c, f) 1.2x10™
pg/cell. DMSO-stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised
(light blue) dispersions were tested for each concentration.

Figure 6.2. Changes in the cell membrane permeability of THP-1 cells exposed to (a, b,
c) p- and (d, e, f) 0-SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were
exposed to SWNTSs at concentration of (a, d) 12x10™ pg/cell, (b, e) 6x10™ pg/cell, (c, )
1.2x10™ pglcell. DMSO-stabilised (grey), BSA-stabilised (red), and Pluronic F68-

stabilised (light blue) dispersions were tested for each concentration.

Figure 6.3. Lysosomal mass/pH changes in THP-1 cells exposed to (a, b, ¢) p- and (d,
e, ) 0-SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTSs
at concentration of (a, d) 12x10™* pg/cell, (b, €) 6x10™ pg/cell, (c, f) 1.2x10™ ug/cell.
DMSO-stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue)

dispersions were tested for each concentration.

Figure 6.4. Nuclear intensity changes in THP-1 cells exposed to (a, b, ¢) p- and (d, e, f)
0-SWNTSs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTSs at
concentration of (a, d) 12x10™ pg/cell, (b, €) 6x10™ pg/cell, (c, f) 1.2x10™ pg/cell.
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DMSO-stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue)
dispersions were tested for each concentration.
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1. OPTICAL IMAGING IN BIOMEDICAL DIAGNOSTICS

Imaging with light combines a variety of different diagnostic modalities that, if
supported by the design of efficient imaging agents, can allow identifying and
characterizing fundamental processes at the organ, tissue, cellular and molecular level.
As in vivo optical imaging techniques are currently characterised by limited depth
penetration through human tissues, their clinical application is at the moment limited to
surface (i.e., skin) or ocular imaging.® In particular, only Indocyanine Green (ICG)
angiography is applied nowadays on a regular basis for the ophthalmologic diagnosis of
ocular diseases.”

Although optical imaging is not currently employed in many clinical diagnostics
techniques, there is increasing interest in its application to all avenues of biomedical
diagnostics.® Optical imaging requires in fact a rather simple, inexpensive
instrumentation, is easy to handle and, as opposed to radioactive radiation, this
technique permits imaging regimes that are more flexible with respect to the needs of
medical diagnosis (i.e., several analysis can be carried out in close sequence).?
Additionally, in the field of drug delivery, optical imaging can provide a valuable tool
for tracking the administered drug through the body to ascertain whether successful
delivery to the desired organ or tissue structure has been achieved.?

Optical imaging can be divided into two modalities.” The first modality requires
administration of a fluorescent probe and external light to generate fluorescent
emission.?® In the second modality (called bioluminescence), visible (Vis) light is
generated by an in vivo enzyme-mediated process when a substrate is degradated.?

Depending on the light wavelength used, different penetration depths can be achieved
by optical imaging.?® Photons of the ultraviolet (UV)-Vis spectral range (up to 650 nm)
are strongly absorbed within one millimeter of tissue thickness by deoxy- and oxy-
hemoglobin (i.e., blood). Therefore, UV-Vis fluorescent probes and bioluminescence
can be used only for imaging tissue surfaces or in vitro. In contrast, near-infrared (NIR)
radiation allows the higher tissue penetration, due to minimal absorbency of the tissues.
The NIR window is primarily limited by the light absorption of blood components at
short wavelengths (670-700 nm) and water at long wavelengths (1400-1600 nm). The
establishment and validation of suitable NIR probes is therefore a prerequisite for the
reliable exploitation of optical imaging as an in vivo diagnostic tool playing an essential

role in both the clinic practice and basic research.

Introduction and Overview



Chapter I | 3

1.1. NEAR-INFRARED (NIR) FLUORESCENCE IMAGING

In vivo NIR fluorescence imaging holds enormous potential for its quantitative
sensitivity, inherent biological safety and relative ease of use. For these reasons, it has
been increasingly employed in research,®® and there is a substantial interest in the
translation of this novel optical technique into a widespread clinic diagnostic tool. For
example, functional NIR spectroscopy (fNIRS) is an emerging functional neuroimaging
technology that has been FDA approved for clinical applications since it offers a
relatively non-invasive, safe and portable methodology for monitoring brain activity and
for studying brain disorders.’

Effective deep-tissue fluorescence imaging requires the application of exogenously
administrated NIR-emissive contrast agents. NIR fluorophores (NIRFs) can be
categorized according to their mechanism of contrast generation (non-specific, targeted
or activatable)® or according to their chemical composition (organic or inorganic).’

Mechanism of contrast generation Non-specific probes are fluorescent dyes which
achieve contrast by distributing differentially in healthy and diseased tissues, while
targeted fluorescent probes are constituted by a targeting biomolecule (such as
antibodies, antibody fragments, proteins, peptides, nucleic acids, polysaccharides or
small molecules) conjugated with a fluorescent dye. Finally, in activatable probes the
fluorescent dye molecules are coupled in close proximity to each other, thereby
quenching their fluorescence (Figure 1.1a). The fluorescence is recovered by enzyme-
mediated cleavage, which liberates the dye molecules (Figure 1.1a). Since no
background fluorescence is detectable in the quenched state, activatable probes allow to
achieve the highest sensitivity.

Chemical composition The list of suitable organic NIRFs includes mainly cyanine
dyes, lanthanide chelates and tetrapyrrole-based dyes.? In particular, cyanine dyes, such
as ICG (Figure 1.1b), can be used as fluorescent probes for imaging vascular
disorders.>® Owing to their short circulation half-lives, low photo-bleaching thresholds
and lack of strong NIR emission in the second near-infrared window (called NIR 11)*
(1000 — 1400 nm), organic fluorophores cannot be used at tissue depths greater than 1-2
cm. In contrast, inorganic fluorophores (namely, semiconductor quantum dots (QDs))
possess vastly superior optical characteristics when compared to traditional organic
fluorophores (i.e., they strongly emit in the NIR Il region), but at the cost of decreased

safety, as their composite materials are toxic in their elemental form. As a result, there
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is currently no available NIR-fluorescent agent that possesses the ideal properties for
human application as deep-tissue imaging probe. Lots of efforts have been placed in the
development of the first generation of organic NIRFs capable of deep-tissue optical
imaging.> Among them, nanomaterials such as polymersomes (50 nm to 50 pm diameter
polymer vesicles incorporating organic NIRFs)>® and SWNTs**** have been

extensively studied to engineer new NIR-fluorescent probes.

a) Quenched state NS A o

Fluorescent state

vV
(0]
H
N NH

Indocyanine Green (ICG)

Figure 1.1. (a) Example of the mechanism of activation of an activatable probe. The fluorescent
molecules are grafted in close proximity onto a polylysine-polyethylene glycol (PEG) chain
(fluorescence quenching). After enzymatic cleavage of the polymeric backbone, fluorescence is
recovered. (b) Example of NIR fluorescent cyanine dye. Chemical structure of Indocyanine
Green (ICG), a clinically approved NIR fluorescent probe used in ophthalmology.

2. NANOTECHNOLOGY AND BIOMEDICINE
Nanotechnology has the potential to affect almost every area of society. Biomedicine
is one particular area in which revolutionary new nanotechnologies hold promise of

great benefits for humanity in the future.’® Over the coming years, biomedical
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nanodevices will have a variety of uses and they will potentially save a great number of
lives. Nanotechnologies could aid for example in the formation of molecular structures
for the regeneration or replacement of body tissues damaged/lost by infection, accident
and disease, or in the development of targeted drug therapies that have fewer side
effects and that are more effective (‘smart drugs’). These predictions for the future have
great significance not only in encouraging nanotechnology research but also in
determining a means of oversight. The National Cancer Institute, for example, has
created the Alliance for Nanotechnology in Cancer with the hope that investments in
this field could lead to breakthroughs in terms of diagnostics and treatment of cancer.

As pointed out by “The Project on Emerging Nanotechnologies”, the inventory of
nanotechnology products that are publicly available has grown by nearly 621% (from
212 to 1317 products) since 2006, with the largest increase allocated in health and
fitness products (from roughly 150 to 738 products).’® Many of these commercialised
products are not available directly to the consumer but they are employed by researchers
and physicians to treat specific diseases in hospitals (including appetite disorders and
cancer) (Table 1.1).

Table 1.1. Medical applications of current nanotechnology products. The products listed are

commercially available but not always accessible directly to the consumer.

Nanomaterial Application
Drug delivery system+ Medical tools¥
Commercial Target Commercial Target
name name
Megace® ES Appetite control . imi i i
g pp Acticoat® Antlmlcrobla}l barrier
Rapamune®  Immunosuppressant protection
Nanocrystals
Emend® Cancer TriLite™ .
: Imaging
TriCor® Cholesterol Technology
Doxil® Cancer Orthovita Bone replacement
Abraxane® Cancer Vitoss Bone replacement
Nanoparticles . . i i .
P Neowater™  Chemical substitute Z'ggind'sm Dental devices
Estrasorb™ Hormone therapy EnSeal System Surgery
Quantum dots --- Qdot Imaging

Nanocrystals

+ Source: www.nanotechproject.org/inventories/medicine/apps
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2.1. NANOMATERIALS AND BIOMEDICAL IMAGING

Dedicated nanomaterials (NMs) could be used in the future as optical imaging probes
to monitor the progress of a therapy or disease.’’™® The use of NMs as probes has two
major advantages:'® (1) they can merge multiple modalities on one probe, enabling
higher imaging sensitivity and (2) NMs may be engineered in order to combine imaging
and drug-delivery, thus leading to synergistic medical effectiveness and enabling the
development of a new generation of theranostics. In particular, the potential
combination of imaging and treatment is an exclusive feature of NMs and has the

" 1o “detect and

potential to change the current medical paradigm of “see and treat
prevent™’. Therefore, there is an emerging rush to commercialize NMs for diagnostic
imaging purposes. So far, Trylite™ (nanoclusters of 8-12 individual nanocrystals)*® and
Qdot Nanocrystals (clusters of a semiconductor material)** are the only two NMs that

have achieved FDA approval for use in biomedical optical imaging.

&

Figure 1.2. Schematic representation of NMs that might be used as imaging probes: (a)
polymeric nanoparticles; (b) liposomes; (c) QDs with a CdSe core; (d) gold nanoparticles; (e)
zeolite L; (f) magnetic nanoparticles; (g) dendrimers; (h) carbon nanotubes (CNTSs); (i)
upconverting nanophosphors (adapted from an image by Barreto et al.??).

A wide range of NMs might be used as imaging probes.'*? As for NIR fluorophores,
NMs-based probes can be categorised into organic (i.e., liposomes, dendrimers and
carbon nanotubes) and inorganic materials (i.e., QDs, metallic nanostructures and metal
oxides) (Figure 1.2). After functionalisation with various chemical moieties, NMs can
be employed in a variety of molecular imaging techniques, such as computed
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tomography (CT), magnetic resonance imaging (MRI), single-photon emission
tomography (SPECT), positron emission tomography (PET), ultrasound imaging and
Vis/NIR optical imaging methods.?

Most NMs are easily cleared by the reticuloendothelial system (RES).** The RES
consists of phagocytic cells (i.e., monocytes and macrophages) located in the spleen,
lymph nodes and in the liver (Kupffer cells) with the main function of removing
senescent cells and external agents from the bloodstream. In particular, the smaller the
NM is, the longer its retention time in the bloodstream is. 2>?° The mechanism used by
the body to recognize and clear NMs by RES involves three steps: (1) opsonization, (2)
phagocytosis and (3) clearance.?’ In the opsonization, the NM is enveloped by proteins
called opsonins, which allow recognition of the foreign agent by phagocytic cells.?"?®
Recognition and attachment of phagocytes to the surface-bound opsonins results in
ingestion of the particle by endocytocis and degradation by enzymatic/oxidative
processes. If not biodegradable, depending on its size and molecular weight, the NM
will be removed by the renal system or stored in one of the RES organs.?” Opsonization
is influenced by the hydrophilicity of NMs. This process is faster when the material is
hydrophobic, due to the enhanced affinity of blood serum proteins for their
surface.?"?%%

In order to reduce their opsonization (and to avoid their premature clearance by the
RES), shielding groups have been attached onto NMs’ surface. PEGylation is one of the
main methods employed.?*?"3! PEGylation refers to the process of grafting, adsorbing
or covalently binding polyethylene glycol (PEG) or its derivatives onto the NMs
surface. Covering the surface of NMs with PEG sterically prevents the efficient binding
of opsonins onto their surface, thereby hindering phagocytosis.?’ Recently, Choi et al.
demonstrated that the biodistribution of NIR fluorescent PEGylated QDs is a function
of the length of the PEG employed: only QDs coated with long PEG chains (n = 22)
remained in fact in the bloodstream for 4 h post-injection.** Additionally, PEGylation

increases NMs’ hydrophilicity.
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3. SINGLE-WALLED CARBON NANOTUBES AND BIOMEDICINE

3.1. DEFINING SWNTSs

Carbon nanotubes (CNTSs) represent a relatively newly discovered allotrope of carbon
that has a wide range of potential applications within nanotechnology.*® In particular,
CNTs could hold great significance for many biomedical applications in the near
future.®**

Individual nanotubes are hollow cylindrical tubes formed by a single wall (SWNTSs) or
multiple concentric walls (MWNTS) of graphite sheets, have diameters as small as 0.7
nm and lengths exceeding several micrometers.

SWNTs can be imagined as a graphene sheet rolled at a certain angle (called chiral
angle) with respect to a plane perpendicular to the tube's long axis. The chiral angle can
range from O to 30 degrees and is generally identified by a pair of indexes (n, m). These
indexes define the nanotubes chirality.*® Depending on their chirality, SWNTSs can be
divided into metallic or semiconducting, resulting in different electronic and optical
properties.®” For example, only semiconducting SWNTSs are characterized by efficient
NIR emission properties (see Chapter I, Section 1.1.2).% Indeed, this variety opens the
use of SWNTs in many different applications.®

At present, SWNTs can be produced by different techniques, such as electric arc
discharge, catalytic decomposition, chemical vapour deposition (CVD) and high
pressure CO disproportionation process.*® The latter (commonly referred to as HiPCO
method) produces large amounts of SWNTs by combusting CO gas and iron-containing
catalysts, Fe(CO)s, under controlled conditions. Due to the synthetic mechanism, a high
concentration of undesiderable defects, carbonaceous and metal catalyst impurities is
generally present in the SWNTs material, making the toxicity of SWNTs a complex
question (see Chapter 3, Section 1.2) and potentially limiting their use in biomedicine.
Despite this, there is an increasing number of published studies which support the
potential development of SWNTs-based biomaterials for tissue regeneration (e.g.,

41-43

neuronal substrates®® and orthopaedic materials*), cancer treatment,** drug/vaccine

45,46

delivery and optical imaging (namely Raman spectroscopy,*’ photoacoustic

tomography (PAT),***° and NIR photoluminescence®®?°°*?). Some of these topics
have been discussed in recently published reviews.**>**® Most of these applications will

involve the implantation and/or administration of such materials into patients; as for any
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therapeutic or diagnostic agent used, the use of SWNTs must be evaluated in relation to
their risk-benefit ratio.

As-produced SWNTs are characterized by a lack of solubility in aqueous solutions,
imposing again great limitations to their extensive use in life sciences. This effect is
correlated to the SWNTs capability in forming strong van der Waals interactions
between one another and the formation of aggregates and bundles that precipitate.®®
With the development of covalent and non-covalent strategies for functionalising
SWNTSs with various chemical moieties,® improved processing of SWNTs has been
achieved in aqueous environment, and the application of SWNTSs in the biomedical area
has become possible.®

The following section will report the recent advances in the chemical modification of
SWNTs. In particular, it will discuss a series of examples to illustrate the main
methodologies in which SWNTs can be modified for their exploitation in biomedicine.
A successive section will describe the various applications of SWNTSs in life sciences

investigated until now.

3.2. CHEMICAL MODIFICATION OF SWNTS FOR BIOMEDICAL APPLICATIONS

Rational functionalisation can endow SWNTs with desired properties for biomedical
applications and with controlled solubility and toxicity.®* Singh et al. showed in fact
that the toxicity profile of carbon nanotubes can be altered by functionalisation and by
changes in their solubility.®®

There are two main functionalisation protocols that have produced remarkable
progress in the bio-nanotechnology field by improving the SWNTSs’ aqueous
dispersability and, at the same time, by offering a flexible platform for derivatization®:
(1) non-covalent supramolecular modification (based on ©-m stacking, van der Waals
and/or hydrophobic interactions) (Scheme 1.1a) and (2) covalent functionalisation
(Scheme 1.1h).%%%4% Both types of chemical strategies are described in detail in the

following paragraphs.
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Scheme 1.1. Schematic representation of (a) non-covalent and (b) covalent functionalisation of
SWNTs.

sec-BuLi/ CO,
Nucleophilic addition

3.2.1. Non-covalent functionalisation of SWNTSs

The non-covalent method is considered an effective approach for the preparation of
functional SWNTs-based biomaterials, since such approach disaggregates the large
SWNTSs bundles and decorates the SWNTs surface with various bioactive molecular
moieties, without strongly affecting the electronic structure of the tubes.®®

A variety of chemical agents have been used for the non-covalent functionalisation of
SWNTs. An ideal non-covalent functionalisation coating for biological applications

should have the following characteristics:

—  be biocompatible and non-toxic;

— be sufficiently stable to resist detachment from the nanotube surface in biological
solutions (especially in biologigal fluids containing high concentrations of salts
and proteins);

— have functional groups that are available for conjugation with various

hiomolecules.
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Examples include surfactants, polymers and polynuclear aromatic compounds, as well
as various biological relevant compounds such as proteins, peptides, DNA/RNA and
carbohydrates.

Surfactants: lonic surfactants are commonly used to obtain water-stable dispersions of
SWNTs. Among these, sodium dodecylbenzene sulphonate (SDBS) demonstrated the
highest ability in dispersing SWNTSs in water with no strong diameter dependence.®”®
Although anionic, cationic and non-ionic surfactants have shown different efficiency in
suspending individual SWNTSs in different environments, the exact mechanism by
which CNTs and the different surfactants interact is still uncertain.?® It has been
reported that the hydrophilic part of such molecules interact with water and the
hydrophobic tails are adsorbed onto the nanotubes surface.?® In the case of charged
surfactants, such as SDBS, the dispersion is stabilized by electrostatic repulsion
between the micelles.® Typical surfactants employed in biomedical applications of
SWNTs are Pluronic F1277° and Tween 20.™7

Polymers: Similarly to surfactants, amphiphilic polymeric macromolecules (such as
PEG, phospholipid-PEG conjugates (PL-PEG),”® co-polymers™ and glycopolymers’®)
improve dramatically SWNTs dispersability by coating the nanotube surface.

While co-polymers (such as Kentera, a polymer based on polyphenylene ethynylene
units) and glycopolymers have been used to modify SWNTSs for cancer treatment’ and
genes transfection’ respectively, the strategy of coating SWNTSs with PL-PEG has been
pioneered by Dai and co-workers.® According to this methodology, the distal end of the
PEG chain is generally used to link bioactive molecules, such as targeting moieties

8.7 imaging radionuclides (**Cu)”® and drugs (Paclitaxel).”

(RGD sequence),

Polynuclear aromatic compounds: Polynuclear aromatic compounds are functional
molecules that exhibit n-rt stacking on the sidewalls of SWNTs. Among them, pyrene
moieties (commonly referred to as a “sticky label”’®’") are typically employed for non-
covalent functionalisation of SWNTs with various bioactive molecules (such as
proteins’®’” and DNA'®).

Proteins and Peptides: A variety of proteins can strongly bind to the nanotube exterior
surface via non-covalent interactions. For example, proteins such as streptavidin and
HupR (a transcriptional regulator from the photosynthetic bacterium Rhodobacter
capsulatus), which are characterised by a helical structure, rearrange in ordered arrays

onto the nanotube surface.” The interaction between CNTs and proteins is mainly non-
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specific, i.e. proteins adsorb onto the SWNTSs surface without any preference.®®® It is
quite possible that the mechanism determining the protein adsorption is associated with
the amino affinity of carbon nanotubes® and/or with m-r interactions between the
aromatic amino acids constituting the biomolecule and SWNTs’ =-conjugated
skeleton.®

Common proteins, such as haemoglobin® and bovine serum albumin (BSA),2>% ¢

an
be used for increasing the aqueous dispersability of the tubes. The capability of these
macromolecules as dispersing agents depend on various factors, including their primary
structure and the pH.2* Proteins with more basic residues (histone and lysozyme) are for
example more effective in the dispersion of SWNTSs, whereas enhanced solubilisation is
achieved with haemoglobin at acidic or basic pH.2

The attachment of proteins to SWNTSs is readily transferable to numerous applications,
ranging from sensors to electronic devices.®’

DNA/RNA: Similarly to proteins, DNA and RNA can be non-covalently attached to
SWNTs via helical wrapping or simple surface adsorption.®®® Molecular modelling
showed that the nucleosides of DNA/RNA bind to the SWNT surface by =n-n
interactions, while their hydrophilic sugar—phosphate backbones point into the water.®
The specific interaction between DNA sequences grafted on the CNT surface and
complementary sequences present in solution can be employed for molecular biosensing
applications and electronic gene sequencing;®* whereas supramolecular complexes
between short RNA oligomers (SiRNA) and SWNTs has been exploited for gene
silencing in vivo.***

Carbohydrates:  Carbohydrate ligands in the form of glycodendrimers
(macromolecules that mimic N-linked glycans populating the eukaryotic cell
surfaces),” glycolipids and polysaccharides can be non-covalently displayed on
SWNTs surface.®™® For example, schizophyllan (a polysaccharide with a hollow
triple-helix structure) can be dissociated into a single chain in DMSO and then re-
constituted by simply replacing DMSO with water. Sonication of schizophyllan with
SWNTSs in DMSO, and then exchange of DMSO with water, results in non-covalently
functionalised SWNTs.>® Polysaccharides such as amylose, starch, gum Arabic and B-
1,3-glucans are also able to solubilise SWNTSs in water.%**% It seems that the majority
of these polymers disperse SWNTs by wrapping themselves around the tubes in a

helical fashion. A fascinating example of SWNTSs functionalisation by polysaccharides
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refers to 12-membered cyclodextrins (CDs), which are able to encapsulate SWNTSs.
Because of the dimensions of the CD inner cavity, CDs enable the partial separation of
the tubes with respect to their diameters. '

Carbohydrates do not only impart significant aqueous solubility and biocompatibility
to SWNTs, but they also offer the kind of bioactivity useful for various biomedical
applications. For example, various studies demonstrate the capacity of sugar-bearing
CNTs to engage in specific interactions with protein receptors.'®® Similarly, SWNTs
non-covalently functionalised with glycolipids (pyrene-polyethylene glycol-lactose™® or

photopolymerized polydiacetylene-based glyconanorings'®®

) are able to engage in
specific ligand-lectin interactions. As a consequence, the potential of decorating
SWNTs with carbohydrates has been carefully investigated over the past several years,
with the main intent of understanding and mimicking specific cell-cell interactions'® or
the bacterial adhesion.’®™! In particular, the identification of the bacterial infections
pathways could lead to improvements in the inhibition of disease development. In
addition, SWNTSs coated with polysaccharides might be used to mimic the nanofibrous
extracellular matrix. For example, biomimetic nanofibrous scaffolds mimicking the
extracellular matrix were produced by non-covalent wrapping SWNTs with natural

polysaccharides, such as amylose, sodium alginate and chitosan.*2

3.2.2. Covalent functionalisation of SWNTs

Covalent approaches are equally important to increase the biocompatibility and
bioapplication of SWNTs. There are obvious advantages related to the covalent
strategy, such as control over the number of therapeutic, targeting or imaging moieties
that may be attached™® and the well-defined nature and stability of the linker that
connects them to the nanotube. Molecules are therefore stably bound on the nanotube
backbone and the risks of macromolecule desorption or exchange with components of
biological fluids after administration is avoided. Despite the robustness of the covalent
functionalisation method, care must be taken. The optical, electronic and thermal
properties of SWNTs depend in fact heavily upon their highly =-conjugated

skeleton, 14115

and covalent modification can result in the complete loss of those
properties.!*®
Two are the main strategies employed for covalently attaching functional molecules to

the nanotube structure: (1) sidewall functionalisation and (2) oxidation.
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The first strategy involves reaction of reagents or functional molecules at the sidewall
of the tube and has been performed using nucleophilic, electrophilic, radical and
cycloaddition approaches.®® This methodology inherently results in loss of the sp?
character of the sidewall carbon atoms involved in the covalent bond and subsequently
in a break of the m-conjugation of the tube skeleton. Among the many sidewall
functionalisation strategies available, cycloaddition reactions are the main chemical

protocol employed for modifying SWNTs for biomedical applications.®>%°

Cycloadditions can be conducted by photochemical reaction of CNTs with azides*" 8
(Scheme 1.2a) or via the Bingel reaction’®® (Scheme 1.2b). The 1,3-dipolar

cycloaddition reaction is also a commonly used reaction*?*%*

(Scheme 1.2c), where an
azomethine-ylide (generated by condensation of an a-amino acid and an aldehyde) is
added to the graphitic surface, forming a pyrrolidine ring coupled to the CNTs sidewall.
SWNTs functionalised by cycloaddition reactions find applications in biomedical

63,122,123

imaging (functionalisation with radionuclides), vaccination (using immune-

124,125 126

activating peptides) and cancer therapy (modification with monoclonal antibody

and small interfering RNA (siRNA) therapeutics'?’).

The second strategy involves the addition of functional moieties mainly at the ends of
SWNTs by acidic/oxidative protocols. During this reaction, oxygenated functionalities
(mostly carbonyl and carboxylic acid (COOH) groups) are introduced mainly at the
ends of tubes and at defects sites generated by acidic/oxidative agents, such as nitric
acid (HNO3). Depending on both the time of reaction and the nitric acid concentration,
the purification procedure may introduce varying numbers of chemically-active groups
that can be further functionalised with amines and alcohols via amide and ester
linkages.*® Nitric acid has also the ability to remove synthetic byproducts (namely,
residual catalyst particles and amorphous carbon) from as-produced SWNTs. 2132
Small polycyclic aromatic sheets edge-terminated with carboxyl groups, called
carboxylated carbonaceous fragments (CCFs), are however generated during the
acidic/oxidative purification procedure by HNOg3, producing a reactive coating onto
SWNTs surface and interfering with the effective further functionalisation of
SWNTs. 31133134 The effective removal of the CCFs from acid purified samples by
NaOH treatment has been demonstrated.’****® Debates rose however on whether
previously reported procedures presenting defect-site functionalisation in the absence of

NaOH treatment™"** were actually producing covalently functionalised materials. To
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address this issue, one recent study from our group demonstrated that COOH

functionality is introduced directly onto SWNTs surface and not only onto CCFs

present in the sample.}*?

When NaOH treatment is not employed, careful solvent
washing and oxidation procedures are in fact crucial for the removal of carbonaceous
material and conversion of introduced defects sites to reactive COOH groups,
respectively. ** Strong acidic/oxidative treatments have been used for producing

SWNTs-based radiotracers,***** and drugs for cancer therapy.**'** .

Scheme 1.2. Schemes of covalent functionalisation of CNTs: (a) photoinduced [1, 2] addition of
azide compounds; (b) Bingel reaction on CNTSs; (c) 1,3-dipolar cylcoaddition on CNTs. For
biological applications, the substituent “R” is generally a hydrophilic domain (which increases

the water solubility of CNTSs) or a bioactive molecule.

ROOC._COOR

The main bioactive molecules employed in the covalent functionalisation of SWNTs
for biomedical applications are proteins, peptides, DNA/RNA and carbohydrates.

Proteins and Peptides: SWNTs can be covalently functionalised with BSA or horse
spleen ferritin to form SWNTs able to recognize pathogenic Escherichia coli (E. coli)
cells through specific antibody-antigen interactions.**

DNA/RNA: Covalent functionalisation of SWNTs with DNA or RNA can be achieved

by carbodiimide-activated coupling reactions either directly'*"'%®

or through a
bifunctional linker.'*® The interaction between DNA and SWNTSs largely retain the

biological activities of the biological macromolecule.™®® Therefore, SWNTSs decorated
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with single-strand DNA (ssDNA) can be used as sensors of complementary sequences
with a high degree of selectivity,?* or as drug-delivery platforms if employing, for
example, short interfering RNA (siRNA)."*' Notably, SWNTs are able to protect
bounded DNA from intracellular enzymatic cleavage.'*?

Carbohydrates: Similarly to DNA/RNA, sugar ligands preserve their biological
activity when covalently bound to SWNTs. As previously mentioned (Section 3.2.1),
carbohydrates are major components of the cell membrane and have a key role in cell-
cell recognition and communication processes, cell growth and development, pathogen
binding, viral infections, inflammation, tumour metastasis and immune responses.™ In
this respect, SWNTs displaying carbohydrate moieties covalently attached on their
surface were investigated as inhibitors of bacterial infections via specific adhesion-
receptor interactions with the pathogenic cells. Gu et al. (2005) showed for example that
SWNTs functionalised with galactose were able to bind to pathogenic Escherichia coli
(E. coli) cells, leading to cell agglutination.™® The high aspect ratio and surface area of
SWNTs enabled the display of a large number of galactose residues, while the linear
nature of SWNTs likely facilitates the binding with E. coli cells.**®*! Wang et al.
(2006) reported that SWNTSs functionalised with galactose or mannose were able to
bind carbohydrates on the surface of anthrax (Bacillus anthracis) spores in the presence
of a divalent cation (Ca®"), causing agglutination and almost complete inhibition of
colony formation.’® The presence of Ca®* ions was crucial for the aggregation of
Bacillus anthracis spores. According to these results, SWNTs covalently decorated with
carbohydrates have potential applications in the development of potent inhibitors or

effectors in pathogens detection and decontamination.

3.3. SWNTs BIOMEDICAL APPLICATIONS
Functionalisation strategies as presented above suggest the feasibility and potentials of
SWNTs as functional parts of biomedical systems and devices. Although the current
state of the art on SWNTSs in biomedicine is still at its infancy, many advantages in their
application in life sciences are anticipated by the discoveries of recent years. Figure
1.3b summarises the properties that determine the advantages and the disadvantages of
SWNTSs in biomedicine. The aim of the following sections is to describe the main

applications of SWNTSs in life sciences (briefly summarised in Figure 1.3a).
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Table (b). Advantages and disadvantages of CNTs in biomedicine

SWNTs biomedical applications
Advantagest Disavantagest

Opportunity to load multiple bioactive
molecules on their surface

Large, hydrophobic surface area cause
protein adsorption and potential opsonisation

Potential encapsulation of therapeutics and
imaging probes in their internal cavity

Limited information on their impact on
human health

High stability in vivo due to mechanical

properties Strong tendency to aggregate

Difficult standardisation of the materials
used

Hydrophobicity: functionalisation is required
to increase their dispersability in
physiological fluids

Ability of passing through biological barriers

Development of new diagnostic tools based on
their unique electrical and optical properties

+ Source: Bianco et al. (2008)*” and Rosen et al.®?

Figure 1.3. (a) Schematic representation of the potential applications of SWNTs in
biomedicine, namely as drug/gene delivery platforms, anticancer agents for photothermal
therapy, biosensors and molecular probes in various bioimaging techniques (such as
Vis/NIR/Raman optical imaging and photoacoustic imaging). Targeting of a specific biomarker
is possible in all these applications. (b) Advantages and disadvantages of the use of CNTs in life

sciences.

3.3.1. Therapeutics
3.3.1.1.

The application of nanotechnology to drug delivery may allow (1) an improved

Drug delivery systems

delivery of water-insoluble drugs, (2) a tissue-targeted delivery, (3) the delivery of large
macromolecule drugs to intracellular sites of action; (4) the co-delivery of drugs for
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combination therapy and (5) the evaluation of drug pharmacokinetics by decorating the
nanomaterial with various imaging moieties.’* For all these reasons, CNTs have been
pursued as an alternative to already available drug delivery systems.™ Various
chemiotherapeutic agents, as well as drugs for the pharmacological treatment of
Alzheimer™® and infectious diseases, have been loaded onto SWNTSs surface. Here, a
brief review of the main SWNTs-based drug delivery platforms developed until now is
presented (Table 1.2).

Infectious diseases Infectious diseases represent a highly dynamic area where
medications quickly lose their efficacy due to the emergence of resistant strains. The
time required to introduce new medications is far longer than the development of
resistant strains; besides, limited penetration and inadequate control to the targeted
region renders current conventional treatments ineffective.’> As a consequence,
significant effort has been placed in using SWNTs as carriers for antibacterial,
antifungal and antimicrobial drugs (Table 4).>*%21%81%0 For example, Wu et al. (2005)
functionalised SWNTs with amphotericin B (AmB).**'%2 AmB is one of the most
effective antimycotic agents to treat chronic fungal infections; however, AmB is poorly
soluble in water, rendering it highly toxic to mammalian cells. The conjugation of
SWNTs and AmB led to lower cytotoxicity of the drug and an improved efficacy of its
antifungal activity.

Cancer treatment Lots of effort has been placed in the discovery of new SWNTs-
based nanosystems for the delivery of chemiotherapeutic drugs, such as doxorubicin
(DOX), Paclitaxel (PTX), taxoid and cisplatin.

Various groups conjugated SWNTs with DOX via non-covalent interactions.***¢" In
vitro, experiments showed that DOX-SWNTSs induced significant cancer cell death and
cell apoptosis, even if the ICsq (half-maximum inhibitory concentration) value for the
DOX-SWNTs was higher than that of free DOX. After specific SWNTSs targeting with
an RGD sequence (recognizing integrin receptors up-regulated in tumours) the ICsg
value significantly decreased.®® The DOX ‘non-covalent binding to’ and ‘release from’
SWNTs were found to be dependent on the pH and the diameter of SWNTSs: generally,
lower pH and smaller diameter favoured DOX dissociation from SWNTs.'* Similarly,
DOX-SWNTs complexes targeted with an antibody (mAb) of the tumour
carcinoembryonic antigen (CEA) were efficiently internalized by CEA-expressing

cancer cells and DOX was rapidly released from the nanotube surface, thus exerting its
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chemotherapeutic action.'® Finally, Chaudhuri et al. (2010) covalently attached DOX
to a pyrene moiety that adsorbed on the nanotube surface.’®” DOX-SWNTs induced cell
death of melanoma cells in vitro. The release of the drug was presumably due to
enzymatic cleavable of the carbamate linker between DOX and the pyrene by lysates of
cancer cells. In vivo, DOX-SWNTs led to higher inhibition of tumour growth and
prolonged animals survival compared to the free DOX. Recently, SWNTSs coated with
polysaccharides (sodium alginate and chitosan) were loaded with DOX and decorated

with folic acid (also referred to as folate),'®°

which is a targeting agent for many
tumours (folate receptors are over-expressed on several cancer cells surface’®). The
release of DOX was pH-dependent, with better release thresholds at slightly acidic pH,
which is characteristic of tumour environments. Finally, a further study showed
reduction in melanoma growth after administration of DOX-SWNTSs to mice, without
showing detectable systemic toxic side-effects characteristic of the free DOX.'®

The chemiotherapeutic drug PTX was conjugated to SWNTs via a cleavable ester
bond to PL-PEG chains adsorbed onto SWNTSs surface.” PTX is commercially known
as Taxol® and it is clinically used. The PTX-SWNTs conjugates showed higher efficacy
in suppressing tumour growth than Taxol®, due to longer blood circulation and higher
drug uptake. Similar results were obtained by covalently functionalising SWNTs with
taxoid via a cleavable linker (disulfide bond), and with biotin (vitamin H or vitamin B7)
as targeting agent.*®

Another potent anticancer drug that has been delivered using SWNTSs is cisplatin, a
widely used clinical agent. Different approaches have been attempted to conjugate this

drug to SWNTs via non-covalent interactions,'’® covalent binding**>!"™

or
encapsulation.!” The latest allowed protection of cisplatin from photodegradation and
external reactive species, thus avoiding its decomposition. All the studies show
evidence that, when cisplatin is conjugated to SWNTSs, its effectiveness in Killing cancer

cells is higher than that of the free drug.
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Table 1.2. Chemical structure of functionalised SWNTs with potential drug delivery
applications. Orange boxes indicate the pharmaceutical agent employed.

T;rgeted Therapeutic agent Chemical structure Ref.
isease
AmB
161
Fungal Amphotericin B
infection (AmB)
162
Cancer Taxoid 169
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Targeted

di Therapeutic agent Chemical structure Ref.
isease
165
163,164
Doxorubicin
(DOX)
166
Cancer
167
170
171
Cisplatin
145
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Téa_rgeted Therapeutic agent Chemical structure Ref.
isease
Cisplatin 172
Cancer
Paclitaxel (PTX) 75

ALG: sodium alginate; BSA: bovine serum albumin; CHI: chitosan; EGF: epidermal growth factor;
FITC: fluorescein isothiocyanate; mAb: antibody; PEG: polyethylene glycol; PL: phospholipid; RGD:
arginine-glycine-aspartic acid.

3.3.1.2.  Gene silencing

Beyond molecular drugs, other bioactive species such as siRNA were successfully
delivered into cells by conjugating them with SWNTSs (Table 1.3).%#1°1173174 Gjlencing a
gene using an SiRNA sequence is becoming a clinically relevant option in therapy of
various pathologies such as cancer and immune diseases.*”

Different types of SWNTSs decorated with ammonium groups have been used to form
SIRNA-SWNTs complexes. Briefly, ammonium-functionalised SWNTs were
conjugated to siRNA encoding for knockdown of telomerase reverse transcriptase
(TERT). Effective and specific silencing of TERT expression was achieved, resulting in
decreased proliferation and growth of a tumour in vivo.** Similarly, functionalised
nanotubes were complexed to a specific sSIRNA that targets human cyclin A,, which
plays a critical role in DNA replication, transcription and regulation of the cell cycle.
The siRNA-SWNTs conjugate promoted cell apoptosis and inhibited proliferation of
leukemia cells in vitro.!”®'"* SWNTs coated with ammonium-terminated PL-PEG
chains and then linked to specific SiRNA silenced the gene encoding for laminin A/C

176

protein®® and the insulin-mediated glucose uptake in adult skeletal muscle cells,”® while

complexation with an SiRNA able to block CXCR4 and CD4 receptors on human T
cells and peripheral blood mononuclear cells reduced HIV infection capability.*>*
In all of the studies reported above, the conjugation of siRNA with SWNTs improved

efficiently the biological activity of the siIRNA sequences employed.
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Table 1.3. Chemical structure of functionalised SWNTs with potential gene silencing
applications. Orange boxes indicate the sSiRNA sequence conjugated to SWNTSs.

Targeted disease Chemical structure Ref.

151
Cancer
94
Leukaemia 173,174
Muscular dystrophy 80,176
HIV infection 151

PEG: polyethylene glycol; PL: phospholipid.

3.3.1.3.  Anticancer agents in thermal therapy
The possibility of inducing cancer cell death by heating carbon nanotubes by means of

177-181

a NIR laser or radiofrequency waves’™® has been recently reported (Table 1.4).

Briefly, SWNTs were non-covalently functionalised with PL-PEG chains,'”® PL-PEG
expressing a folate moiety on the side chains for selective targeting of cancer cells*’’ or
chitosan functionalised with folate.’® Successful cancer cell death was triggered by
irradiating the cells with NIR light'”"*® and treated mice displayed complete
destruction of the tumours with no recurrence over six months.'”® No damage was
detected in folate receptor-free cells.}’"*¥ NIR phototherapy was also applied to destroy
breast cancer cells using SWNTs previously functionalised with two specific
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monoclonal antibodies targeting membrane markers’ insulin-like growth factor-1
receptor (IGF1R) and human endothelial receptor-2 (HER2).!®The antibodies were
conjugated to the SWNTs surface by a pyrene linker adsorbed onto the SWNTs
backbone, while a coating with PEG was used to prevent undesired adsorption of other
proteins onto their free surface. Finally, radiofrequency pulses killed malignant cells in
direct contact with SWNTs coated with Kentera and injected directly into the liver

tumour of a rabbit.”® Minor damage was caused to the neighbouring healthy tissues.

Table 1.4. Chemical structure of functionalised SWNTs employed as thermal anticancer agents.
Grey boxes indicate the molecular moiety used as targeting agent.

Heating modality Targeting Chemical structure Ref.
agent
177
Folate
180
NIR laser
IGF1R Ab,
HER2 Ab 178
NIR laser [No targeting 179
agent]
Radiofrequency [No targeting 70

pulses agent]

Ab: antibody; CHI: chitosan; HER2: human endothelial receptor-2; IGF1R: insulin-like growth factor-1;
PEG: polyethylene glycol; PL: phospholipid.
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The ability of SWNTSs to transform NIR light into heat opens up new venues not only
for direct thermal ablation of cancer cells, but also for controllable molecule
transportation. Very recently, a molecular dynamics study supported the idea that
optical heating of CNTSs can assist in releasing encapsulated drugs,*®* and experimental
investigations showed that SWNTSs and double-walled carbon nanotubes (DWNTS) can
function as NIR photoresponsive carriers of molecules for controlled delivery of an

indole (precursor to many cancer drugs) (Figure 1.4).1%

(NIR)
Protocol

= @E)— s

(SMCs@CNT) (Released SMCs)

a)

CNTs (yellow) Dead cells (red)

b) c)

Pulsed, 10 min

Cell-homing indole@CNT
(CIDs)

Pulsed, 15 min

Figure 1.4. (a) Encapsulation of small molecules (SMCs) into CNTs. The SMC used was an
indole. The complex thus formed (indole@CNTSs) could be used as NIR-controlled molecule
transporter for drug delivery. (b) Schematic representation of the complex indole@CNTSs. Each
complex was covalently functionalised on the surface with EphB4-binding peptide (TNY) for
targeting and with Lucifer yellow (LY) for imaging purposes. The indole moieties (not shown
for clarity) were encapsulated. (c) The complex indole@CNTSs released the indole molecules
upon NIR irradiation for 10 or 15 min, thus causing controlled and targeted cell death (adapted

and modified from Su et al.'®).

3.3.1.4.  Antibacterial agents by direct contact
SWNTs may have the potential to be used as alternative agents to combat microbial
infections of E. coli,** ¥ Pseudomonas aeruginosa,® Staphilococcus aureus'® and
Bacillus subtilis'®® following direct contact. Two recent articles demonstrated that the

most likely antibacterial mechanism of SWNTs is cell membrane damage.’®>*® |n
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addition, SWNTs covalently modified with mannose and galactose interact with
Bacillus anthracis spores, resulting in significant spore aggregation and inhibiting

colony formation.1%%#

3.3.1.5.  Other therapeutic applications
SWNTs functionalised with phenolic derivatives may be attractive as antioxidant
agents for medical therapeutic research,'®® whereas amine-decorated SWNTs may be
useful as scaffolds in brain tissues preventing the brain from ischemic injury and
enhancing the recovery of behavioural functions after a stroke.'® There is an increasing
number of published studies which support the potential development of CNTs-based

biomaterials for tissues regeneration (e.g. neuronal substrates'®

41-43,191

and orthopaedic

materials ) and copious reviews on the biocompatibility of such implantable

190,192,193

CNTs composite materials are available in the scientific literature.

3.3.2. Diagnostics
3.3.2.1.  Biosensors

The ultimate electrical and optical properties of SWNTs, their high sensitivity and
their fast response to changes in the surrounding environment have made them ideal
components in biosensors, such as nanoelectronic devices (field effect transistor (FET)
sensors) and optical detectors for chemical and biological molecules.’**'* These
systems have demonstrated new opportunities for the detection and quantification of
biomolecules in relevant biomedical samples, under physiological conditions and in real
time. A number of recent reviews has been published on the subject and examples will
be outlined in the following.'***%

Carbon nanotubes field effect transistors In general, a carbon nanotubes field effect
transistor (NTFET) is formed by a substrate (gate), two microelectrodes (source and
drain) and a single SWNT or a SWNTs network bridging the electrodes.®® Upon
interaction of biological macromolecules with the nanotubes surface, a change in the
charge state perturbs the current flow in the nanotube, thus producing detectable signals
for the sensing. The integration of one-dimensional (1D) nanomaterials, such as
SWNTs, into electrical devices offers substantial advantages over conventional optical

biodetection, mainly associated with sensitivity and ‘size compatibility’. The current
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flow in NTFETSs is in fact extremely sensitive to the substances adsorption (i. e., even
small changes in the charge environment can cause drastic changes to their electrical
properties), thus making possible the development of label-free biosensors.
Additionally, electronic circuits in which the components are comparable in size to
biological entities ensure appropriate analytes detection.'®®

Only semiconducting SWNTs are used in NTFETs.'>!" However, as-produced
SWNTs are mixtures of semiconducting and metallic nanotubes. Protocols for the
selective removal of metallic SWNTSs developed in the recent years are therefore highly
beneficial in the development of these nanoelectronic devices.

The majority of research on NTFETSs involves the detection of proteins with carbon
nanotubes (Table 1.5)."*'%1% For example, unmodified SWNTs were employed in
NTFETs for detecting cytochrome C (Cyt C).*® Adsorption of Cyt C onto SWNTSs
caused changes in the electron transport properties of the transistors.?”> NTFETs have

also been explored for the detection of DNA hybridization,?*2%

72,204 205

in antibody-antigen

assays and in enzymatic reactions=> (Table 1.5). Specific sensitivity and chemical

selectivity can be achieved by employing recognition molecules attached on SWNTs.*
Star et al. (2003) fabricated for example NTFETSs sensitive to streptavidin by using
biotin-functionalised SWNTs coated with a mixture of two polymers: poly(ethylene
imine) (PEI) and PEG.?® While PEI provided amino groups for the covalent binding of
the biotin moieties, PEG chains prevented the non-specific adsorption of proteins on the
NTFET. Specific binding of streptavidin occurred only at the biotinylated interface.
Antibodies are often used as specific targeting agents, achieving highly selective
biosensing’*?%**?%" by antigen-antibody interactions’? (for example in detecting prostate-

204

specific antigen®™"). Alternatively, synthetic oligonuleotides (i.e., aptamers or sSDNA)

198

have demonstrated specific detection of amino acids, drugs and proteins.”™ Aptamer-

198 \while

modified CNTs have been used for the detection of immunoglobulin E (IgE),
NTFETs modified with ssDNA were used to study DNA hybridization®" as well as for
the chemical detection of a range of substances (such as water, propionic acid,
trimethylamine, methanol, dimethyl methylphosphonate and dinitrotoluene).?%® In
addition, DNA-NTFETSs based on nucleic acid recognition processes were developed
for the rapid, simple and label-free testing of genetic and infectious diseases.?*%%°
These fascinating systems allowed to distinguishing between mutant (mut) and wild

type (wt) alleles®® or to target the H63D polymorphism in the human HFE gene, which
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is associated with hereditary hemochromatosis, a common disease of iron
metabolism.*°

NTFETs formed by glycosylated SWNTs were also interfaced with living cells to
electronically detect dynamic secretion of biomolecules from living cells.?** The solid
network of SWNTs was non-covalently functionalised with N-acetyl-D-glucosamine
(GIcNAC), thus conferring biocompatibility to SWNTs and allowing adhesion and
growth of neuronal cells, without modifying SWNTs electronic properties. Since D-
glucosamine-functionalised SWNTs are capable of binding lectins, helix pomatia
agglutinin (HPA) and concanavalin A (Con A), the device could be used for the real-
time monitoring of biomolecule exocytosis. For example, the exocytosis of
catecholamine from neuronal cells induced significant changes in nanotube current
flow.?*

Finally, the potential use of NTFETs in diagnosis and management of diabetes
mellitus have been explored and demonstrated by numerous studies.?®>?!? The glucose
detection relies on the production of hydrogen peroxide during the enzymatic oxidation
of glucose by the enzyme glucose oxidase (GOx) adsorbed onto SWNTs surface.*
Similarly, SWNTs wrapped with amylose (linear component of starch) can be used in
NTFETs for monitoring the enzymatic activity of a-amylase, an enzyme present in
saliva that breaks amylose down into smaller carbohydrate fragments, finally resulting

in the formation of glucose.'®

Table 1.5. Chemical structure of functionalised SWNTs employed in the development of
NTFETSs for biosensing applications.

Analyte Targeting

detected agent Chemical structure Ref.

Analyte family

Single-strand

Oligonucleotides DNA DNA (ssDNA) 201, 202
[No targeting
CytC agent] 200
Proteins
BSA, HSA, .
hCG, a-hCG, [Noataggg“”g 71
hlgG, avidin 9
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. Analyte Targeting .
Analyte family detected agent Chemical structure Ref.
Streptavin Biotin 206
N-acetyl-D-
Catecholamine  glucosamine 211
(GIcNAC)
Streptavidin Biotin
Proteins
Staphylococcal
1gG protein A 72
(SpA)
10E3 antibody .
(MAb) U1A antigen

Prostate-
specific PSA Ab Oo’b 204

antigen (PSA)
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Analyte Targeting

Analyte family detected agent Chemical structure Ref.
Proteins IgE DNA aptamer 198
Glucose
oxidase (GOXx) 212
Saccharides Glucose
B-cyclodextrin
Glucose
oxidase (GOXx) 205
Enzymes a-Amylase Amylose 101
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Analyte Targeting

detected agent Chemical structure Ref.

Analyte family

H,0,
propionic acid,
Chemicals TMA, DNA
methanol,
DMMP, DNT

208

Ab: antidody; a-hCG: monoclonal antibody of hCG; BSA: Bovine serum albumin; Cyt C: cytochrome
C; DMMP: dimethyl methylphosphonate; DNT: dinitrotoluene; hCG: Human chorionic gonadotropin;
hlgG: polyclonal human 1gG; HSA: Human serum albumin; IgE: Immunoglobulin E; 19G:
Immunoglobulin G; NTA: nitrilotriacetic acid; PEG: poly(ethylene glycol); PEI: poly(ethylene imine);
TMA: trimethylamine.

Optical biosensors Exploiting the optical properties of SWNTS, rather than monitoring
their conductance in transistor devices, opens another route for sensitive and selective
biomolecule detection using this material.

NIR optical biosensors Semiconducting SWNTSs are able to emit in the NIR region
(see Chapter 11, Section 1.1.2) and such NIR emission responds to changes in the local
dielectric properties of the environment or of the tubes structure.”*® Adsorption of
molecules on the nanotubes surface can therefore be translated into an optical signal by
perturbing the electronic structure of the nanotubes.”® Additionally, the interference of
tissues fluorescence is minimal in the NIR range; as a result, NIR SWNTs biosensors
(Table 1.6) have great potential for in vivo use.>

Detection of analytes by NIR biosensors is based on two main strategies: (1) reversible
quenching of SWNTs fluorescence or (2) detection of the polymorphism or
hybridization of DNA immobilized onto SWNTSs surface in response to the presence of
an analyte.

The first strategy, which is based on the reversible fluorescence quenching of SWNTs,
was used in several works.>*1%#415 Barone et al. (2005 and 2006) developed NIR
optical sensors for long-term B-D-glucose detection by monitoring SWNTSs emission
changes in response to glucose adsorption®! or to SWNTSs aggregation.?’ In the latest,
SWNTs were first coated with phenoxy dextran (to form stable colloidal suspensions)
and then SWNTs aggregation was induced by addition of a lectin (Con A), thus
guenching their photoluminescence. In the presence of glucose, nanotube disaggregated
and their ability to emit in the NIR was restored.”™ In a different study, a dye-ligand
conjugate (biotinylated anthracene) was immobilized on the nanotube surface, resulting
in quenching of the nanotube fluorescence.’’* Target analytes, bearing an avidin
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receptor, induced the recovery of fluorescence by removing the dye-ligand conjugate
from the nanotube surface. The reversibility and versatility of this approach allowed
sensitive and selective detection of selected analytes at the nanomolar level. Finally, a
protein microarray for label-free single-protein detection has been recently developed
by Strano and co-workers (2011) by exploiting the NIR emission of SWNTs.** In this
work, SWNTs were non-covalently modified with chitosan bearing an NTA chelator
chelated to Ni®*. Native or in situ synthesised proteins expressing a C-terminal His-tag
(“capture protein”) were then bound to NTA-Ni** by non-covalent interactions. The
binding event was transduced by a decrease in NIR-PL intensity of SWNTs. This was
due to changes in the intermolecular distance between SWNTs and Ni** ions, which act
as NIR-PL quenchers when in proximity to the SWNTs surface. Binding of an “analyte
protein” to the “capture protein” resulted in NIR-PL recovering, thus showing that
microarrays formed by SWNTs functionalised in such a manner can be used as NIR
label-free detection platforms of proteins.

13,216 (i.e.,

In the second strategy, analyte detection is allowed by DNA polymorphism
the conformational rearrangement of the DNA from the right handed B form to the left
handed Z form) or hybridization.?” When immobilised on SWNTs surface, DNA
strands form charge transfer interactions with SWNTs. Consequently, binding of
complementary DNA sequences or DNA conformational changes induce a shift of the
SWNTs NIR emission. DNA-SWNTSs sensors are photobleaching-resistant, remaining
functional in live cells for up to three months.™® Since Hg** can specifically generate
DNA conformational transition, such SWNTs biosensors are promising for the detection
of Hg?* levels in blood.?*® Recently, DNA-SWNTs biosensors capable to detect cell
signalling molecules (insulin) in real time®'’ or various important biological analytes at
the same time®® were proposed. In particular, the latter allowed rapid detection of six
genotoxins (including chemotherapeutic drugs and reactive oxygen species) inside
living cells, with no need of sample processing and with single-molecule sensitivity in

detecting hydrogen peroxide (H,0,).2*®

Alkylating drugs and reactive oxygen species
are important biological analytes and their concentrations are difficult to measure in real
time in vivo due to their fast degradation in the body. However, in this system each
genotoxic molecule induced specific NIR-PL shifts/intensity changes, thus allowing not

only molecular detection but also compound identification.
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Table 1.6. Chemical structure of functionalised SWNTs employed as NIR optical biosensors.

Targeting  Analyte

Mechanism agent detected Chemical structure Ref.
Glucose
DQECEIIE oxidase Glucose 51
g 9 (Gox)
Con A Glucose 215
NIR-PL Biotin Avidin 214
recovery
Biotin
OJ
Hls—tgg Label—_free 199
protein proteins
Hg** 13,216
DNA DNA
polymorfism )
Anticancer
drugs, 218
ROS
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Targeting  Analyte

Mechanism agent detected Chemical structure Ref.
Insulin-
DNA binding )
hybridization ~ aptamer Insulin 217

ROS: reactive oxygen species.

Vis optical biosensors Studies on the use of the intrinsic visible (Vis) fluorescence of
functionalised SWNTs?*??! for targeting chemicals and/or environmental sensing are
scarce. Recently, Qian et al. (2011) employed highly-oxidised SWNTs for sensing
metal ions.”** Briefly, the presence of metal ions and transition metal ions in solution

caused a decrease in Vis fluorescence intensity.

3.3.2.2.  Molecular probes for bioimaging

Imaging studies using SWNTs as probes (Table 1.7) can be divided in two main
categories: (1) indirect imaging of fluorescent or radioactive agents attached to SWNTSs
surface and (2) direct optical imaging of SWNTSs.

Indirect imaging For indirect optical imaging, SWNTSs exploit the function of carriers
for the fluorescent/radioactive molecular label. In a study by Dai and co-workers
(2007), as-produced SWNTs were sonicated in an aqueous solution of fluorescein-
poly(ethylene glycol) (Fluor-PEG) to obtain Fluor-PEG functionalised SWNTs.??
According to the bio-evaluation results, these functionalised SWNTs served as
intracellular fluorescent markers, enabling the fluorescence detection inside the cells
(BT474 breast cancer cells).??? In addition to fluorescence-based imaging, radioisotope
tracing has also been effective as a SWNTs-based bioimaging technique.®®3?%® |n
particular, efficient tumour targeting and imaging was achieved by conjugating a RGD
peptide and a radiolabel (DOTA-%*Cu) to PEGylated SWNTs (Figure 1.5a).” When
DOTA-**Cu-SWNTs were intravenously injected into tumour-bearing mice, their
biodistribution could be monitored by micro-positron emission tomography (micro-
PET) over time” (Figure 1.5b). An interesting example of radioemitting SWNTSs probes
was recently reported by Hong et al. (2010), who used the interior cavity of SWNTSs as
cage for radioactive metal halide salts (***Na).??® The advantages of this approach are
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that (1) there is no accumulation of isotopes into high-affinity organs (thyroid and
stomach) and (2) the SWNTSs surface can be further functionalised via both covalent or

non-covalent approaches, independently of the guest radioisotope chosen.?**

i
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UB7MG Us7TMG

a) b)

=]

E6,00—~DOTA—"Cu

-]

] 6
L PEGy .y~ DOTA—5Cu

BY 1} PEGy000—RGD PEGg0—RGD

20%IDg-"
SWNT—PEG,0-RGD SWNT-PEGy 1RG0

j)H
D-Tyrty) [ i,
Lys (K)
. 0
W S8
Sy H- 2
HOOE A =0 Ara @)
H
Asp (D) 0=_j\- r N~ N _NH,
aly (@ ° NH

0%IDg!

GACU
HOOC—, 1, —COOH

DOTA = ["N )
-
HOOG—' *—/ \COOH

Figure 1.5. In vivo tumour targeting and imaging with SWNTSs. (a) Scheme of PEGylated
SWNTs functionalised with RGD and radiolabelled with DOTA-*Cu, and chemical structure of
RGD and DOTA. (b) Micro-PET images of mice overtime. Arrows point out the tumours site.
High tumour uptake is observed for SWNT-PEGs400-RGD (adapted and modified from Liu et
al.”®).

Direct imaging The employment of SWNTs in direct imaging techniques relies on
their ability to emit in the Vis***?*® and NIR®® region, on their intrinsic Raman-active
structure??® or on their high optical absorption®® (Table 1.7).

Vis fluorescent probes As SWNTSs with surface defects exhibit relatively strong Vis

225

fluorescence®®® (with brighter emission when higher functionalisation is achieved?'®),

functionalised SWNTs are amenable to in vitro optical bioimaging. This imaging
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methodology may be very useful as a widely applicable tool for elucidating the
intracellular transport mechanism of carbon nanotubes. For example, Lacerda et al.
(2007) covalently linked NH3" terminated aliphatic appendages to SWNTs (SWNT-
NHs") and investigated the interaction of SWNT-NH3" with human lung carcinoma
cells by confocal laser scanning microscopy.?’” This was the first report on the visible
florescence imaging of SWNTs in cells without the need for large fluorescent labels
attached to SWNTSs.

NIR fluorescent probes Intact SWNTSs can be employed as NIR fluorescent tags. The
NIR of SWNTs (often referred to as band-gap fluorescence) was discovered by the

group led by Weisman and Smalley.®

When semiconducting SWNTs were
individualized by an exfoliation method involving no chemical modification or damage
to the nanotubes conjugated structure, fluorescence emission was observed in the NIR
spectral region (900 - 1600 nm) (see Chapter 2, Section 1.1.2). In vitro, Cherukuri et al.
(2004) used NIR fluorescence imaging to study the uptake of Pluronic-dispersed
SWNTs into “macrophage-like” cells, showing the localisation of nanotubes in
numerous intracellular vesicles.® Heller et al. (2005) used SWNTs non-covalently
functionalised with ssSDNA as photobleaching-resistant markers in live fibroblast and
myoblast stem cells.’® Welsher et al. (2008) non-covalently functionalised SWNTSs with
Rituxan (an antibody recognizing the CD,o cell surface receptor) and Herceptin
(recognizing the HER2 neureceptor expressed on breast cancer cells), showing specific
binding of the antibody-conjugated SWNTSs to the host cells.'? In vivo, Leeuw et al.
(2007) used NIR fluorescence microscopy to image SWNTs in organisms and
biological tissues of Drosophila melanogaster (fruit flies),** while video-rate
fluorescent imaging allowed in vivo imaging of intravenously injected SWNTSs through
deep tissues in mice.* These studies demonstrate the beneficial effects of using NIR
fluorescent SWNTSs as probes for diagnostic applications.

Raman active tags CNTs produce strong Raman scattering spectra characterised by
unique and well-defined bands at 150-300 cm™, 1300-1400 cm™ and 1500-1600 cm™
away from the excitation wavelength.??® The first band, called the radial breathing
modes (RBMs), is caused by radial vibration of the carbon atoms in phase.?”® The D-
band (1300-1400 cm™), also called the “disorder” band, is related to the breathing
motions of the sp? carbon atoms in rings and reflects the amount of sp®-hybridized

carbon converted to sp®-hybridized carbon on the nanotube surface.?®® Finally, the G-
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band (1500-1600 cm™) is caused by stretching along C—C bonds of graphene.?*® Both
metallic and semiconducting SWNTs demonstrate intense Raman scattering, which
does not blink or quench and will not diminish under prolonged excitation.?®® This
defines the great advantage of SWNTSs Raman tags in lieu of traditional fluorophores in
immunoassays and in vitro/in vivo imaging.>® In immunoassays, coupling the intense
Raman signal of SWNTs with surface-enhanced Raman scattering (SERS) techniques
presents the opportunity to extend the limit of detection of traditional fluorescent assays
from approximately 1 pmol/L?® to the femtomolar level or below. For example,
SWNTs suspended by PL-PEG and coupled to goat anti-mouse immunoglobulin G
(GaM-IgG) allowed selective detection of mouse IgG at concentration of 1 fmol/L.??
This methodology can also be extended to the detection of human immunoglobulins.??®
In vitro and in vivo, Raman microscopy was used to image SWNTs in liver cells, as
well as in tissue slices, by monitoring the RBM or the G-band peaks.***"?%
Photoacoustic imaging tags The high optical absorption of SWNTs can be used in
photoacoustic imaging.>® In photoacoustic imaging sounds are generated as a result of
local heating by the absorption of laser light, achieving higher spatial resolution than
traditional ultrasound and deeper tissue penetration than optical fluorescence
imaging.”*' RGD-conjugated SWNTs were used as contrast agent for photoacoustic

imaging of cancer in a mouse model*®

and recently an ICG-SWNTs conjugate targeted
with RGD demonstrated a 300 times higher photoacoustic contrast in living tissues than
previously reported SWNTSs photoacoustic tags,** leading to subnanomolar sensitivity

and opening up new opportunities for in vivo biological imaging with SWNTSs.

Table 1.7. Chemical structure of functionalised SWNTs employed as optical probes in indirect

and direct bioimaging.

Category Cr)fg;gﬁl Model Chemical structure Ref.
Indirect . In vitro
imaging Vis [BT474 cells] 222
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Category Opt.' cal Model Chemical structure Ref.
region
63
Indirect  Radioisotope In vivo 73
imaging tracing [mice]
223
. In vitro
Vis [A549 cells] 221
Direct
imaging
In vitro
NIR [macrophages] 10
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Optical

Category region

Model

Chemical structure Ref.

NIR

Direct
imaging

In vitro
[Raji cells and
CEM cells]

12

In vivo
[Drosophila
melanogaster]

14

In vivo
[mice]

In vitro
[UB7 MG
cells]
In vivo
[mice]

50

Raman

In vitro
[immunoassay]

229

In vivo
[mice]

230

47

Raman and

NIR

In vitro
[fibroblast and
myoblast stem

cells]

13

Photoacoustic
imaging

In vivo
[mice]

48
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Category Opti cal Model Chemical structure Ref.
region
Direct  Photoacoustic In vivo ¥ RGD -
imaging ~ imaging [mice]

A549 cells: human lung carcinoma cells; BSA: bovine serum albumin; BT474 cells: human breast
tumour cells; DSPE-mPEG: 1,2-distearoyl-phosphatidylethanolamine-methyl-polyethyleneglycol
conjugate; DTPA: diethylentriaminepentaacetic; GaM-1gG: goat anti-mouse immunoglobulin G; HER?2
cells: breast cancer cells; ICG: indocyanine green; PEG: poly(ethylene glycol); PL: phospholipid; U87
MG cells: human malignant glioma cells.

3.4. BIOAVAILABILITY OF SWNTS
The biodistribution and translocation of CNTSs are key factors for their intended in vivo
biomedical functions®® and they rely largely on their physical-chemical
characteristics.***?**?%® The findings summarised in the following have implications on
the understanding of the ability of CNTSs to translocate biological barriers; this has an
important impact on the design of drug delivery systems and optical imaging probes
based on SWNTs.

3.4.1. Biodistribution of SWNTs

Several studies concerning the biodistribution and clearance of CNTs have been
reported so far.1?2143230.236240 \1ost of them investigate the biokinetics of covalently
functionalised CNTSs, whereas only a few evaluate the distribution of non-covalently
modified CNTs in the body.

Covalently modified SWNTs Wang et al. (2004) firstly radiotraced the distribution of
25| odine-labeled hydroxylated SWNTs (**°I-SWNT-OH) in mice after intraperitoneal
administration."*® ®1-SWNT-OH distributed quickly throughout the whole body.'*®
The preferred organs for CNTs accumulation were the stomach, kidneys and bone,

while they were excreted into the urine (94%) and in the faeces (6%).'**

More recently
the biodistribution and blood circulation half-life of SWNTs covalently radiolabeled
with [***In]DTPA was studied.”’ The biodistribution profiles showed that [**!In]DTPA-
SWNTs were distributed in kidneys, muscle, skin and bone within 30 minutes after their
intravenous administration in mice. DTPA-SWNTSs were rapidly cleared from all tissues
and a maximum blood circulation half-life of 3 h was determined.”®” In contrast, as-

produced/raw SWNTSs suspended in an aqueous solution of Pluronic F108 showed a
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much shorter half-life (1 h).**° [**!In]DTPA-SWNTs were excreted intact through the

renal route into the bladder and urine,®’

indicating that no biodegradation of CNTs
occurred in vivo. Later studies clarified that DTPA-CNTSs began to permeate through the
renal glomerular filtration system within 5 min post intravenous administration,*? and
terminated in a few hours. The authors stated that the mechanism of CNTSs filtration
“involves the acquisition of a spatial conformation in which the longitudinal CNT
dimension is perpendicular to the endothelial fenestrations, since only the traverse
dimension of CNT (cross section is between 20 — 30 nm) is small enough to allow
permeation”.?*® According to this study, the CNTs length would not be a key parameter
in determining renal clearance of these nanostructures. Aggregates or bundles would not
be able though to cross the glomerular membrane®** and may accumulate in the liver,
spleen, or lungs. Similar mechanisms of elimination of SWNTSs was recently reported
by Ruggiero et al. (2010).?*® The renal clearance of SWNTSs covalently functionalised
with various ligands (DOTA, AF488 and AF680) was monitored in mice by means of
three different imaging techniques (dynamic positron emission tomography, near-
infrared fluorescence imaging and microscopy). According to the experimental data,
SWNTs were rapidly cleared by glomerular filtration in the kidneys with only partial
tubular re-adsorption. No active secretion was involved in the process. This means that
the elimination of a major fraction (85% of the injected dose) of the SWNTSs tested
(average length: 200-300 nm; molecular weight: ca. 350-500 kDa) followed the rapid,
“first-pass” pharmacokinetics, similarly to the clearance of small molecules (molecular
weight: ca. 30-50 kDa). According to the theoretical explanations offered in this study,
SWNTs have a great tendency to align with the blood flow and they are therefore
rapidly excreted through the renal filter.

Non-covalently modified SWNTs The biodistribution of non-covalently modified
CNTs was investigated following intravenous administration in mice.”® Raman
spectroscopy was used to monitor the blood concentration and tissues accumulation of
PEGylated over a period of several months.?*® The results indicated that PEG coating
increased the blood half-life up to 24 h and near-complete clearance of PEG-SWNTSs
was achieved after two months with no changes in the health conditions of the animals
exposed. PEGylation of CNTs is known to decrease significantly their cytotoxicity®*?

(see Chapter IlI, Section 1.2.4). Since PEG-SWNTs were seen accumulating in the
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intestines, faeces, kidneys, and bladder of mice, the authors concluded that the main
excretion route of PEG-SWNTSs were via billiard and renal pathways.

3.4.2. Translocation of SWNTs

The translocation properties of SWNTSs through cellular membranes may also be a key
factor in determining the efficacy of the designed SWNTs-based drug delivery system
or imaging probe.

It is commonly accepted that the cellular uptake of CNTs depends on their length,
surface chemistry and aggregation. Becker et al. (2007) demonstrated in fact a length-
selective cellular uptake of DNA-wrapped SWNTs in cultured human fibroblast
(IMR90) cells.?*®* The approximate uptake threshold was 189 + 17 nm; whereas Jin et
al. (2009) reported an uptake threshold from 130 to 660 nm in fibroblast (NIH-3T3)
cells.*** Functionalised CNTs by covalent or non-covalent approaches can penetrate the
mammalian cells membrane.?*%?*2% For example, water-soluble functionalised CNTs
were able to translocate into cell cytoplasm,?’ and carbon nanotubes condensed with
plasmid DNA were able to deliver it intracellularly thus enhancing marker gene
expression.?”® Dumortier et al. (2006) showed however that only well-dispersed
SWNTSs were internalized by lymphocytes and macrophages.”*°

Determination of the exact mechanism leading to CNTs cellular internalisation is of
great importance,'®® but discrepancies in the reported mechanisms are evident in the
literature. Some researchers proposed an energy-dependent endocytosis

158,170.250-233 \hile other studies demonstrated that functionalised CNTs are

mechanism,
able to penetrate cells in a passive way.?*>?*"?4 Indeed, both mechanisms may occur.
Kostarelos et al. (2007) studied extensively the uptake of a range of functionalised
CNTs (SWNTs, MWNTS) in a variety of cells,**® including adherent mammalian cells
monolayers (A549, HeLa, and MOD-K cells), mammalian cells suspensions (Jurkat),
fungal cells (Cryptococcus neoformans), yeast (Saccharomyces cerevisiae) and bacteria
(E. coli). Cellular internalisation was reported for all CNTs samples, in all cell types,
even in those cells lacking the capability for endocytosis or after inhibition of
endocytosis. The nature of the functionalisation group did not influence the
internalisation; in particular, both negatively or neutrally charged CNTs were uptaken
by cells. Kam et al. (2005) observed, however, considerable reduction in the cellular

uptake of CNTs labelled with a fluorescent macromolecule under endocytosis-inhibiting
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conditions.’® According to the scientific literature, such discrepancies could be
attributed to the differences between the CNTs studied.**

Another important question is whether exocytosis occurs after CNTs internalisation.
Evidence of exocytosis of DNA-coated SWNTs in fibroblast (NIH-3T3) cells was
recently presented.?®® The exocytosis rate was close to that of endocytosis after a minor
temporary offset, thus keeping the SWNTs accumulation inside the cell below the
cytotoxic levels.

Finally, the subcellular localisation of CNTs is still controversial. Some reports
showed that CNTs enter the cells without reaching the nucleus,**® while other works
demonstrated that CNTs can enter the nucleus.?*"#>?*® Recently, Zhou et al. (2010)
demonstrated the possibility of manipulating the intracellular localization of non-

covalently modified SWNTSs by varying the conjugated molecule.?®

4. AIMS OF THE STUDY

As largely demonstrated in Section 3.3, a vast number of SWNTs-based materials with
potential biomedical applications have emerged since the discovery of SWNTs. In
particular, great interest has been raised by the possibility of realizing versatile
platforms for biomedical imaging. This novel bioimaging technology is very exciting; it
requires, however, considerable development and precaution before it can be translated
into a clinically realistic diagnostic tool as all the studies are at a very early, proof-of-
concept stage, lacking systematic preclinical therapeutic data.

The interest of this research project lies in the development of novel SWNTs-based
NIR fluorescent probes for bioimaging with reduced toxicological impact on human

health. In this context, the aims of this study are:

(1) to develop a covalent functionalisation protocol for improving the

biocompatibility of SWNTs while preserving their NIR fluorescent properties;
(2) to test the toxicity of the newly-engineered NIR fluorescent probes in a novel

nanotoxicology testing system that integrates the old set of testing protocols with

modern technologies.
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In the first part of this thesis (Chapter Il), purification and oxidation are used to
process SWNTs. Oxidation reactions are extensively used for purifying SWNTs
material from the large amount of impurities that come from their synthesis (such as
metal catalysts and fullerenes). Simultaneously, these procedures generate carboxylic
acid (COOH) groups on the nanotube sidewalls, thus increasing the dispersability of
SWNTs in aqueous solutions and allowing potential further functionalisation with
various organic biological targeting agents. A systematic investigation of the effect of
this procedure on the optical properties of SWNTSs, with particular emphasis on the
NIR-PL, is reported in Chapter Il. The results show for the first time that purified (p-
SWNTs) and oxidized (0-SWNTs) samples display bright, well-structured emission
features in the NIR. These results establish covalently modified SWNTs as potential
novel NIR fluorophores for in vitro (and potentially in vivo) imaging.

In the second part of the thesis (Chapter Il1), three-dimensional (3D) tissue-mimetic
models (that better represent the organization of physiological tissues) are integrated for
the first time in the cytotoxicity assessment of p- and o-SWNTs. An established
ultrasound standing wave trap (USWT) was used to generate the 3D cell aggregates and
a comparison with traditional two-dimensional (2D) cell culture models was carried out.
The results show that SWNTSs toxicity is significantly reduced in the 3D cellular model
when compared to the 2D toxicity data, thus indicating the importance of employing 3D
cell culture models in the assessment of SWNTSs toxicity. Our results clearly indicate
that 3D cell aggregates can serve as alternative in vitro models providing guidance on
nanomaterial toxicity, in a tissue-mimetic manner, thus offering future cost-effective
solutions for toxicity screening assays.

The results summarised in this thesis could open the way towards the translation of
nanotechnology and nanomedicine from the laboratory bench to the patients’ bedside,
for the treatment of you and I.
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1. INTRODUCTION

Over the last years the application of SWNTSs in various imaging techniques with
clinical relevance® (such as molecular magnetic resonance imaging (MRI),>* optical
fluorescence,® photoacoustic tomography (PAT)®® and positron emission tomography
(PET)%) has been extensively explored. To exploit such techniques, radioactive and
fluorescent moieties were bound onto the carbon nanotubes’ surface both covalently and
non-covalently.

Thanks to their unique, intrinsic optical properties, SWNTs have also been
investigated as molecular probes in four other imaging techniques, namely Raman
spectroscopy,”®  Vis optical imaging,” photoacoustic imaging® and NIR

photoluminescence (PL).**°

1.1. OPTICAL PROPERTIES OF SWNTS

The optical properties of SWNTs refer specifically to those detected by means of
absorption and emission spectroscopies and derive from the electronic transitions within
density of states (DOS). One-dimensional (1D) nanomaterials (such as CNTSs) are
characterized by non-continuous DOS that generates discontinuous spikes in the
electronic transitions (Figure 2.1a, b). These sharp peaks are called van Hove (vH)
singularities and the energies between them are strictly correlated to the nanotube
structure.

The optical transitions that occur between the vi-c; and v,-C,, states are traditionally
labeled as Si; and Sy, for semiconducting SWNTs (Figure 2.1a), and M for metallic
SWNTs (Figure 2.1b). If the conductivity properties of SWNTs are not taken into

account, these optical transitions can also be referred to as E;; and Eyy, respectively.

1.1.1. Absorption properties of SWNTs
Absorption spectra of non-functionalised SWNTs exhibit well-resolved bands (Figure
2.1c) which arise from transitions between symmetrical vH singularities (namely, vi-C;
or Vv,-Cp) in the electronic DOS of the tube (Figure 2.1a, b). As the band gap energy of
SWNTs is related to their chirality and diameter,"” each (n,m) SWNT species is
identified by a different set of vH transitions. In detail, the absorption bands in the range
400-600 nm correspond to the first vH transitions of metallic tubes (M), those within

the 550-900 nm range are due to the second vH transitions of semiconducting tubes
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(S22), while the bands within the 900-1100 nm range originate from the first vH
transitions (Si;) of the semiconducting nanotubes with small diameters (Figure 2.1c).
Finally, semiconducting nanotubes with large diameters show a Si; transition in the
optical window 1100-1600 nm (Figure 2.1c).*® Dispersions dominated by individual
tubes show spectra with sharp, well-resolved transitions, while an enrichment in bundles
results in the overlapping of the transitions of the different SWNTSs species and
subsequently in the broadening of the absorption bands.'® Covalent functionalisation
methods, which modify SWNTSs electronic structure by introducing defects on their 7t-
conjugated skeleton, cause partial quenching or complete loss of their My;, Si1 and Sy,

absorption features.*®

a) Conduction band b) Conduction band
S C2 s Cq
= s C1 >
o =)
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Figure 2.1. Diagram of the density of electronic states (DOS) of (a) semiconducting and (b)
metallic SWNTSs. Allowed absorption transitions are illustrated as vertical arrows. (c) Typical

absorption spectra of raw HiPCO SWNTs dispersed in an aqueous solution of sodium

dodecylbenzene sulphonate (SDBS).
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1.1.2. Emission properties of SWNTs
It is documented that individual SWNTs with intact electronic structure exhibit
efficient NIR photoluminescence (NIR-PL) (Figure 2.2a),° while functionalised

SWNTs show significant emission in the visible range when excited at shorter

wavelengths.?%%
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Figure 2.2. (a) NIR-PL spectra of unmodified SWNTSs produced by HiPCO or CVD methods in
a SDBS aqueous solution at excitation wavelength (Ae) of 785 nm. Identification of the (n,m)
indexes for each optical transition have been carried out according to the Kataura plot.*’ (b)
DOS diagram showing the electronic transitions contributing to the NIR emission of
semiconducting SWNTSs. (c) PL excitation and emission spectra of HIPCO SWNTs. SWNTs

chiralities are assigned. Partial reproduction of an image from Liu et al.”®
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NIR-PL phenomena occur when an electron in a nanotube absorbs excitation light via
E., transition, creating an electron-hole pair (called exciton). Both electron and hole
rapidly relax from c, to ¢, and from v, to v, states, respectively. Finally, they recombine
through a c;-v; transition, resulting in light emission in the NIR region (Figure 2.2b).*°
The relaxation time is typically quite short (within 100 ps),* while the spectral range in
which SWNTs emit is rather wide, stretching between 900 and 1600 nm.*® According to
the mechanism described above, NIR-PL is observed only for semiconducting SWNTSs.
In metallic tubes electrons can in fact be excited, thus resulting in optical absorption,
but the hole is immediately filled by another electron, thus quenching the light emission.

Much effort has been exerted on the spectroscopic assignment and prediction of
optical transition frequencies for the different (n,m) species of semiconducting SWNTSs
(Figure 2.2c). Recently, fluorescent band-gap transitions from a variety of (n,m)
SWNTSs species have been calculated, and a theoretical graph based on this calculations
has been designed by Hiromichi Kataura to rationalize the experimental findings.'” The
Kataura plot relates the (n, m) indexes, the diameter and the band-gap energy of each
nanotube species. This plot illustrates the strong dependence of SWNTSs properties on
their (n, m) indexes rather than on their diameter. For example, SWNTs with indexes
equal to (10,0) and (8,3) have almost the same diameter, but very different properties:
the former is metallic, but the latter is semiconducting.

NIR fluorescence appears to be the SWNTs optical property that is most sensitive to

25,26 environment27,28 29-31

sample aggregation, and surface chemistry.

Aggregation The negative effect of SWNTSs aggregation on their NIR-PL efficiency is
due to the presence of metallic nanotubes within bundles; metallic SWNTSs quench the
relaxation of the electron-hole pair on an adjacent semiconducting tube, thus preventing
its luminescence.’®3* A necessary condition to improve the emission efficiency of
SWNTs is therefore to achieve well-dispersed suspensions.?’ Surfactants are commonly
used to obtain stable dispersions of individual SWNTs in water (see Chapter |, Section
3.2.1). Among these, sodium dodecylbenzene sulphonate (SDBS) has demonstrated the
highest ability in dispersing SWNTSs with no strong diameter dependence.®*** Typically,
a nanotube/surfactant dispersion is produced by sonication and subsequent
centrifugation (up to 122,000 xg) in order to remove the residual bundles.?®* This

results in a high mass loss. Another approach recently developed by Hasan et al. (2007)
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stabilizes SWNTs dispersions in N-methyl-2-pyrrolidone (NMP) by addition of
polyvinylpyrrolidone (PVP), a polymeric moiety.*

Environment The NIR-PL efficiency is also sensitive to the chemical environment.
Changes in temperature®’ and/or addition of an acid®® to the SWNTSs suspension can
cause fluorescence quenching. Acid quenching is reversible by addition of a base to
restore a neutral or alkaline pH,?® or it can be prevented by employing as dispersing
agent a mixture of SDBS and biocompatible PVP.* Furthermore, changes in the
dispersing agent employed produce spectral shifts of E1; and Ej, transitions.’

Surface chemistry NIR-PL of SWNTSs is very sensitive to surface chemistry and a
partial or complete quenching of NIR-PL has been reported upon covalent

functionalisation of SWNTs.?°

1.2. SWNTs As NIR FLUORESCENT PROBES FOR MOLECULAR IMAGING

The ability of SWNTSs to emit efficiently in the NIR makes them promising candidates
as NIR contrast agents®’ (see Chapter I, Section 3.3.2.2).

There are several parameters that define the effectiveness of a probe employed in
molecular imaging. Among them, the photophysical properties of the dye (such as
persistent photoluminescence and wide Stokes shifts), its biocompatibility, targeting and
pharmacokinetics are the main important features.*® Few NIR imaging probes have
clinical use:*® agueous insolubility, aggregate formation and small Stokes shifts are the
main limits encountered in the development of such dyes.*® Although the modification
of the skeleton of existing NIR dyes with appropriate functional groups has improved
the properties of these molecules, the increasing molecular weight of the newly
designed dyes has created new issues, such as precipitation and modification of the
pharmacokinetics profiles.®® The majority of recent attempts in NIR probe design have
focused therefore on nanomaterial-based probes’ that (1) offer the possibility of imaging
molecular markers not only on the surface®® but also inside the cells™“° thanks to the
nanoscale-size of the probe, (2) allow the combination of NIR fluorescence imaging

41,42

with other imaging modalities and (3) permit the efficient incorporation of multiple

targeting groups, allowing for example the generation of targeted imaging agents

43-45 46,47

coupled with drug/gene delivery™™ or anticancer™"' potential.

Thus far, non-covalently functionalised SWNTs*® have been used as NIR imaging

11-13,40 14,50

agents in vitro, in Drosophila melanogaster (fruit flies)*® and in mice (see
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Chapter 1, Section 3.3.2.2). NIR probes based on SWNTs have shown low
photobleaching,”® long-term fluorescence in the NIR 1l region® and reduced
background from autofluorescence thanks to the large separation between the SWNTs
excitation (550-800 nm) and emission bands (900-1600 nm).?

While various covalent functionalisation reactions (such as oxidation and 1,3-dipolar
cycloaddition) have been applied on carbon nanotubes surface to develop drug delivery

nanosystems (see Chapter 1, Section 3.3.1.1),%%*

no examples of NIR probes based on
covalently targeted SWNTs have been reported in the literature to the best of the
author’s knowledge. Although covalent modification allows a more controlled
chemistry on the nanotubes surface, when compared to non-covalent approaches,™ this
is not the ideal protocol for NIR imaging applications. SWNTSs optical properties are in
fact largely compromised when defects are introduced on the nanotube surface.
Since NIR-PL is also sensitive to tubes aggregation, non-covalent functionalisation is
considered the best approach in order to (1) individualise semiconducting SWNTSs, and
(2) decorate their surface with bioactive molecules without affecting their NIR-PL
efficiency. So far, carbohydrates,”® DNA and polyethyleneglycol®*"*® have been used to
develop SWNTSs NIR probes with high biocompatibility. Nevertheless, the toxicological
profile of such nanomaterial is still the primary concern for the effective application of
SWNTs in molecular imaging.>® Recent studies have indicated the manufacturing
impurities,®® as well as the tubes aggregation and their high aspect ratio,®* as main
sources of the in vitro and in vivo SWNTSs toxicity. It has been reported in fact that the
catalytic metals used in the production of the carbon nanomaterials, such as iron and
nickel, induce oxidative stress, thus influencing the real toxic effect of SWNTs.%%%
Besides, as-produced SWNTSs are inherently hydrophobic and have a high aspect ratio.
Therefore, they easily aggregate in biopersistent fibers that cause in vivo granuloma
formation.®! In contrast, covalently functionalised SWNTs have demonstrated good

6466 and in vivo.®® The functionalisation of SWNTSs reduces in

biocompatibility in vitro
fact their aggregation, thus permitting their rapid renal clearance from the systemic
blood circulation.®”™ Furthermore, it has been reported that acid-treated®® and
functionalised* ™ SWNTs are internalized by mammalian and prokaryotic cells even
under endocytosis-inhibiting conditions and they are able to pass efficiently through
various cellular barriers. The results briefly summarized above strongly suggest that

purification, decreased aspect ratio and covalent functionalisation of SWNTs are the
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three prerequisites towards the successful conversion of these materials into non-

harmful imaging contrast agents.

1.3. AIMS OF THIS STUDY
In this study the use of purified and covalently modified SWNTs as NIR fluorescent
probes for molecular imaging is explored. To purify and reduce the length of as-

274 in which

produced SWNTs (r-SWNTs), a well-known two-step procedure,
purification by nitric acid (HNO3) is followed by an oxidative treatment with H,SO,4 and
H.O, (Scheme 2.1), is applied While the HNOj3 treatment is known to reduce the
amount of metal impurities of the r-SWNTSs, the oxidative treatment decreases the
SWNT aspect ratio by cutting the nanotubes.” The oxidation procedure results also in
the covalent functionalisation of the carbon nanotube surface by introducing covalently
attached oxygenated functionalities mainly at the nanotube tips or in correspondence

with pre-existing defects.”

Scheme 2.1. Purification and oxidation of as-produced HIiPCO SWNTSs (r-SWNTs)"": (a) HNO;
2.6 M, 100 °C, 48 h; (b) H,SO4+H,0, (4:1), 35 °C, 1 h.

As produced a) b)
SWNTs — Purified SWNTs (p-SWNTs) ——

(r-SWNTs)

Oxidized SWNTs (0-SWNTSs)

Different purification methods have been employed in the literature depending on the
starting material and on the grade of purity needed, and many examples of purification
procedures are available today based on oxidation with strong acids.”® In our study, the
catalyst (Fe) particles were annihilated by HNOj3 following the redox reaction described
below (Eg. 1):

Fe® + 3NO; +6 H =< = Fe3* +3NO, +3H,0 Eq. 1

This purification/oxidation approach was preferred to other methods as it results in the

introduction of covalently attached oxygenated functionalities that provide the template
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for potential further functionalisation via amidation and esterification,”® thus enabling
the future development of a multifunctional SWNT-based nanoplatform.

Since the presence of defect-sites on SWNTSs surface is known to quench the optical
properties of carbon nanotubes, the effect that these two chemical treatments have on
the NIR-PL of the tubes is investigated. The results show that purified (p-SWNTSs) and
oxidized (0-SWNTs) SWNTs samples still display structured emission features in the
NIR when dispersed in surfactant aqueous solution, with a residual emission efficiency
of 30%. 2D Fluorescence Lifetime Imaging (FLIM) of aggregates of p- and 0-SWNTs
in DMF showed average lifetime of 1.3 ns and 1.2 ns, respectively.

The positive NIR-PL results obtained in this study can facilitate the practical

transformation of p- and 0-SWNTSs into NIR fluorescent probes for molecular imaging.

2. RESULTS

r-SWNTs were purified and oxidized through a two-step procedure following a
previously reported protocol’*® briefly summarized in Scheme 2.1. The first step
consisted of refluxing the r-SWNTSs in HNOg in order to eliminate the iron catalyst as
soluble species. The second step consisted of oxidizing the tubes with a mixture of
H,SO, and H,0, (piranha solution) to introduce oxygenated functionalities (hydroxyl
and carboxylic acid groups) that can be further functionalised.”*™

The elimination of the metal catalyst was confirmed by Thermal Gravimetric Analysis
(TGA) and High Resolution Transmission Electron Microscopy (HR-TEM) (Figure
2.3). TGA analysis (Figure 2.3a, b) showed that p-SWNTs had a reduced residue at 900
°C (4 %wt) as compared to r-SWNTs (25 %wt), thus demonstrating that the amount of
impurities was effectively decreased with the nitric acid treatment. The subsequent
treatment with piranha solution further decreased the content of impurities from the 4 %
wt of the p-SWNTs to 0 % wt in the 0-SWNTs sample. HR-TEM images of r-SWNTs
(Figure 2.3c) showed a high content of iron catalyst (visible as black particles thanks to
the high diffraction contrast of metals), while images of p- and 0-SWNTSs show a clean

material composed mainly of bundles of SWNTs (Figure 2.3d and 2.3e, respectively).
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Figure 2.3. (a) TGA traces in air flow of r-, p- and 0-SWNTSs. (b) Weight (wt) loss % at 900 °C
of r-, p- and 0-SWNTs. TGA analysis was carried out by Elisa Del Canto. (c-e) HR-TEM
images of (c¢) r-SWNTs, (d) p-SWNTs, and (e) o-SWNTs on 200 mesh Cu holey carbon grids
demonstrating the removal of the metal impurities (black particles) by purification and
oxidation procedures. Scale bar: 100 nm. The inset in Figure C shows a detail of a small bundle

of 0o-SWNTs with a diameter of 20 nm circa (scale bar: 20 nm).

Atomic Force Microscopy (AFM) showed the shortening of the tubes to an average
length of 260 £ 120 nm after the oxidative treatment (Figure 2.4c, d), while r-SWNTs
were characterized by different length nanotubes and impurities (associated with
carbonaceous material and catalyst particles) (Figure 2.4a).

Raman analysis clearly showed that the Ip/lg ratio increases going from r-SWNTSs to
p- and 0-SWNTSs (Figure 2.5a). These results were indicative of the increase of disorder
on the graphitic surface of chemically treated nanotubes.* The oxidation with HNO;
and piranha solution led to small changes also in the radial breathing mode (RBM)
bands of the samples (Figure 2.5b): small bands resonant at higher Raman shifts in fact

disappeared as an indication of the partial loss of small diameter SWNTSs.%
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Figure 2.4. Selection of AFM topographic images of (a) r-, (b) p- and (¢) 0-SWNTs deposited
on freshly cleaved mica. Image size: (a) 3.1 um x 3.1 pm; (b) 2 um x 2 pm; (¢) 250 nm x 250
nm. Z-slide: 0 — 2.2 nm for all the images. d) Histogram of length distribution of 0-SWNTSs. The
calculated average length is 260 + 120 nm. AFM measurements were carried out by Elisa Del
Canto.

The FT-IR data (Figure 2.5¢) showed that the nanotubes treated with piranha solution

(0-SWNTSs) had an intense band at 1662 cm* and a broad band in the 3200-3500 cm™

region, which were not present in r- and p-SWNTs. These bands may be assigned to the
C=0 and to the O-H stretching transitions of the carboxylic acid (COOH) functions on

SWNTSs surface, respectively.®
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Figure 2.5. (a) Raman spectra of r- (black line), p- (grey line) and 0-SWNTs (light grey line)
(Mexc = 633 nm) normalized on the G-band. (b) Radial breathing modes (RBMs) of r- (black
line), p- (grey line), and 0-SWNTs (light grey line). (¢) ATR/Fourier transform IR (ATR/FT-IR)
spectra of r- (black line), p- (grey line) and o-SWNTSs (light grey line). Raman and ATR/FT-IR

measurements were carried out by Elisa Del Canto.

Since the tubes shortening and the introduction of defect-sites on SWNTSs surface can
adversely affect the optical properties that make SWNTs attractive (affecting in
particular the quantum yield of their NIR-photoluminescence®='%) the NIR-PL
properties of p- and o-SWNTs dispersed in an aqueous solution of sodium
dodecylbenzene sulphonate (SDBS) were investigated (Figure 2.6a-c). The NIR-PL
results evidently showed that p- and 0-SWNTs, as well as r-SWNTSs, displayed a
structured emission in the NIR. No significant shifts were evidenced in the position of

the NIR-PL bands of the short, oxidised tubes when compared to those of r-SWNTSs.
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This concurred with the results previously reported by Dai and co. workers,® in which
blue-shifts were shown in the SWNTSs optical spectra only when analyzing tubes with
lengths below 50 nm. By evaluating the average efficiency of NIR emission of the three
samples (Figure 2.6d), the NIR-PL of p- and 0o-SWNTs resulted quenched, however, of
the 70% when compared to the emission efficiency of r-SWNTSs. It should be noted that,
due to the nature of the calculations performed (see Chapter IV, Section 2.3), the
emission efficiencies here reported for r-, p- and o-SWNTs did not take into
consideration the substantial interference from the absorption background of SWNTs.
Absorption measurements of SWNTSs suspended in organic solvents and/or water are
subject in fact to significant absorption backgrounds, and an accurate determination of
its contributions is very difficult.®® This background has been previously attributed to
scattering of light by nanotube bundles and carbonaceous impurities in dispersion, near-
ultraviolet plasmon resonances of nanotubes and overlap of optical transitions of
different (n,m) SWNTs species.®” It has been recently reported that absorption
background is also influenced by sidewall functionalization and SWNTSs length.®® In
this study, the emission efficiency calculations rely on the assumption that the
absorption background contributions were length independent and therefore comparable
among r-, p- and 0-SWNTs samples. Homogeneous solutions of SWNTs samples
enriched in a specific semiconducting (n,m) species obtained by nonlinear density
gradient ultracentrifugation (DGU) would be required to perform a quantitative
evaluation of the emission efficiency parameters of r-, p- and 0-SWNTSs.2

The reproducibility of the NIR-PL properties of p- and 0o-SWNTSs was also proved by
recording the NIR-PL spectra with a different spectrofluorometer at excitation
wavelengths of 683 (Figure 2.7a-c) and 785 nm (Figure 2.7d-f). A correspondence in
the optical frequency was demonstrated among the NIR transitions recorded with the

two different instruments.
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Figure 2.6. (a-c) NIR-PL spectra of r- (black line), p- (grey line) and 0-SWNTs (light grey line)

dispersed in SDBS aqueous solution at Ae. Of (a) 638 nm, (b) 683 nm and (c) 785 nm.
[SWNTSs]; = 8x10% mg/mL; SWNTs:SDBS weight ratio = 1:25. (d) Histogram of the average

NIR-PL efficiency of r-, p- and 0-SWNTs dispersed in SDBS aqueous solution. [SWNTs];

8x10 mg/mL; SWNTs:SDBS weight ratio = 1:25. The data are expressed as average (Njexc = 3;

Npmeasurements — 3) + standard deviation and normalized to the NIR-PL efficiency of r-SWNTs.
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Figure 2.7. (a-f) Comparison of the NIR-PL spectra of (a, d) r-, (b, ) p- and (c, f) 0-SWNTs
collected with the NS1 NanoSpectralyzer® (black line) and the Fluorolog-3 (grey line) at (a-c)
683 nm and (d-f) 785 nm excitation wavelength. The emission intensities of the spectra are not
compared. [SWNTSs]; = 4.2x10? mg/mL; SWNTs:SDBS weight ratio of 1:25.

The 0-SWNTs sample showed a characteristic emission in the region 880-1000 nm
(Figure 2.6a-c), as earlier reported by Lebedkin et al. for SWNTSs prepared by laser
vaporization method and purified with HNO3.% It is suggested that this effect was due
to the introduction of defects on the nanotubes surface with piranha solution,” which
was translated into a stronger emission of 0-SWNTs in proximity of the visible
region.?®%! In order to investigate this effect, Vis emission studies were carried out on r-
, p- and 0-SWNTs dispersed in SDBS aqueous solution (Figure 2.8a-c). The results
clearly showed that p- and 0-SWNTs were able to emit in the visible region when
excited at 638 nm (Figure 2.8a), at 683 nm (Figure 2.8b) and at 785 nm (Figure 2.8c). In
particular, the emission intensity of 0-SWNTs was higher than that of p-SWNTSs. In
contrast, no emission was registered for r-SWNTS in the same optical range. The optical
properties of p- and 0-SWNTSs in the visible range and the absence of Vis fluorescence
for -SWNTs were also validated by applying an ey (420 nm) that is included in the
range typically adopted to detect the nanotubes’ fluorescence in such an optical region
(Figure 2.8d).20%
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Figure 2.8. Vis emission spectra of r- (black line), p- (grey line) and o-SWNTs (light grey line)
dispersed in SDBS aqueous solution at A, Of () 638 nm, (b) 683 nm, (c) 785 nm and (d) 420
nm. [SWNTSs]; = 8x10 mg/mL; SWNTs:SDBS weight ratio = 1:25.

The optical properties of p- and 0-SWNTs dispersed in SDBS aqueous solution were
also detectable by UV-Vis/NIR absorption spectroscopy (Figure 2.9). The UV-Vis/NIR
absorption spectrum of r-SWNTs showed well-resolved vH transitions associated with
the absorption bands of metallic (My;) and semiconducting (Sz2, Si1) tubes.'® The vH
features were still visible in the absorption spectra of p- and 0-SWNTS, but they were
less resolved. Such a result, combined with the data obtained by NIR-PL spectroscopy,
confirmed that the purification and oxidation procedures resulted only in the partial loss

of the SWNTs optical properties.
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Figure 2.9. UV-Vis/NIR absorption spectra of r- (black line), p- (grey line) and 0o-SWNTSs (light
grey line) in SDBS aqueous solution. [SWNTSs]; = 2.1x102 mg/mL; SWNTs:SDBS weight ratio
=1:25.

To gain a better insight into the possibility of using p-SWNTs and 0-SWNTSs in
molecular imaging, 2D Fluorescence Lifetime Imaging (FLIM) was finally used to
evaluate the PL lifetime of p- and o-SWNTSs in the form of large aggregates dispersed in
dimethylformamide (DMF) (Figure 2.10). Each pixel in the FLIM images (Figure 2.10a,
c) represents the lifetime of the sample at a precise 2D spatial position while monitoring
the NIR-PL spectrum in the optical range from 670 nm to 1000 nm, the optical window
in which the absorption coefficient of tissues is at minimum.*® The FLIM setup enabled
a defined visualization of the SWNTs aggregates with a spatial resolution of 1 nm,
while the analysis of the corresponding PL lifetime histograms evidenced that p- and o-

SWNTSs had an average PL lifetime of 1.3 ns and 1.2 ns, respectively.
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Figure 2.10. (a, ¢) FLIM images (80 um x 80 um) of large aggregates of (a) p- and (c) o-
SWNTs dispersed in DMF. Optical window: 670 nm - 1000 nm; Aee = 630 nm. (b, d)
Histograms of the lifetime distribution of the large aggregates of (b) p- and (d) 0-SWNTs

imaged.

3. DiscussioN

In this study, a two-step oxidation procedure was employed with the aims of (1)
removing the toxic metal impurities, (2) decreasing the lengths of the tubes and (3)
introducing functional oxygenated groups on the SWNT surface to potentially enable
future functionalisation/targeting of the SWNTs-based molecular probes for NIR
imaging.

Using TGA we demonstrated conclusively that our purification procedure effectively
removed the metal impurities contained in the r-SWNTSs (Figure 2.3a, b). The removal
of the highly diffracting metal particles following the purification step was verified also
by HR-TEM (Figure 2.3c-e). As removal of metal impurities decreases significantly the

60,61

direct toxicity and cytotoxicity of SWNTSs, the acidic treatment was considered

crucial for the development of SWNTs-based NIR probes. AFM analysis of the length
SWNTSs as robust NIR fluorescent probes



Chapter 11| 76

distributions before and after chemical treatments (Figure 2.4) led to the conclusion that
the oxidation procedure adopted was highly efficient in cutting the tubes, producing o-
SWNTs with length in the 140-400 nanometer range. This result was in agreement with
those previously reported by other groups employing similar oxidation
procedures.”*®™ The decreased aspect ratio of the 0-SWNTSs is an essential property
for the bioapplication of SWNTSs in molecular imaging, as it reduces the toxic side-
effects of in vivo administrations of r-SWNTs.®* Finally, investigation of the changes in
the Ip/lg ratio after chemical treatments by Raman spectroscopy demonstrated the
introduction of defect-sites on p- and 0-SWNTs (Figure 2.5a). In particular, ATR/FT-IR
spectroscopic studies revealed the presence of C=0 stretching transitions (1660 cm*
circa) in the spectra of 0-SWNTs (Figure 2.5¢). This was indicative of the presence of
COOH functionalities in such sample and confirmed that the oxidation treatment did
introduce a significant amount of carboxylic functionalities on the tubes.

NIR-PL and UV/Vis-NIR absorption spectroscopies proved that the optical properties
of SWNTs were still detectable even after the purification step followed by the
oxidative procedure (Figure 2.6a-c and Figure 2.9, respectively), even if a partial NIR-
PL quenching of 70% was detected in p- and 0-SWNTs (Figure 2.6d). The decreased
NIR-PL of p- and 0-SWNTSs was due to the perturbation of the SWNTSs surface induced
by the chemical treatments,? and to the decreased aspect ratio of the tubes.*® The
assignment of the optical frequency of each NIR-PL peak evidenced that the bands at
smaller wavelengths present in the r-SWNTSs spectrum disappeared after the purification
and oxidation procedures (Figure 2.6a-c). According to the peak assignment described
in the Kataura plot,*’ this outcome may be associated with the partial loss of the small
diameter SWNTs during the purification and oxidation steps. This result found
correspondence in the RBM of p- and 0-SWNTs (Figure 2.5b), which showed decreased
intensities of the bands associated with the smaller diameter tubes resonant in the RBM
region of the SWNTs Raman spectra.

Finally, FLIM imaging of large aggregates of p- and 0o-SWNTs was possible (Figure
2.10a, c). The main outcome of the FLIM imaging is a two-dimensional map of in-plane
variations of the PL decay times. FLIM technology has already been used successfully
in previous studies for imaging NIR fluorescent nanomaterials® and for the assessment
of the physical interactions and PL lifetime changes of nanomaterials incubated in in

vitro cell cultures.” The choice of imaging aggregates of SWNTSs as presented here was
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driven by the consideration that the hydrophobic nature of SWNTSs surface would cause
their aggregation in vivo. FLIM results distinctly assessed the potential application of p-
and 0-SWNTSs in molecular imaging as NIR fluorescent probes. Notably, the similar
lifetime decays of the two samples (p- and 0-SWNTSs) were much longer than those
reported by previous studies for individual micelle-isolated r-SWNTs.”% Since the
optical window examined by FLIM was between 670 and 1000 nm, the results
presented here were likely due to the contribution of the SWNTSs emission in the Vis

region.

4. CONCLUSIONS

In conclusion, this study shows the effective removal of metal impurities contained in
r-SWNTs by HNO; treatment, while shortening of the tubes and introduction of defect-
site oxygenated functionalities on the nanotube skeleton is registered after oxidative
treatment. Using a combination of spectroscopic methods (such as NIR-PL and UV-
Vis/NIR absorption spectroscopies) and microscopic techniques (FLIM), it is
demonstrated that p- and 0-SWNTSs conserved part of their optical properties despite the
employment of strong acidic and oxidative conditions that introduce defect sites on the
nanotube surface. In particular, p- and 0-SWNTSs are able to emit efficiently in the near-
infrared region when dispersed in surfactant aqueous solution, as well as in the form of
large aggregates in DMF.

Given the lower toxicity of carbon nanotubes cleaned from the metal catalysts,* the in
vivo clearance of SWNTs with small aspect ratio through urinal secretion,”® and the

4799 this work

potential targeting of oxidized SWNTs by further fuctionalisation,
establishes the potential use of less-toxic purified and oxidized SWNTs as NIR

photoluminescence agents for molecular imaging.
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1. INTRODUCTION

Although SWNTs-based NIR fluorescent agents represent a growing family of
fascinating probes with outstanding biomedical applications, SWNTs’ unique properties
(such as size, shape, and composition) raise concerns on their potential human
toxicity,"* while their diversity from bulk materials poses significant challenges over
traditional toxicity screening approaches.’

The main concerns raised by toxicology experts about the potential toxicity of SWNTs
are fuelled by three considerations. First, SWNTs possess a high surface area, thus
enhancing the contact area with their surroundings. This could expose catalytic or
reactive sites of the SWNTs surface, inducing in some cases the formation of reactive
oxygen species.” Second, due to their small size, SWNTs may enter in many cells and
organs in larger extent than bulk materials. Long-term toxic effects due to prolonged
accumulation and retention in the organism need therefore to be considered. Third, the
shape of SWNTs may play a crucial role in determining toxic responses. Geometric
effects of CNTs have been shown, for example, in macrophage models (“frustrated
phagocytosis” effects’). Additionally, differences in synthetic methods, impurities,
coatings, and surface functionalisation can lead to thousands of possible SWNTs

variants.

1.1. CHALLENGES IN THE ASSESSMENT OF NANOMATERIALS (NMs) ToxICITY

Nanotoxicology challenges include (1) the large number of substances that need to be
tested, and (2) how to offer increased efficiency in test design and costs.

The test system currently employed for assessing the toxicity of chemical substances
was introduced over 80 years ago.’ Only a few changes have been incorporated over the
past decades, thus leaving the screening procedures almost unchanged and the
experimental protocols obsolete when testing nanomaterials.> Over the past five years,
there has been an on-going debate on the most appropriate test strategies to use for
evaluating the potential hazards of SWNTs and of NMs in general. Clearly, not all can
be evaluated in in vivo studies °, as a single in vivo study can cost $ 50,000: traditional
in vivo studies conducted on even those NMs currently in commerce could total a
billion dollars and it could take 30-50 years to be completed. International efforts have
geared towards establishing characterization schemes and consistent approaches for

various NMs.**!* Currently, nanotechnology policies and regulation are encouraging
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the development of new test models, the implementation of in vitro high throughput

. 1
screening tools 37

and the assessment of the physico-chemical properties of the tested
nanomaterial within the experimental test systems employed.''"® This is because the
toxicological outputs of a specific NM may be different depending, for example, on the
specific protein content of the environment, impurities concentration and methods used
to “dissolve” the NMs.'*'* Agglomeration and aggregation are for example recognized
as major issues in the evaluation of the NMs effects since they may affect the “dose” of
the NMs. For the same reason, what constitutes “dose” for a nanomaterial may not
always be “mass” (ppm, mg/kg, mol/L) and the dose metric of concern may be related
to some aspect of the NM physical structure.® This is well known in particle and fibre
toxicology where the dose metric may be expressed as the surface area of the particle or
the number of fibres of a given length.'?

In 2005, the U.S. Environmental Protection Agency (EPA), with support from the U.S.
National Toxicology Program (NTP), funded a project at the National Research Council
(NRC) for developing a long-range vision for toxicity testing and a strategic plan for
implementing that vision."” In summary, NRC proposed a largely in vitro approach for
the evaluation of toxicity of substances of public health concern. In recent years, there
have been many attempts to apply this approach to the study of NMs, and a number of
paradigms have emerged in nanotoxicology: the bio-nano interface/protein corona
paradigm,'® the oxidative stress paradigm'® and the pathogenic fibre paradigm,'’ to
name a few. Such theoretical paradigms are helpful as platforms from which a large
number of in vitro data can be interpreted. However, although this approach may have
merit in accelerating the rate of gathering toxicological data on NMs by predicting their
hazard potential, it does not state the in vivo disease outcome, which depends on a
number of variables that cannot be included in in vitro studies. The serious limitations
of in vitro models, including the number of co-cultured cell types and the methods of
exposing cells, do not reproduce the physiological relevance of coordinated three-
dimensional (3D) responses among various cell types in tissues and organs, and the
delivery of NMs in one single dose does not reflect in vivo realistic conditions, where
NMs are likely to accumulate gradually.

A three-step scheme, described in the following, has been recently proposed by
Hartung as the way towards the assessment of NMs toxicity:* (1) define the limitations

of current toxicity assessment tools; (2) combine them in a strategic way; and finally (3)
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develop a new testing system that integrates the old set of testing protocols with modern
technologies. Among the latest, Hartung proposed imaging techniques and robotized
testing platforms (such as High Content Screening and Analysis (HCSA)), in silico
methods (heatmaps and quantitative structure-activity relationship (QSAR)), advanced
cell-culturing techniques (3D “organotypic” cell cultures) and “omics” technologies
(genomics and proteomics).” While HCSA™™'®# and in silico methods'* are
commonly recognised and exploited as important techniques for the assessment of NMs
toxicity, the use of 3D in vitro cell models (that can better represent the 3D organisation

42) is still at its infancy

of tissues in vivo compared to the conventional 2D cell cultures
within the nanotoxicology field. 3D cell aggregates more closely resemble the in vivo
situation with regard to cell shape and cellular environment,?® which can in turn regulate
the gene expression and hence the biological behaviour of cells.”” To the best of the
author’s knowledge, only few studies used co-cultures systems™ and/or 3D cell cultures

for testing nanomaterials toxicity.” > However, no “organotypic” cell culture technique

has been employed to date for the assessment of CNTs toxicity.

1.2. CHALLENGES IN THE ASSESSMENT OF CNTSs ToxICITY
Several factors are associated with the difficulty in assessing the CNTs toxicity.
Among them, CNTs interactions with components of the dispersing medium, the
cytotoxicity assay employed, impurities, CNTs surface chemistry and dispersion state
are the main parameters. Such factors may be the source of the discrepancies that can be
found in the CNTSs toxicity data available in the literature and described in Section 1.3.

1.2.1. Interaction with dispersing medium

Toxicological testing of CNTSs typically involves their dispersion within a biological
medium, followed by their addition to a cell line of interest or by administration to
animal models. However, the degree of interaction between CNTs and the medium and
the influence of such interactions on cellular responses are not completely exploited.
Considerable interaction between carbon nanotubes and components of cell culture
medium, such as for example phenol red, riboflavin and foetal bovine serum, have been
evidenced as a result of physisorption through Van der Waals forces.®* Such
spontaneous accumulation of bio-compounds at the solid-liquid interface and the

subsequent formation of bio-coatings on the CNTs surface is a process commonly
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addressed as formation of biomolecule “corona”. If a nanomaterial enters the cell,
modification of the components absorbed on its surface is expected, with variations
depending on the cell compartment of interest.* In vivo this may be translated in slow
...... exchange of the protein corona depending on the organ involved or in different
bioavailability thresholds in the various districts of the body. These interactions may
potentially play a role in the toxicity of CNTs*? by reducing the availability of proteins
and nutrients to the cells,** modifying the conformational state of the components and

13 13,18

their functionality,™ influencing the cell recognition or adsorbing cell-signalling

immunomodulating agents on CNTs surface.

1.2.2. Interaction with cytotoxicity assays

A number of in vitro toxicity assays have been developed to determine cell viability
and/or cytotoxicity in cultured cells. These assays often use colorimetric or fluorescent
dyes as markers assessing membrane integrity or cellular metabolism. While these
assays have shown to provide accurate data for various molecular families, they provide
less reliable results when assessing NMs cytotoxicity. In particular, CNTSs interact with
various commonly used cytotoxicity assays by interfering with the
absorption/fluorescence properties of the dye employed, underestimating or
overestimating the toxic response, providing confusing results, false positive results and
conflicting reports. For this reason, Worle-Knirsch et al. (2006),> followed by Casey et
al. (2007)®* and Monteiro-Riviere et al. (2009),*® advised caution when performing
even established toxicity assays in the presence of significant quantities of carbon
nanostructures and encouraged the use of at least two or more independent test assays to
validate any in vitro results on NMs. Table 3.1 summarises the interactions between

CNTs and various cytotoxicity assays as reported in the scientific literature.

Table 3.1. Summary of cytotoxicity assays used in in vitro toxicity studies on CNTs and

potential interactions detected.

Data

Assay Detection method Target o Ref.
reliability
Calcein AM (CAM)  Live cells: green stained  Cell membrane Yes* %
L Binds specifically to
Coomassie Brilliant T . 35
tyrosine side chains of Cell membrane No
Blue G250 dye .
proteins

CytoTox One™  LDH released by cells with

Cell membrane No %
Homogeneous damaged membrane results
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Assay Detection method Target I_Dat_a . Ref.
reliability
Membrane Integrity in the conversion of
(CTO) resazurin into a fluorescent
resorufin product
LDH released by cells with
damaged membrane results
Lactate . -
in the conversion of a 34
dehydrogenase - : Cell membrane Yes
tetrazolium compound into
(LDH)
a water-soluble fluorescent
formazan dye
Trypan Blue Dead cells: blue stained Cell membrane Yes* %
exclusion (TB)
Live cells: resazurin
Alamar Blue® (AB) reduction to red fluorescent ~ Cell metabolism No 35,36
dye resorufin
Celltiter 96° Live cells: tetrazolium
Agueous One (96 conversion to soluble Cell metabolism Yes 3
AQ) purple formazan salt
: ®
Cell'l;gt_arrBI?lue Kit form of Alamar Blue  Cell metabolism Yes %
Mitochondrial Detection of
Membrane Potential : . Cell metabolism Yes i
metalloproteinase activity
(MMP)
Live cells: tetrazolium
MTT conversion to insoluble  Cell metabolism No 34-36
purple formazan salt
Live cells: tetrazolium Yes 2
WST-1 conversion to water-soluble  Cell metabolism NoO 35
purple formazan salt
Live/Dead® (LD) Dead cel!s: red stained; live o1 nomprane Yes* 3
cells: green stained
Neutral red (NR)  Live cells: red lysosomes Lysosomal No 35,36
membrane

*Difficult interpretation due to deposition of CNTs on the cells monolayer in conventional two-
dimensional (2D) cell culture models.

The knowledge gathered so far in CNTs toxicity consists of data based on a non-
standardized CNTs material; all the studies listed in Table 3.1 have to be considered,
therefore, as separate and not directly comparable experiments. In particular, from the

3435 it is clear

divergent interpretation of the WST-1 assay output in two different studies
that a standardized CNT reference material used by all toxicologists is needed. It is also
important to keep in mind that the employment of viability tests based on the evaluation
of cellular metabolic activity may give false positive results, as many different
conditions can increase or decrease the metabolic activity of treated cells while the

number of viable cells remains constant.
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1.2.3. Effect of impurities
Variation of impurities content in the different CNT preparations®’ offers additional
challenges in the accurate and consistent assessment of CNTs toxicity. As-produced
CNTs contain generally high amounts of catalytic metal particles, such as iron and
nickel, used as precursors in their synthesis. High concentrations of these metals are

cytotoxic,**

mainly due to oxidative stress and induction of inflammatory processes
generated by catalytic reactions at the metal particle surface.”> Another very important
contamination is amorphous carbon, which exhibits comparable biological effects as

carbon black or relevant ambient air particles.

1.2.4. Effect of dispersion

The poor dispersability of CNTs in biological media can affect both the in vitro** and
the in vivo™ toxicity of such nanomaterials.

In vitro, cell responses seem to depend strongly on the dispersing agent employed.
Decreased oxidative stress was shown in primary bronchial epithelial (NHBE) cells and
in alveolar epithelial carcinoma (A549) cells when incubated with SWNTSs dispersed in
cell culture medium with foetal calf serum (FCS) supplement; whereas addition of
dipalmitoylphosphatidylcholine (DPPC), the major constituent of lung surfactant,
resulted in increasing oxidative stress.* Alpatova et al. (2010) demonstrated that
SWNTs non-covalently functionalised by a range of natural (gum Arabic, amylase,
Suwanee River natural organic matter) and synthetic (polyvinyl pyrrolidone, Triton X-
100) surfactants did not cause any cell viability loss in cultured E. coli and rat liver
epithelial (WB-F344) cells, when the dispersing agent itself was non-cytotoxic.*!
Similar results were previously reported by Dong et al. (2009),** showing that the
cytotoxicity of SWNTs incubated with human astrocytoma cells depend on the toxicity
of the surfactant employed.

In vivo, SWNTSs individually dispersed by Pluronic F108 demonstrated to be non-toxic
after intratracheal administration to mice, while aggregated SWNTSs caused granuloma-

like structures with mild fibrosis in the lungs of the treated animals.*?
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1.3. SWNTs Toxicity

Although concern over the potential toxic impact of SWNTs on environmental and
human health is recent, CNTs toxicity is one of the better-researched nanotoxicity areas.
Up to 2006 there were less than ten published research studies focusing on CNTs
toxicity.®” From that year onwards, the number of reports investigating the in vitro and
in vivo toxicity of CNTs has increased exponentially. Even though in vitro and in vivo
studies do reveal concerns on CNTs toxicity, these two test models often provide
contradictory results, thus raising more questions. Because of these divergent reports,
specific pathways and mechanisms through which CNTs may exert their toxic effects in

vivo remain unknown. The main mechanisms proposed are:

oxidative stress due to redox features in the presence of physiologically relevant

redox agents;**#

— inflammatory and fibrogenic responses in lungs, accompanied by a pulmonary
function decline and enhanced susceptibility to infections;*’

— toxic effect of transition metals or other environmental contaminants present in as-

produced CNTs;*®4°

— ineffective recognition of CNTs by macrophages.*

CNTs may enter the human body through dermal contact, inhalation, intentional
injection, or ingestion.>® Additionally, CNTs could translocate to distant organs and
tissues, such as the intraperitoneal cavity. The interaction of carbon nanotubes with the
immune system, particularly macrophages, may play a significant role in such
translocation processes.*® In Table 3.2, a summary of the main in vitro on the toxicity of
SWNTSs reported in the literature to date is presented, by classifying them on the portal
of entry through which they encounter the body. Similarly, the in vivo data are

summarised in Table 3.3.
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Table 3.2. Summary of SWNTS in vitro toxicity. The term “CNTs” indicates that the material
was not identified as single- (SWNTSs) or multi-walled (MWNTSs) carbon nanotubes. Percentage
of catalytically active transition metals in the CNTSs is reported when indicated by the authors.

CNTs tested Production Cellular Cytotoxic effect Ref.
method model
Dermal cytotoxicity
SWNTs Arc-discharge A549 Catalysts-depengent 53
cytotoxicity
Arc-discharge
SWNTs (< 1wt % Ni HaCaT Cell proliferation reduced ~ *°
and Y)
SWNTSs HIPCO HaCaT Time-dependent ®
cytotoxicity
Detectable oxidative stress
SWNTs HiPCO HaCaT (ROS proc!uct!on, NF-xB 54
HelLa activation)
Cell proliferation inhibited
HiPCO JB6 P+; Unpurified SWNTSs: free
(30 wt. % Fe EpiDerm FT radical generation, 55
SWNTSs . -
versus 0.23 engineered oxidative stress,
wt. % Fe) skin inflammation
SWNTs HIPCO HaCaT Cell proliferation reduced ~ *°
(10 wt. % Fe)
Phenyl- . - .
o (PO vop G ss o o
SWNTs 7
Dose-dependent
6 cytotoxicity
aminohexanoic HiPCO HEK T'?%?ggfg?em 8
acid SWNTs yrotoxierty
Aggregation-dependent
cytotoxicity
Changes in gene expression
SWNTs [I\_Io_t HEK in SWNTs-treated cells 57
specified] become closer to control
cells over time
Pulmonary cytotoxicity
Arc-discharge
. Ab49 . . 49
SWNTs (<1 wt% of Ni Cell proliferation reduced
BEAS-2B
and Y)
. A549 ) . 54
SWNTSs HiPCO H1299 Cell proliferation inhibited
SWNTs HiPCO Ab49 Suppression of 43
(10 wt. % Fe) NHBF inflammatory mediators
HiPCO A549 . . 49
SWNTSs (10Wt% Fe) BEAS-2B Cell proliferation reduced
SWNTS HiPCO A549 Very low acute toxicity 58

(10 wt.% iron)

Increase in lamellar bodies
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CNTs tested Production Cellular Cytotoxic effect Ref.
method model
In vitro inflammatory response
- Guinea pigs
Purified . Dose-dependent 59
SWNTs Arc-discharge alveolar inflammation
macrophages
CVvD
SWNTs (0 wt. % Co p None %0
i MDMs
and Ni)
No intracellular production
of superoxide radicals or
HIPCO nitric oxide (NO)
SWNTs (0.3 wt. % Fe) RAW 264.7 Enhancement of lipid 61
' ' peroxidation and GSH
depletion proportional to
the iron content
CNTs .
ooy DL ey ety
200 nm length) P P
Vascular system
[Not
specified] Human Platelet activation and
SWNTs (minimal latelets aggregation by inducing %
purity: >0 wt. P Ca” influx
%)
[Not Human . 64
SWNTs specified] olatelets Platelet aggregation
Decreased cell viability
CNTs [Not Human Detectable inflammatory
specified] neutrophils
response
Additional cell models
MWNTS (50%)  Arc-discharge Adgregation-dependent
+ SWNTs (0 wt. % Jurkat cells y y 66
Contaminant-dependent
(30%) catalyst) o
cytotoxicity
CVD Aggregit(l)?g);(ijcei;t)endent
SWNTS (Lwt.% Co  Jurkat cells y y 66
Contaminant-dependent
and Mo) s
cytotoxicity
SWNTs Arc-discharge  MSTO-211H Aggregation-dependent  ¢7

cytotoxicity
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CNTs tested Production Cellular Cytotoxic effect Ref.
method model
Cell proliferation reduced
Cell adhesion reduced
SWNTSs [Not HEK?293 Dose-dependent 6
....... specified] cytotoxicity

Time-dependent
cytotoxicity

A549: human adenocarcinomic alveolar epithelial cells; BEAS-2B: human bronchial epithelial
cells; H1299: human lung carcinoma cells; HaCaT: human keratinocyte cells; HDF: human
dermal fibroblast; HEK: human epidermal keratinocytes; HEK293: human embryonic kidney
cells; HelLa: cervical cancer cells; J774: murine macrophages cells; JB6 P+: promoter-
sensitive (P+) murine epidermal cells; Jurkat cells: immortalized T lymphocyte cells; MDMs:
MDMS-resistant cloned cells; MSTO-211H: lung mesothelioma cells; NHBF: normal human
bronchial epithelial cells; RAW 264.7: Mouse leukaemic monocyte macrophage cells; THP-1:
Human acute monocytic leukemia cells.

At first glance, the in vitro (Table 3.2) and in vivo (Table 3.3) studies on SWNTSs

toxicity appear to be confusing, inconclusive or contradictory, confirming that the

toxicity and/or biocompatibility of SWNTSs are not fully established. However, if one

considers interference with dye-based viability assays, agglomeration issues and

oxidative stress due to catalysts contamination, the data available to date seems to

favour the conclusion that well-dispersed, purified and/or functionalised SWNTSs exhibit

relatively low toxicity.

Table 3.3. Summary of in vivo toxicity of SWNTs. The term “CNTs” indicates that the material

was not identified as single- (SWNTs) or multi-walled (MWNTS) carbon nanotubes. The

column “time” indicates the maximum time of treatment: in-between time points were

sometimes investigated. Percentage of catalytically active transition metals in the CNTSs is

reported when indicated by the authors.

CNTs Production Model  Administration Time Toxic outcome Ref.
tested method
Dermal toxicity
CNTs Arc-discharge Rabbit  Eyes instillation 72 h None ®
CNTs Avrc-discharge  Human Patch test 96 h None o
Detectable
SWNTs HIPCO Mice  Topical exposure  5d oxidative stress s

(30 wt. % Fe) Skin thickening

Inflammation
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CNTs Production Model  Administration Time Toxic outcome Ref.
tested method
CvD Subcutaneous
SWNTs (1-1.5wt. %  Mice ; : 90d Low 0
implantation
Fe)
Pulmonary toxicity
Not specified Pharvnaeal Pulmonary
SWNTs (Sigma- Mice yng 24h  inflammatory
. aspiration
Aldrich) responses
CNTs Arc-discharge GUinea  Intratracheal 5 4 None 2
pigs instillation
HiPCO Inhalation versus . -
SWNTs (17.7wt. %  Mice pharyngeal 28 d Hblg?ﬁ:l;?:tlig;y &
iron) aspiration y
HIPCO Pharyngeal ng?: re?;/i\g?]ITs
SWNTs (<2wt.%  Mice yng 30d pers “
. aspiration causes higher
iron) X
toxic outcomes
HiPCO
SWNTs  (023wt.%  Mice Pharyngeal ¢ 4 Acute a7
Fe) aspiration inflammation
Laser ablation Intratracheal
SWNTs (5wt. % Ni  Rats e 90d  Controversial ~ "7®
instillation
and Co)
HiPCO
(unpurified:
26.9 wt. %
SWNTs  Fe 078wt Mice  Iwatracheal =4, Dose-dependent 7
. instillation toxicity
% Ni;
purified: 2.14
wt. % Fe)
In vivo immune responses
CVvD Subcutaneous .
MWNTS, (5wt. % Mice injection/ Intranasal 26 d Allergic 8
SWNTs L - responses
catalysts) administration
Vascular system
(4] MWNTSs; Non toxic_
DTPA- SWNTs; Mice Intr_a\_/enogs 3h Blood half-life: 79
method not administration 3h
CNTs e
specified Renal clearance
Non toxic
Pluronic Intravenous Blood half-life:
F108- HIiPCO  Rabbits  administration 24 h 1h 8
SWNTs Accumulation in
the liver
SWNTs- Intravenous Non toxic
[(DOTA)( . . L Renal clearance g
AF488)(A HiPCO Mice administration 7d No active
F680)] secretion
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CNTs Production Model  Administration Time Toxic outcome Ref.
tested method
Non toxic
Blood half-life:
PEG- . . Intravenous 1 day 82
SWNTs HIPCO Mice administration 0d Complete
clearance after 2
months
Abdominal cavity
125
- . )
i [Not . Intraperitoneal Non toxic 83
SVX)E'T specified] Mice administration Renal clearance

The results briefly summarised in Table 3.2 and Table 3.3 clearly indicate that the use
of a more coordinated global approach is imperative to define and describe the
toxicological responses triggered by SWNTs. Since SWNTs samples vary greatly in
terms of composition depending on production and purification methods, the impact of
such variability on their toxicity needs to be addressed in a controlled manner and in a
cost-effective approach. Current data indicate that functionalised CNTs exhibit lower
toxicity than unmodified or unrefined nanotubes. Further research needs to be
conducted to confirm that this is the case. Keeping in mind the recent discovery on the
biodegradability of CNTs,**® it is imperative to establish the long-term stability of
these conjugates in vivo. Furthermore, some of the unwanted (toxic) responses of
carbon nanotubes may lead to desirable outcomes depending on the specific context.
For instance, the controlled induction of carbon nanotube-dependent cellular toxicity
could serve as a novel and effective approach for combating cancer. The success of
SWNTSs technology depends upon the continuation of research into the toxicology of
SWNTs and SWNTs-related materials.

1.4. AIMS OF THE STUDY
The purpose of the present study is to assess the cytotoxicity of the SWNTs-based NIR
fluorescent probes (p- and o-SWNTs) previously described (see Chapter II) using 3D
cellular, tissue-mimetic models for the first time. An established ultrasound standing
wave trap (USWT) is used to generate the 3D cell aggregates. A comparative approach
with traditional 2D cell culture models is presented, determining the importance of the

third dimension in cell culture. Protein-based (bovine serum albumin, BSA) and
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surfactant-based (Pluronic F68) dispersions of p- and o-SWNTs were tested and
compared to a reference suspension in dimethyl sulfoxide (DMSO). The THP-1 cell
line, a macrophage model, was employed to represent the resident phagocytic cells (i.e.,
monocytes and macrophages) located in the liver (Kupffer cells)* that have the main
function of removing pathogens, senescent cells and external particles from the
bloodstream.®” Since the liver is a preferential site of nanomaterials accumulation in

8688 (see Chapter I, Section 2.1), THP-1 cells may be exploited as a

humans and rats
close equivalent of key indicative phagocytic cell population responding to carbon
nanotubes (CNTs). This cell line has been previously employed to gain insight into the
potential effects of SWNTs in the liver.*® The author acknowledges that macrophage
responses do not provide a full indication of potential toxic effects in the body;
nevertheless, this cellular model offers good cytotoxicity prediction information
particularly in the early phases of investigations.®*’

The results showed for the first time that the cytotoxicity of p- and o-SWNTs was not
detectable in the 3D cellular model following a 24 h exposure. In contrast, 2D cell
cultures were significantly affected by exposure to p- and o-SWNTs after 24 h, as
assessed by viability and multifluorescence-based cell assays. The different chemical
modifications of the SWNTs surface (p- versus o-SWNTs; BSA versus Pluronic F68)
had no detectable effect on the cytotoxicity of p- and o-SWNTs. Finally, cytokine (IL-6
and TNF-a) secretion levels were elevated in the 2D but remained essentially
unchanged in the 3D cell models.

In conjunction with the previously reported study on nanoparticles cytotoxicity in 3D

283089 Gur data clearly underline the importance of incorporating 3D tissue-

cell cultures,
mimetic cell models in the assessment of SWNTs toxicity and strongly advocate the
pressing need for the redefinition of the established nanotoxicology protocols. 3D cell
aggregates can serve in fact as alternative in vifro models providing guidance on
nanomaterial toxicity, in a tissue-mimetic manner. Cells within a tissue interact in fact
with adjacent cells and with the extracellular matrix (ECM) through biochemical and
mechanical signals. Cell-cell and cell-ECM interactions form a 3D communication
network and guarantee the specificity and homeostasis of tissues.”” Key events in the
cell cycle (i.e., growth, proliferation, migration and apoptosis) are also regulated by

these interactions,”’ which are not reproduced in standard 2D cell models. 3D cell

aggregates offer therefore future cost-effective solutions for toxicity screening assays
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under experimental conditions mimicking the functions of living tissues and more
closely related to in vivo microenvironments, where cells continuously cross-talk

through intracellular signaling.**

2. RESULTS

2.1. PHYSICO-CHEMICAL CHARACTERIZATION

SWNTs-based NIR fluorescent probes (p- and 0-SWNTS) were prepared as described
in Chapter II.

NIR-PL spectra showed that p- (Figure 3.1a) and 0-SWNTs (Figure 3.1e) in RPMI
1640 cell media emitted more efficiently when dispersed in media supplemented with
bovine serum albumin (BSA) or Pluronic F68. In addition, the NIR-PL intensity of o-
SWNTs was higher than that of p-SWNTSs. Interestingly, the NIR-PL intensity of
Pluronic F68-stabilised dispersions decreased significantly (Figure 3.1d and 3.1h) after
24 and 72 h, whereas the NIR-PL intensity of BSA-stabilised dispersions was rather
stable over 2 days (Figure 3.1c and 3.19).

Zeta potential measurements evidenced a negative surface potential for both p- and o-
SWNTs in DI water or in supplemented RPMI 1640 cell media (Table 3.4), with or
without addition of dispersing agents (BSA or Pluronic F68). As previously described in
the literature, the electrophoretic determination of zeta potential was calculated by

9293 and then applying the Smoluchowski approximation.**

assuming spherical geometry
Table 3.4 shows that in DI water o-SWNTs had increased absolute values of zeta
potential when compared to p-SWNTs. A decrease in the absolute values of zeta
potential is registered when both p- and 0-SWNTSs are suspended in RPMI 1640 cell
media. Notably, p-SWNTs dispersions in RPMI 1640 cell media had higher zeta

potential than 0-SWNTSs suspensions.
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p-SWNTs 0-SWNTs

ox10° , 2.0x10°
SR m—TVEYS) a) e)

N BSA 5
’-'E 1.5x10° Pluronic F68 F1.5x10
(&)
o . 5
S 1.0x10°] 1.0x10
2
o

5.0x10* 1 /\ +5.0x10"
A/

1000 1200 1400 1600 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

BSA DMSO

Pluronic F68

b, \ 1827 L, 1200
(?1/%/7 1400 Y 2842 QJ@ ‘9”@/@0 ) 2842 Q,@
@y, ,) 95 1600 86400 <& @y, y 95 1600 86400 &

Figure 3.1. NIR-PL spectra (Aexe = 683 nm) of (a-d) p- and (e-h) 0-SWNTs dispersed in
supplemented RPMI 1640 cell media ([SWNTSs]; = 120 pug/mL) with or without the addition of a
dispersing agent (BSA or Pluronic F68). Graphs (b-d; f-h) show the changes of NIR-PL of (b, f)
DMSO-, (c, g) BSA- and (d, h) Pluronic F68-stabilised dispersions over 1 h (black to light
orange curves), after 24 h (orange curves), and after 72 h (red curves).
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Table 3.4. Surface charges of p- and 0-SWNTSs before and after dispersion in supplemented
RPMI 1640 cell media at three different concentrations (120, 60, and 12 ug/mL). Zeta potential
values are reported as average (+ standard error of the mean).

SWNTs Zeta potential (mV)+
DMSO* BSA* Pluronic F68*
Dose DI RPMI DI RPMI DI RPMI
(ng/mL) water 1640 water 1640 water 1640
236 27 303 93 141 09
p-SWNTSs 120 (£28) (£0.3) (+33) (£0.9) (+13) (£0.)
50 210  -65 129 111 131 -10.6
(£5.3) (£0.9) (£2.0) (£0.9) (+1.8) (£0.8)
" 278 20 334 -144 170  -115
(£0.6) (£0.4) (£07) (£0.7) (£0.9) (£0.9)
402  -2.9 9.2 2.8 298  -11
0-SWNTSs 120 15 (+10)  (£03) (£03)  (£0.6) (+02)
50 584 47 332 12 417 -19
(+0.7) (+0.6) (£05) (£0.2) (+0.8) (£0.3)
" 382 04 413 08 433 04

(x22) (x0.2) (£05) (x0.2) (x12) (0.2
1 Surface charges were measured in DI water or in RPMI 1640 cell media.
* Dispersing agent added as described in the experimental section (Chapter IV, Section 3.1).

2.2. HIGH CONTENT SCREENING AND ANALYSIS (HCSA) OF 2D CELL CULTURES

Three different concentrations (120, 60 and 12 pg/mL) of p- and 0-SWNTSs were tested
on populations of 20,000 cells. Doses are therefore expressed as 12x10™, 6x10™ and
1.2x10* pg/cell respectively. No significant changes in cellular responses were
detectable when 2D cell cultures were exposed to solutions containing equivalent
amounts of DMSO, BSA, or Pluronic F68 for 72 h (see Chapter IV, Section 3.4.1).

Cell viability: Results for the time and dose dependent effect of p- and 0-SWNTs on
the cell viability are shown in Figure 3.2 in the form of heatmap. The corresponding
multiparametric HCSA data plotted as conventional graphs are reported in Chapter VI
(Section 4.1). Both p- and 0-SWNTs demonstrated to influence considerably the cell
viability, causing a significant decrease in cell count at all doses and for all nanotube
dispersions after 24 and 72 h.

Cell membrane permeability: A significant increase in the cell membrane
permeability was registered after a 72 h exposure to BSA-stabilised p-SWNTSs
dispersions at all employed concentrations (Figure 3.2). These results indicate that the
cytoplasmic membrane was compromised, while it remained unaffected after 24 h of
exposure to DMSO- and Pluronic F68-stabilised dispersions of p-SWNTs at all
examined timepoints. Significant changes were found in cells incubated with 0-SWNTSs,
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irrespective of the dispersing agent used (BSA, DMSO or Pluronic F68) or the

timepoint.

DMSO BSA Pluronic F68

Negative control

[ 12x10-4pg/cell
p-SWNTs 6x10pgcell

| 1.2x10"*pglcell

yve

[ 12x104 Hg/cell

0-SWNTs 6x10-4pg/cell

| 1.2x10*pg/cell

Paclitaxel

Negative control
[ 12x10+ ug/cell
p-SWNTs 6x10-pg/cell

| 1.2x10"*pg/cell

uclL

[ 12x10-4pg/cell

0-SWNTs 6x10*ug/cell

| 1.2x10*pg/cell

Paclitaxel

Cell viability
Cell viability
Cell viability

Nuclearintensity
Nuclear intensity
Nuclear intensity

Cell membrane permeability
Lysosomal mass/pH
Cell membrane permeability
Lysosomal mass/pH
Cell membrane permeability
Lysosomal mass/pH

Figure 3.2. Graphical response intensity tables (heatmaps) of multiparametric HCSA data for
2D cell cultures exposed to p- and 0-SWNTs for 24 h and 72 h. Colorimetric gradient tables
reflect the cytoxicity evolution by showing the cell viability (left column), cell membrane
permeability, lysosomal mass/pH and nuclear intensity (right column) changes. Colours range
from dark green (values lower than 15% of maximum value measured) to bright green (30%),
yellow (50%), bright orange (60%), dark orange (75%) and finally to red (values higher than
75% of maximum value). Heatmap values are normalised to the percentages of the positive
control and Z score is calculated as described in the statistical analysis section. Data represent

three independent experiments performed in triplicate samples.
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Lysosomal mass/pH: No significant changes in the lysosomal mass/pH were seen in
p- or 0-SWNTSs treated cultures (Figure 3.2).

Nuclear Intensity: As for the lysosomal mass/pH changes, marginal or non-detectable
changes in the nuclear intensity were seen in any treatment with the exception of the
12x10™ pg/cell dose, after 24 and 72 h exposure to p- and 0-SWNTSs, and of the 6x10™
pg/cell dose in 2D cell cultures treated with DMSO-stabilised p-SWNTs dispersions
(Figure 3.2).

2.3. CYTOTOXICITY ASSAYS OF 3D CELL CULTURE MODELS IN SITU IN THE USWT
Trypan Blue exclusion assay: 3D cell aggregates (non-treated, negative control) were
78 % viable over 24 h in the USWT and remained as such following exposure to p- and
0-SWNTs at 1.2x10™ pg/cell (Figure 3.3a-b). Significant cell death was measured only
when aggregates were treated with 1.7 puM Paclitaxel (positive control) or phorbol-12-
myristate-13-acetate (PMA, 0.5 mM). No differences in cell death levels were seen

among the various stabilised SWNTSs suspensions tested.

p-SWNTs 0-SWNTs
Negative control{_—i a)| - I b)
DMSO - }— 1
BSA — 1Th Trypan Blue
Pluronic F68 - = 1 H Exclusion
Paclitaxel Thx . B«
PMA - x| A Ix
0 1 2 10 20 0 1 2 10 20
Cell Death (%) Cell Death (%)
S c) d) .
< 4 *| )
§ * Live/Dead
Q o] ] Cytotoxicity
T
O
0 T T T T T T T T T T
0 1 3 7 24 0 1 3 7 24
Time (h) Time (h)
@ Negative control [ DMSO
V¥ Paclitaxel <€ BSA
@ PMA - Pluronic F68

Figure 3.3. Cell death response quantified by (a, b) Trypan Blue exclusion and (c, d) Live/Dead
Cytotoxicity assays after exposure of 3D cell aggregates to (a, ¢) p- and (b, d) 0-SWNTs at
1.2x10™ pg/cell for 24 h in situ in the USWT. DMSO-, BSA- and Pluronic F68-stabilised
dispersions were tested.

Cytotoxicity of SWNTs-based NIR probes



102 | Chapter 11

Live/Dead Cytotoxity assay: The Live/Dead cytotoxicity assay was performed in order
to (1) validate the data obtained by Trypan Blue exclusion assay, and (2) investigate
whether the cell death was localised to the edges of the 3D aggregates, where cells were
in direct contact with SWNTSs. Quantification of cell death based on the epifluorescent
images (Figure 3.3c-d) revealed no significant cytotoxic effects of the three differently
stabilised p- and 0-SWNTSs dispersions when compared to the negative control (cell
death ranged between 20 and 44 %). In parallel, the distribution of live and dead cells in
SWNTs-treated 3D aggregates (Figure 3.4d) was similar to the negative control (Figure
3.4c) for all time points examined. Figure 3.4 shows representative results for p-SWNTSs
BSA-stabilised dispersion; consistent results were obtained for all the other SWNTs

samples.

Non-treated SWNTs-treated

b)

C)

Calcein AM

EthD-1

Figure 3.4. Representative epifluorescent images of (a-c) non-treated and (d-e) SWNTs-treated
3D cell aggregates in situ in the USWT (a, d) after 24 h and b, c, e, f) after 0, 1, 3, and 7 h,
stained with Calcein AM (live cells) and EthD-1 (dead cells). SWNTSs concentration: 1.2x10™

3h
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po/cell; SWNTs sample: p-SWNTs BSA-stabilised dispersion. Scale bars: 40 pm (10x

magnification).

2.4. CYTOTOXICITY ASSAYS IN 3D CELL CULTURE MODELS IN CULTURE
In order to determine whether the different cellular responses observed in the 2D and
3D cellular models could be somehow associated with the different activation state of
the THP-1 cell models employed (adherent “macrophage-like” cells in the 2D cell
model and suspended monocytes in 3D cell aggregates), 3D cell aggregates of PMA-
activated THP-1 cells were initially formed in the USWT, subsequently recovered from

it and exposed to p- and 0-SWNTs in 24-well plates.

Non-treated

PMA-treated

Figure 3.5. Representative epifluorescent microscopy images of (a, b, c) non-treated and (d, e,
f) PMA-treated 3D cell aggregates stained with Phalloidin-Alexa 488 conjugate after: (a, d) O h,
(b, €) 24 h, and (c, f) 72 h incubation. (¢) PMA induced activation of THP-1 cells in 3D
aggregates after 24 h. (e, f) Arrows point out the punctate F-actin staining. Scale bars: 20 um

(50% magnification).

Epifluorescence microscopy analysis showed that F-actin was localised at the cell
periphery in non-treated and PMA-treated aggregates cells soon after plating (t = 0 h)
(Figure 3.5a, d). However, in PMA-treated aggregates F-actin redistributed into
intensely stained punctate foci after 24 h in culture (Figure 3.5e), thus confirming that
PMA induced the activation of THP-1 cells within the 3D aggregates. The punctate F-
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actin fluorescence along the cells is associated with monocyte-to-macrophage
differentiation and it is indicative of adhesive structure formation.”® The F-actin foci
were restricted to the cells in direct contact with the substrate. However, since this F-
actin reorganization was not highlighted in non-treated 3D aggregates (Figure 3.5b, c),
an activation process due to the cell-substrate interaction was excluded. Punctate F-actin
was even more visible across the entire cell surface after 72 h (Figure 3.5f), while it was
absent in non-treated 3D cell aggregates at 24 and 72 h (Figure 3.5b and 3.5c
respectively). Confocal microscopy analysis confirmed that PMA caused F-actin
reorganization in PMA-treated 3D cell aggregates after 24 h (Figure 3.6b, c). Notably,
THP-1 cells activation was achieved not only when PMA was mixed with THP-1 cells
just before introducing them into the USWT, but also when PMA was introduced into

the USWT after formation of the 3D cell aggregate (data not shown).

Non-treated PMA-treated

Figure 3.6. Representative (a-c) confocal and (d, e) epifluorescent microscopy images of (a, d)
non-treated and (b, ¢, €) PMA-treated 3D cell aggregates stained with Phalloidin-Alexa 488
conjugate after 24 h incubation. (a, b) Different F-actin organization is evident between the two
aggregates. (c) Z-stack image of the PMA-treated 3D cell aggregate shown in (b) illustrating the
cells in direct contact with the substrate. Redistribution of F-actin into intensely staining
punctate foci is evident (arrows). (e) Large cell aggregates are seen in PMA-treated samples. (a-

c) Scale bar: 20 um (63x magnification); (d, e) scale bars: 40 pm (10x magnification).
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As per 3D aggregates morphology, PMA-treated 3D cell aggregates were
mechanically robust, allowing for their easy handling (Figure 3.6e). In contrast, non-
treated 3D cell aggregates broke easily when F-actin staining was carried out (Figure
3.6d). This result supported the F-actin staining data, suggesting the formation of
adhesive structures among THP-1 cells.

Trypan Blue exclusion assay: Non-treated (negative control) 3D aggregates remained
80 % viable over 24 h (similarly to the results obtained for 3D aggregates in situ in the
USWT). Exposure to p- and 0-SWNTSs did not significantly impaired cell viability, with
the exception of the DMSO-stabilised p-SWNTs dispersion (Figure 3.7a, b).

p-SWNTs 0-SWNTs
Negative control{____— a) I} b)
DMso{_ H« 1B Trypan Blue
BSA | R |1 Exclusion
Pluronic F68 + |-| 1 |—|
Paclitaxel - H % E H %
0 1 2 3 0 1 2 3
Cell Death (%) Cell Death (%)
Negative control c) d)
DMSO
Live/Dead
BSA Cytotoxicity
Pluronic F68
Paclitaxel
0 50 100 1500 50 100 150
Cell Population (%) Cell Population (%)

B % Live Cells
3 % Dead Cells

Figure 3.7. (a, b) Percentage (%) of cell death quantified by Trypan Blue exclusion assay and
(c, d) % of live and dead cells detected by flow cytometry in 3D cell aggregates in culture
exposed to (a, ¢) p- and (b, d) 0-SWNTs at 1.2x10™ pg/cell for 24 h.

Flow cytometry of Live/Dead cells: p- and 0-SWNTs did not cause any detectable
cytotoxic outcome when compared to the non-treated aggregates (Figure 3.7c, d). The

accompanying representative flow cytometric graphs are shown in Figure 3.8.
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Figure 3.8. Representative flow cytometry graphs (single cells gated) of 3D aggregates in
culture: (a) negative control; (b) Paclitaxel 1.7 uM; (c, d, e) exposed to p-SWNTs; (f, g, h)
exposed to 0-SWNTs. (c, f) DMSO-, (d, g) BSA-, and (f, h) Pluronic F68-stabilised dispersions

were tested.

Live/dead staining analysis of 3D cell aggregates by confocal microscopy (Figure 3.9)
further confirmed the flow cytometric data. Figure 3.9b and 3.9d are representative of

all the SWNTs dispersions tested in 3D cell aggregates in culture.
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Non-treated SWNTs-treated
b)

=] o
-

Figure 3.9. (a, b) Representative confocal images of (a) non-treated (negative control) and (b)
SWNTs-treated 3D cell aggregates in culture after 24 h. (c, d) Gallery of stack images of (c)
non-treated and (d) SWNTs-treated 3D cell aggregates. Micrographs in (c) and (d) are of the
same 3D cell aggregate shown in (a) and (b) respectively. Live cells are seen in green, red
indicates dead cells. Similar cell viability level can be seen in the two 3D cell aggregates.

SWNTSs sample: p-SWNTs BSA-stabilised dispersion. Scale bars: 20 um (20x magnification).

2.5. CYTOKINES EXPRESSION
Indirect post-exposure quantification of TNF-a and IL-6 expression levels by enzyme-
linked immunosorbent assay (ELISA) allowed to quantify the extent of inflammatory
proteins secretion due to the cell stress-induced signalling cascade and transduction

activity.
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Figure 3.10. Release of (a-c, g-i) TNF-a and (d-f, j-1) IL-6 from 2D cell cultures after 24 and 72
h exposure to (a-f) p- and (g-1) 0-SWNTSs at various concentrations: (a, d, g, j) 12x10™, (b, e, h,
k) 6x10™ and (c, f, i, 1) 1.2x10™ pg/cell.
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ELISA assays revealed high secretion of pro-inflammatory cytokines (IL-6 and TNF-
a) in 2D cell cultures following exposure to p- (Figure 3.10a-f) and 0-SWNTs (Figure
3.10g-1) after 24 and 72 h exposure. In contrast, no significant changes in IL-6 and
TNF-a secretion were detected in 3D cell aggregates exposed to p- and 0-SWNTSs in
situ in the USWT (Figure 3.11a, c, e, g) or in culture (Figure 3.11Db, d, f, h) after 24 h
exposure, which is in concert with the above described data on comparative SWNT

cytotoxicity in 2D and 3D models

p-SWNTs
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2 4 6 8 10 1 2 3 4
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Figure 3.11. Release of (a-d) TNF-a and (d-h) IL-6 from 3D cell aggregates (a, ¢, €, g) in situ in
the USWT or (eb, d, f, h) in culture after 24 h exposure to (a, b, e, f) p- and (c, d, g, h) o-
SWNTs at 1.2x10™ pg/cell.
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3. DiscussioN
3.1. PHYSICO-CHEMICAL CHARACTERIZATION

Complete physico-chemical characterisation of the tested material is required
nowadays to enhance the validity of the performed toxicity studies.®*™3°:% A
thorough characterisation of the impurities content, lengths and electronic properties of
the SWNTs-based NIR probes (p- and 0-SWNTS) is reported in Chapter Il, showing
that p- and 0-SWNTs are able to emit efficiently in the NIR despite the employment of
strong chemical treatments that shorten the tubes and introduce defect sites on the
nanotube surface.”’ In this chapter, NIR-PL spectroscopy (Figure 3.1) and zeta potential
measurements (Table 3.4) were carried out on p- and 0-SWNTs dispersed in DI water or
RPMI 1640 cell media. Taking into account that (1) the dispersion grade of CNTSs in the
biological media can affect both their in vitro* and in vivo* toxicity, (2) bundles of
SWNTs can be disrupted via non-covalent functionalisation with surfactants®® and (3)
in vitro cell responses seem to depend strongly on the surfactant employed,*+3#4
protein-based (BSA) and surfactant-based (Pluronic F68) methodologies were used for
dispersing p- and 0-SWNTs in an aqueous/biological environment. BSA is a water-

100,101

soluble globular protein that has been shown to adsorb on CNTSs surface and to

192 even in in vitro conditions.’®® BSA is

104,105

have an excellent dispersing capability
characterised by a pH-sensitive tertiary structure, which strongly affects its
capability of stabilising CNTs dispersions at varying pH. % Better-dispersed SWNTs

solutions are achieved at pH ranging between 4 and 8,'%

which was in agreement with
this study, where all SWNTSs solutions had a neutral pH (pH = 6-7). Pluronic F68 is a
biocompatible,®” linear copolymer of isopropylene glycol repeating units, with
properties very similar to a non-ionic surfactant.®® Pluronic F68 is able to stabilise
aqueous dispersion of SWNTs'®

successfully adopted in the toxicity testing of CNTs.***° SWNTs dispersions in DMSO

and copolymers of the Pluronic family are

were used as reference. For consistency both p- and o-SWNTs were dispersed in
DMSO.

NIR-PL spectroscopy (Figure 3.1) was employed to clarify the stability of p- and o-
SWNTs in RPMI 1640 cell media over time. As mentioned in Chapter Il (Section
1.1.2), NIR fluorescence is the optical property of SWNTs that is most sensitive to
sample dispersion grade. Aggregation of isolated nanotubes prevents in fact the

111,112

luminescence of SWNTSs and reduces PL intensity.™?** Better dispersions were
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achieved by addition of BSA and Pluronic F68 to the supplemented RPMI 1640 media
(Figure 3.1a, e). Shifts in the position of the NIR-PL peaks were shown when BSA or
Pluronic F68 was added, thus confirming the interaction of such dispersing agents with
the nanotubes’ surface. The higher NIR-PL intensity of o-SWNTs (Figure 3.1le)
suggested that the more hydrophilic o-SWNTs were better dispersed in cell media than
p-SWNTs (Figure 3.1a). Additionally, Pluronic F68 was less effective than BSA in
stabilising p- and 0-SWNTSs dispersions over time. The NIR-PL intensity of Pluronic
F68-stabilised dispersions decreased significantly after 24 and 72 h (Figure 3.1d, h),
whereas BSA was capable of forming dispersions that were rather stable over 72 h
(Figure 3.1c, g). This result found rationalization in the remarkable property of BSA to
stabilise SWNTs aqueous solutions even in the presence of monocationic (Na*) and
dication (Ca*") ions.**

The zeta potential of p- and 0-SWNTSs was negative at neutral pH (Table 3.4), similar
to previously reported findings.****'®" |n DI water, 0-SWNTSs showed high absolute
values of zeta potential with all surfactants: this may be due to the negative surface
charges associated with the dissociated carboxylic groups (COO) on their surface® or
to the higher dispersability of the more hydrophilic 0-SWNTSs in water (dispersions with
zeta potential above +30 mV or below -30 mV correspond to stable solutions*'®). Yet
the co-existence of the two phenomena is possible. When RPMI 1640 cell media was
added, the dispersions’ stability decreased (i.e., absolute values of zeta potential

118

decreased). Similar to what is observed with aqueous colloidal particles ° and to what

211 our results are attributed to the

is reported in previous studies on carbon nanotubes,
high ionic strength of RPMI 1640 cell media that suppressed the electrostatic repulsion
among tubes. Notably, p-SWNTs dispersions in RPMI 1640 cell media had higher zeta
potential than 0-SWNTSs suspensions. As shown by NIR-PL data, this is not associated
with a higher stability of p-SWNTSs dispersions in RPMI 1640 media, whereas it can be
explained by the passivation of the COO™ attached onto 0-SWNTs surface by the

positively charged components (such as cations, proteins) of the cell media.

3.2. CYTOTOXICITY ANALYSIS OF 2D CELL CULTURES

As per Hartung’s guidelines,3

we chose the HCSA system as the ideal tool in
simultaneously detecting changes in many cellular properties, thus producing a

comprehensive set of data that provide guidance on the toxic response of a whole
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organism.** Cell viability, cell membrane permeability, lysosomal mass/pH and nuclear
staining intensity changes are parameters commonly used for evaluating the cellular
cytotoxicity of chemical compounds,*? drugs and nanomaterials *>*?*?2In this study,
HCSA data (Figure 3.2) and cytokine secretion (Figure 3.10) consistently showed that
p- and 0-SWNTSs can cause cell stress no matter the purity grade, the reactive groups
present onto SWNTs surface, the dispersing agent used and/or the stability of the
dispersion. Even though contradictory cytotoxicity results have been shown on the
cellular response of macrophages in 2D cell models exposed to SWNTs,®0¢1123124 thege
results were in agreement with some studies recently reported in the literature.>®?
Additionally, although metal impurities seem to play a key role for the toxicity of
SWNTSs, 2001124126 racent studies did identify the CNTs themselves as the principle
cause of cytotoxicity in macrophages, rather than the catalysts.’”® In particular, the
HCSA data indicated that SWNTs can cause cell stress no matter the purity grade
and/or the dispersing agent used (Figure 3.2). Concentrations of p- and 0-SWNTSs used
in this study (120, 60, and 12 pg/mL, equivalent to 12x10™, 6x10* and 1.2x10™
pg/cell) were relatively high, but consistent with published studies. In recent in vitro
studies on macrophages responses, SWNTs concentrations varied from 0.3 — 10
ng/mL,*?® to 1 — 50 pug/mL,** 15 - 60 ug/mL,* 3 — 150 pg/mL,**’ 50 - 200 pg/mL,*?®
and finally up to 0.12 - 0.5 mg/mL.®* Also in these above referenced reports

contradictory cytotoxicity responses have been detected.

3.3. CYTOTOXICITY ASSAYS OF 3D CELL CULTURE MODELS

Cell viability analysis (Figure 3.3 and Figure 3.7) and cytokine secretion (Figure 3.11)
consistently showed no detectable cytotoxic response or cell stress in 3D cell aggregates
exposed to p- and 0-SWNTs in situ in the USWT or in culture. Furthermore,
epifluorescent microscopy analysis provided evidences that cell death had a random
distribution within SWNTs-treated 3D aggregates in situ in the USWT (Figure 3.4) and
in culture (Figure 3.9) and it was not localised in areas where cells were in direct
contact with the SWNTSs.

Using the USWT we successfully fulfilled the necessity of reproducing one of the
most important features of tissues in vivo, i.e. its three-dimensional architecture,
bridging the gap between in vitro cell models and complex in vivo studies'® and

offering added value on the prediction of SWNTs toxicity. 3D cell aggregates formed
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by USWT give rise to a more tissue-mimetic cell model compared to conventional 3D
cellular models. The USWT avoids in fact the introduction of polymeric 3D-cell-growth

substratest-1%3

while allowing intercellular adhesive interactions to occur among
cells.’**1% Additionally, it permits to monitor the cytotoxic response of cells to SWNTSs
without any interference by sedimentation processes.’®* To this end, the different
cytotoxic responses and cytokine release between the 2D and 3D cell models (both in
situ in the USWT and in culture) presented here, are most likely associated with the
addition of the third dimension in the cell culture models and the extensive cell-cell
interactions occurring in the 3D cell aggregates. It is a well-established fact that
enhanced cell adhesion contacts commonly result in the increased population viability,
in contrast to the loss of adhesion, or anoikis, leading to apoptosis.13 "In addition, some
intrinsic limitations of in vitro models, including the methods of exposing cells, do not
allow to accurately reproduce the physiologically coordinated responses among various
cell types in tissues and organs, and the delivery of SWNTSs in one single dose does not
reflect in vivo realistic conditions, where SWNTs are likely to accumulate gradually and
at different concentrations due to different penetration thresholds through the different
cellular layers. Further studies are necessary to clarify the cellular mechanisms involved

in the response of 3D cell models to nanomaterials, including SWNTs.

4. CONCLUSIONS

The study showed that the SWNTs-based NIR fluorescent probes (p- and 0-SWNTS)
were cytotoxic in 2D but not to the same extent in 3D cell culture models. As there is
great uncertainty when conducting toxicological studies of CNTs (mainly due to the
accuracy of the toxicity protocols and of the technologies employed until now), this
study clearly demonstrated the importance of 3D cell culture models. The ability to
rapidly and reproducibly form uniformly shaped and sized 3D aggregates by the USWT
is undoubtedly of high interest and potential in the screening of the toxicity of SWNTSs
and other nanomaterials. In addition to the opportunities to more closely imitate realistic
3D tissue microenvironments, these 3D models can help in identifying and establishing
necessary chemical modifications that are required to make such nanomaterials more
biocompatible for a range of biological and medical applications, such as biomedical

imaging.
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1. GENERAL PROCEDURES

Chemicals and solvents were purchased from commercial sources (Sigma-Aldrich and
Fisher Scientific) and used as received. Raw HIPCO SWNTs (r-SWNTs) were
purchased from Unidym® (Lot. R0546). r-SWNTs were purified and oxidized by Elisa
Del Canto (Trinity College Dublin) according to the procedure previously reported in
the literature.”* Raman and ATR/FT-IR analysis, as well as AFM measurements, were

also carried out by Elisa Del Canto.

1.1. PURIFICATION PROCEDURE OF SWNTS
r-SWNTs were stirred in 2.6 M HNO3; (1 mL HNO3 solution/1 mg nanotubes ratio)
under reflux at 100 °C for 48 h. The suspension was then cooled down to room
temperature, filtered through 0.2 pm Millipore® isopore filters and washed with distilled
water until the pH of the filtrate was neutral. The obtained purified SWNTSs (p-SWNTS)
were then carefully washed with organic solvents of increasing polarity (NMP, DMF

and MeOH) and dried under vacuum at 60 °C overnight.

1.2. OXIDATIVE PROCEDURE OF SWNTS

p-SWNTs were dispersed in a small amount of distilled water by means of sonication
for 10 min and piranha solution (H,SO4H,0, 30%, ratio 4:1) was then added (1 mL
piranha/l mg of nanotubes ratio). The reaction was stirred at 35 °C for 1 h. The
oxidation reaction was quenched by diluting the nanotubes suspension with ice. The
oxidized SWNTs (0-SWNTs) were then filtered through 0.2 pm Millipore® isopore
membranes. The product was collected as a black solid and washed with distilled water
until the pH of the filtrate was neutral. The 0-SWNTs were finally carefully washed
with increasing polarity organic solvents (NMP, DMF and MeOH) and dried under

vacuum at 60 °C overnight.
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2. MATERIALS AND METHODS OF CHAPTER |1

2.1. THERMAL GRAVIMETRIC ANALYSIS
Thermal Gravimetric Analysis was carried out on SWNTs powders on a PerkinElmer
Thermogravimetric Analyzer Pyris 1 TGA. The method used for recording the TGA
measurements in air flow was: (1) hold for 5 min at 30 °C; (2) heat from 30 °C to 100
°C at 10 °C/min; (3) hold for 20 min at 100 °C; (4) heat from 100 °C to 900 °C at 10

°C/min.

2.2. SPECTROSCOPIC CHARACTERISATION

Optical measurements were carried out in a 1 cm quartz cells on dispersions of r-, p-
and 0-SWNTs in aqueous sodium dodecylbenzene sulphonate (SDBS) at a
SWNTs:SDBS weight ratio of 1:25. The dispersions were obtained by sonication (sonic
tip, 2 min; sonic bath, 7 h) and the final pH of the dispersions was neutral. The
dispersions were then centrifuged at 4,000 RPM (corresponding to 900 xg) for 90 min.
NIR-PL studies were carried out in triplicate on supernatants in a LOT. ORIEL NS1
NanoSpectralyzer® (Applied Nanofluorescence, USA) at three different excitation
wavelengths (diode lasers at 638 nm, 683 nm and 785 nm) with an integration time of 1
s and 5 accumulations. Further NIR spectroscopic characterization was carried out on a
HORIBA Jobin Yvon Fluorolog-3 Spectrofluorometer equipped with a liquid N, cooled
InGaAs detector (Aexc = 683 nm and 785 nm). NIR-PL spectra on HORIBA Jobin Yvon
Fluorolog-3 Spectrofluorometer were collected after 1 cycle with 5 nm steps, 10 s of
exposure time and 14.7 nm slit width. Vis emission studies were carried out on a
PerkinElmer UV-Vis LS 55 Emission Spectrophotometer (Aexc = 420 nm, 638 nm, 683
nm, and 785 nm). Vis emission spectra were acquired with 1 accumulation, 15.0 nm slit
width and scan speed of 100 nm/min. Absorption spectroscopy was carried out on a
PerkinElmer UV-Vis/NIR Lambda 1050 Absorption Spectrophotometer. All the data
were recorded on supernatants after 1 cycle, with an interval of 1 nm, slit width 2 nm
and scan speed of 240 nm/min.

Raman spectra were obtained on SWNTs powders at room temperature in the
backscattering geometry using a RENISHAW 1000 MicroRaman system equipped with
a CCD camera and a Leica Microscope. As an excitation source, a laser at 633 nm was

used. The spectra were recorded after 4 accumulations with 10 s of exposure time.
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Infrared spectra were collected in the solid state on a PerkinElmer FT-IR
Spectrometer Spectrum 100 equipped with a universal ATR (Attenuated Total
Reflection) sampling accessory (diamond/ZnSe crystal). The spectra were recorded

after 256 scans with a 4 cm™ resolution.

2.3. NIR-PL EFFICIENCY CALCULATIONS

The NIR-PL transitions of SWNTs are strictly correlated with the specific (n,m)
nanotube structure.®* Therefore, a quantitative comparison of the NIR emission based
on the intensity of a specific NIR-PL band was not possible among SWNTs samples
treated with different chemical procedures, which introduce defects on the nanotubes
surface and may influence the sample (n,m) composition and cause doping effects. To
allow a simple quantitative comparison of the NIR-PL intensity of the various SWNTs
samples, their emission efficiency was therefore estimated. This value represents the
spectrally integrated emission values adjusted to the fraction of excitation light absorbed
by the sample. The emission efficiency was determined for the three Ay as follows (Eq.
4.1):

Emission efficiency = total emission power/ absorption at Aexc Eq.4.1

where the total emission power value corresponds to the integer of the total NIR
emission spectrum. The term referring to the absorption at the selected Aex. Was
included to avoid interference due to small differences in the SWNTSs concentration of
the samples. NIR-PL spectra were acquired three times for each sample to increase the
significance of the estimation. The emission intensity was then calculated as average
value (nexy = 3) * standard deviation. The results are normalised on the emission
efficiency of r-SWNTSs.

2.4. MICROSCOPIC CHARACTERISATION
For High Resolution Transmission Electron Microscopy (HR-TEM) SWNTs powders
were dispersed in high purity DMF ([SWNTs]i = 0.1 mg/mL) by sonic tip and sonic
bath. The samples were prepared by dropping an aliquot (10 uL c.a.) of the dispersions

on 200-mesh Cu holey carbon grids. After incubation for 5 min, the grids were drained,
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dried for 1 day at 37 °C and visualized under a Jeol 2100 operating at 200 kV with a
Lanthanum Hexaborise emission source.

Atomic Force Microscopy (AFM) topographic images were recorded in semi-contact
mode with an NT-MDT inverted configuration system. The r-, p- and 0-SWNTSs
samples were prepared by dispersing the nanotubes in high purity DMF by sonication
(sonic bath), spray-coating onto freshly cleaved mica substrates and drying overnight in
an oven at 90° C. The average length value was calculated on a sample population of
100 nanotubes.

2D Fluorescence Lifetime Imaging Microscopy was carried out with the
Microtime200 time-resolved confocal microscope system (PicoQuant) equipped with an
Olympus IX71 inverted microscope. An aliquot of the nanotubes dispersions in high
purity DMF ([SWNTs]; = 0.1 mg/mL) was dropped on a glass microslide (Corning,
USA), covered with a glass coverslip and sealed. The samples were excited with a
picosecond diode laser at 634 nm using an emission filter at 670 nm. The FLIM image
consisted of 250 x 250 pixels (80 x 80 um) with acquisition range 670-1000 nm.
Lifetime maps were calculated on a pixel-by-pixel basis by fitting the lifetime of each

pixel to the logarithm of the intensity.
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3. MATERIALS AND METHODS OF CHAPTER |11

3.1. PREPARATION OF p- AND 0-SWNTS DISPERSIONS

NIR-photoluminescence (PL) spectroscopy, zeta potential measurements and toxicity
tests were carried out on dispersions of p- and 0-SWNTs in RPMI 1640 cell media
(GIBCO, Bio Sciences Ltd., Ireland), with or without 100% bovine serum albumin
(BSA) (#A9647, Sigma-Aldrich) or 10% Pluronic F68 (SAFC Biosciences). Dry
powder p-SWNTs and 0-SWNTs were weighted and added to a 1:1 mixture of sterile
DMSO and sterile DI water at a concentration of 2 mg/mL (stock solutions). Stock
solutions were sonicated (sonic bath, 4 h) and aliquoted in three vials of 100 pL to
prepare the working solutions as follows: (1) 5 pL of sterile BSA was added (BSA-
stabilised dispersion); (2) 5 pL of Pluronic F68 was added (Pluronic F68-stabilised
dispersion); (3) the stock solution was left unchanged (DMSO-stabilised dispersion).
1.9 mL of RPMI 1640 cell media (supplemented with 2 mM L-glutamine, 10% foetal
bovine serum (FBS) and 10 mg/mL penicillin- streptomycin) was mixed to solutions 1,
2, and 3, thus obtaining a final SWNTSs concentration of 120 pg/mL. Serial dilutions in
supplemented RPMI 1640 cell media produced dispersions with concentration of 60 and
12 pug/mL of neutral pH. A schematic representation of the dispersions preparation is
shown in Figure 4.1, together with the percentage composition of each solution
obtained. Dispersions of p- and o-SWNTSs in DI water for zeta potential measurements

were prepared following the same protocol.
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+RPMI 1640 + RPMI 1640

12x102 6x102 1.2x102
mg/mL mg/mL mg/mL

[SWNTs];| DMSO BSA
(mg/mL)

12x102 | 2.5 vol. % 0.25vol. %
6x102 | 1.2 vol. % 0.12vol. %
100 uL BSA-stabilised dispersions 1.2x102 | 0.6 vol. % 0.6 vol. %

+5 L BSA
+1.9 mL RPMI 1640

[SWNTs],| DMSO | BSA/Pluronic F68

g ﬁ +1.9 mL RPMI 1640 (mo/mt)
— 2 &7 _— 12x102 | 2.5vol. % Ovol. %
< 6x102 | 1.2 vol. % Ovol. %
Stock solution 100 uL DMSO-stabilised dispersions 1.2x102 | 0.6 vol. % 0vol. %

[SWNTs];| DMSO Pluronic F68
(mg/mL)

12x102 | 2.5 vol. % 0.25vol. %

6x102 | 1.2vol. % 0.12vol. %

100 pL Pluronic F68-stabilised dispersions 1.2x102 | 0.6 vol. % 0.6 vol. %
.

+5 pL Pluronic F68
+1.9mL RPMI 1640 | 4

Figure 4.1. Preparation method of p- and o-SWNTs dispersions in RPMI 1640 cell media.
Schematic of the suspensions obtained and relative percentages of DMSO, BSA and Pluronic

F68 within each dispersion.

3.2. PHYSICO-CHEMICAL CHARACTERIZATION

NIR-PL studies were carried out on p- and 0-SWNTSs dispersions in supplemented
RPMI 1640 cell media ([SWNTs]; = 120 pg/mL) in a LOT ORIEL NSI
NanoSpectralyzer (Applied Nanofluorescence, USA) at excitation wavelength (Aexc) Of
683 nm over a period of 1 h with an interval of 3.6 min. Measurements were also
carried out at lexc Of 638 and 785 nm with similar results (data not shown). Zeta
potential measurements were performed on p- and 0-SWNTSs solutions in DI water or in
supplemented RPMI 1640 cell media by Zetasizer Nanoseries Nano-ZS (Malvern
Instruments, UK). Measurements were carried out in six replicates for each solution.

Data are reported as average.

3.3. CELL CULTURE
Human monocytic leukemia (THP-1) cells were obtained from the American Tissue
Culture Collection (ATCC, USA). Briefly, THP-1 cells were cultured in suspension in
modified RPMI 1640 media (supplemented with 2 mM L-glutamine, 10% foetal bovine
serum (FBS) and 10 mg/mL penicillin- streptomycin) and incubated at 37 °C and 5%
CO,. At 60% confluence, cells were diluted in modified RPMI 1640 media at
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concentrations appropriate for each experimental procedure. The passage number was
restricted between five and fifteen.

3.4. 2D CeLL CULTURE MODEL

THP-1 cells were seeded in 96-well plates at concentration of 20,000 cells/well (final
volume: 200 pL/well) using a Matrix WellMate (ThermoFisher Scientific, USA) and
activated with PMA (Sigma-Aldrich) for 72 h to induce differentiation into adherent
macrophages and stop their natural proliferation. After removing the cell media,
adherent THP-1 cells were exposed to p- and 0-SWNTSs dispersions. The final volume
of solution added was 200 pL/well. Three different doses of p- and 0-SWNTSs were
tested: 120, 60 and 12 pg/mL, corresponding to 12x10™, 6x10™ and 1.2x10™ pg/cell
respectively. The anticancer agent Paclitaxel (1.7 uM) (Sigma-Aldrich) was used as

positive control. Cells were exposed to SWNTs for 24 and 72 h.

3.4.1. Cytotoxicity analysis of 2D cell culture

Fluorescent staining: Supernatants were collected from each well for post-exposure
assays, and multiple washings with phosphate-buffered saline (PBS) were carried out in
order to completely remove SWNTSs from wells and avoid any potential interaction with
the staining dyes. The multiparameter Cytotoxicity 1 HitKit HCSA Reagent Kit
(ThermoFisher, USA) was used>® and staining was performed accordingly to previously
reported protocols.®’ Cytotoxicity 1 HitKit is formed by a cocktail of three fluorescent
dyes (MPCT1 Fluor Cocktail), which contain the following established fluorescent
biomarkers®®: (1) Hoechst Dye (blue dye) for labelling nuclei; (2) cell permeability
indicator (green dye) for labelling permeabilized cells; and (3) fluorescent weak base
(red dye) for labelling acidic organelles and measuring their pH and mass. A typical
HCSA output image of cells stained with the Cytotoxicity 1 HitKit is shown in Figure
4.2a. This kit allows the detection of changes in many cellular properties,®’ as described
in Figure 4.2b. Briefly: changes in cell viability are directly correlated to the toxic
effects of the material tested. Following a toxic insult, cells may also respond with
changes in nuclear intensity, and an increased nuclear intensity is generally associated
with the cell nuclei collapse and cell stress.® Changes in the cell membrane permeability
are often associated with an ongoing toxic or apoptotic responses and the loss of cell

membrane integrity is a common feature of marked cytotoxicity.® Finally, external
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agents can interfere with the normal cell physiology by affecting the mass, the number

or the function of organelles such as lysosomes.*°

Nuclei Membrane

Lysosomes Merged

b)
Summary of theHCSA assay
Fluorescent  Cell parameter Assessmentmethod
channel assessed
Cell e Number of nuclei identified per well
Blue growthdiability e Equivalent to number of cells per well
channel Nuclear e Average fluorescence intensity of pixels
intensity within nucleus
e Average fluorescence intensity of pixels
Cell S
Green b within the cytoplasm
channel memorane - Cell membrane is permeable when
permeability .
compromised
o Average fluorescence intensity of pixels
Lysosomal within the cytoplasm
Red
mass/pH e Increase fluorescence corresponds to
channel -
changes decreasedpH or increased lysosomes

number

Figure 4.2. (a) A typical HCSA output image of cells stained for nuclei, cell membrane and

lysosomes with the Cytotoxicity 1 HitKit. (b) Table summarising the HCSA cytotoxicity assay.

Imaging and HCSA Analysis: Measurements were carried out using the IN-Cell 1000
automated fluorescent microscope system (GE Healthcare, USA) and its associated
analysis software (In Cell Analyzer System, GE Healthcare, USA). 96-well plates were
read on IN-Cell Analyzer 1000 using three detection channels (461, 509 and 599 nm)
with three different excitation filters (A<503 nm, A>509 nm and A>599 nm). Ten
random microscopic fields were sequentially acquired by the IN-Cell 1000 automated
fluorescent microscope system at a magnification of 10x. Acquired images for each
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exposure time and dose were then analyzed by the IN-Cell Analyzer software
accordingly to previously reported procedures.®** No changes in cellular responses were
detectable when 2D cell cultures were exposed to solutions containing equivalent
amounts of DMSO, BSA or Pluronic F68 for 72 h (Figure 4.3).

Cell viability a) Nuclear staining intensity b)
16 HRPMI 1640 media 2 B RPMI 1640
®DMSO0 2.5 % 18 ®DMSO 2.5 %
«} T =DMSO 1.2% 16 ®DMSO 1.2%
T J. =pwmsoo.s% ig * B DMSO 0.6%
| EBSA0.25% 1 BBSA 0.25%
| EBSA0.12% 0.8 H [ [ ®=Bsao12%
| EBSA0.06% 0.6 | [| | =BsA0.06%
| BPluoronic F68 0.25% g': | | [ =Piuoronic Fes 0.25%
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Figure 4.3. Cytotoxicity control for 2D cell cultures of activated, “macrophage-like” THP-1
exposed to RPMI 1640 cell media supplemented with DMSO, BSA or Pluronic F68 (at the
working concentrations employed in the SWNTSs toxicity testing). HCSA quantitative data for
the changes in (a) cell viability, (b) nuclear staining intensity, (c) cell membrane permeability
and (d) lysosomal mass/pH. No significant changes in these cellular parameters were detected.

Heatmaps: Multiparameter HCSA data are presented as cluster heatmaps graphical
tables to highlight the potential differences in cellular responses among SWNTs
dispersions, concentrations and exposure times.”> For each SWNTs solution, the
changes in cytotoxicity-associated parameters are presented in colorimetric gradients at

the three different concentrations tested.
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3.5. 3D CELL CULTURE MODEL
1 mL non-activated THP-1 cells were transferred to an eppendorf, centrifuged and re-
suspended in supplemented, fresh RPMI 1640 cell media to a final concentration of
1x10° cells/mL.

3.5.1. Ultrasound standing wave trap (USWT) and optical system
USWT consists of three features: a transducer (Ferroperm, Kvistgard, Denmark) in a
housing of radial symmetry, an aqueous phase, and a reflector that provided optical
access from the top as previously described*®**

a function generator (Hewlett—Packard 33120A, UK). A fast, high-resolution XM10

(Figure 4.4a). The trap was driven with

camera (Soft Imaging System, SIS, GmbH, Munster, Germany) mounted on an
Olympus BX51M reflection epi-fluorescence microscope allowed observation in the
direction of sound propagation (negative z-axis)** (Figure 4.4b). Images were captured
by a standard PC equipped with the Cell-D image acquisition and processing software
(Soft Imaging System, SIS, GmbH).

Reflector

TN

\,—-}‘5/ s Ultrasonic
B8 3 Frequen
Active area __1'_[? /." Vul:]nge Y | ___ Light Source
Sample — g
In-/Outlet 1 S
Resonator]
z-axis
T Sample
Transducer \ ) SMA Input
connector
a) b)

Figure 4.4. (a) Ultrasound standing wave cell manipulation device (USWT). (b) Schematic of
the experimental setup for sample loading, ultrasound generation and image capturing by epi-

fluorescence microscope (adapted from images by Coakley et al.” and Bazou et al."®).

3.5.2. 3D cells aggregates in situ in the USWT
Cells were introduced into the USWT, the ultrasound was switched on for 10 min at
0.85 MPa (at which point the aggregate was mechanically robust'®), and a 3D aggregate
was formed (Figure 4.5a) as previously described.'® In this work, aggregates consisted
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of approximately 36,000 THP-1 cells, while their size was 1.5 mm circa in diameter
(Figure 4.5a). p- or 0-SWNTSs dispersions (DMSO-, BSA- and Pluronic F68-stabilised
suspensions) at concentration of 120 ug/mL, corresponding to approximately 1.2x10™
pg/cell, were introduced into the USWT and surrounded completely the 3D aggregate
(Figure 4.5c). After 24 h, 3D THP-1 cell aggregates had a closely packed morphology
with few small empty spaces (Figure 4.5b and 4.5d). 3D cell aggregates were exposed
to SWNTs samples for 24 h in situ in the USWT and monitored by microscopy.
Aggregates perfused with fresh, supplemented RPMI 1640 cell media or Paclitaxel

served as negative and positive controls, respectively.

Figure 4.5. Typical 3D cell aggregates levitated in the USWT for (a) 5 min and (b) 24 h. After
24 h (b) the aggregate morphology was more closely packed. (c, d) SWNTSs are visible as black
agglomerates encapsulating the cell aggregate. Cell concentration: 10° cells/mL; SWNTSs

concentration: 1.2x10™ pg/cell. Scale bar: 40 um (10x magnification).

3.5.3. 3D cells aggregates in culture
In these series of experiments, THP-1 cells were treated with 2 uL PMA (0.5 mM) to
induce their differentiation into adherent macrophages. Following this, formation of 3D
cell aggregates in the USWT proceeded as described above. However, aggregates were
recovered from the trap after the 10 min period with a sterile 2-mL syringe (Plastipak,
Becton Dickinson, UK), plated in 24-well plates (one 3D aggregate/well) and
subsequently exposed to p- and 0-SWNTs as described above. PMA-activated 3D

aggregates had an average height of 25-30 um.
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3.5.4. Characterisation of 3D cells aggregates in culture

Non-treated and PMA-treated 3D cell aggregates were formed in the USWT as
described in Paragraph 3.5.3. 3D cell aggregates were subsequently recovered and
deposited on glass coverslips in 24-well plates. After 0, 24 and 72 h of incubation 3D
aggregates were carefully recovered from the wells and placed on a HistoBond
microscope slides (RA Lamb, UK). Samples were then fixed with 90% ethanol and
subsequently rinsed with saline. F-actin was labelled by adding 2U/mL of Phalloidin-
Alexa 488 conjugate (Invitrogen, UK). The slides were incubated at room temperature
in the dark for 30 min, rinsed with saline and mounted in Vectashield (Vector, UK)
prior to epifluorescence and confocal microscopy. Specimens were examined with an
(1) Olympus BX51M reflection epi-fluorescence microscope equipped with standard PC
and the Cell-D image acquisition/processing software (Soft Imaging System, SIS,
GmbH), and (2) ZEISS 510 Meta confocal microscope (Carl Zeiss, Axiovert, Germany)
equipped with Zeiss LSM Image Browser. One channel qualitative confocal imaging
was carried out by acquiring a series of Z-stack images to verify the extent of cell-to-

cell interaction and binding as a function of exposure time.

3.5.5. Cytotoxicity Analysis of 3D cell cultures

All SWNTs dispersions were tested on 3D aggregates in duplicate in both in situ in the
USWT and in culture.

Trypan Blue exclusion assay: 3D aggregates were collected from the USWT and
from the wells after exposure to p- or 0-SWNTSs, centrifuged and re-suspended in 10 puL
of fresh RPMI 1640 cell media. 10 pL of 0.4% Trypan Blue solution (Invitrogen,
Molecular probes, Oregon, USA) was then added. Blue-stained/dead cells and viable
cells were counted and percentage cell death was calculated as follows (Eq. 4.2):

dead cells

% cell death = x 100 Eq. 4.2

(viable cells+dead cells)

It is important to note that Trypan Blue exclusion assay does not interact with
SWNTs."
Live/Dead Cytotoxity assay: The LiveDead Cytotoxicity Kit for mammalian cells

(Invitrogen, Molecular probes, Oregon, USA) was used. The kit is formed by two
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components: Calcein AM and ethidium homodimer-1 (EthD-1). SWNTs do not interact
with the Live/Dead cytotoxicity assay."’

For 3D cells aggregates in situ in the USWT, 2 uL of EthD-1 (2mM) and 200 uL
Calcein AM (20 puM) were added to 800 pL of non-activated THP-1 cells (10°
cells/mL). After incubation at 37 °C/5% CO, for 30 min, 3D cell aggregate formation
and perfusion of SWNTSs proceeded as described above. 3D aggregates were examined
at low magnification (5x) at 1, 3, 7 and 24 h. Quantification of live/death cells within
each 3D cell aggregate was carried out using Image Pro7 software (Media Cybernetics
Inc., USA) by applying advanced image filtering, object recognition and counting
algorithms on the collected fluorescent images.

For 3D aggregates in culture, aggregates were collected from the wells, centrifuged,
and re-suspended in 800 uL. RPMI 1640 cell media. 2 uL of EthD-1 (2mM) and 200 pL
Calcein AM (20 uM) were added. After incubation at 37 °C/5% CO; for 30 min, cells
were washed by multiple steps of centrifugation and the percentages of live/dead cells
was quantified by flow cytometry (Facs Canto™ II, BD, USA).

Confocal Microscopy of 3D aggregates in culture: 3D cell aggregates (PMA-
activated) were formed in the USWT as described before, subsequently recovered and
deposited in a 8-well glass-borosilicate chamber slide and incubated for 24 h at 37 °C
with or without p-/0-SWNTSs. After 1 day in culture, 300 uL of staining solution (EthD-
1 2mM, Calcein AM 20 uM) was added to each well. After incubation in the dark for 45
min, aggregates were washed with sterile PBS. Specimens were immediately analyzed
with a ZEISS 510 Meta confocal microscope (Carl Zeiss, Axiovert, Germany) equipped
with Zeiss LSM Image Browser. Two channel qualitative confocal imaging was carried

out by acquiring a series of Z-stack images.

3.6. CYTOKINES SECRETION OF 2D AND 3D CELL MODELS
The concentrations of natural human Interleukin-6 (IL-6) and human Tumour Necrosis
Factor-alpha (TNF-a) secreted by the exposed THP-1 cells were measured by ELISA
assays (DuoSet ELISA Development kit, R&D Systems: human TNF-a/TNFSF1A;
human IL-6) and compared to the relevant controls. The assays were repeated in
duplicate. The optical density of each well at 450 nm was determined by means of a
Epoch microplate reader ( Biotek, USA), calibrated against standards, and corrected by

subtracting the optical aberration of the 96-well plastic plate. The cell count for 2D and
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3D cell cultures was carried out by HCSA and Trypan Blue exclusion assay
respectively, in order to quantify the cytokine production as picograms per cell (pg/cell)

or pictograms per mL (pg/mL) at the different concentrations and timepoints.

3.7. STATISTICAL ANALYSIS

A two-way analysis of variance (ANOVA) followed by a Bonferroni post-test
analysis were carried out for all HCSA and cytokine assays (Prism; Graph-Pad Software
Inc., USA). p < 0.05 was considered statistically significant and was denoted with (*) in
the graphs. p values are reported in Chapter VI (Section 4). HCSA and ELISA data, as
well as the results obtained by Trypan Blue exclusion and Live/Dead assays, are
presented as mean values (nest=2) + standard error of the mean and normalized to the
negative control. Due to the large amount of information acquired by HCSA, a data
mining and exploration platform was used (KNIME (http://KNIME.org, 2.0.3) in
combination with a screening module HiTS (http://code.google.com/p/hits, 0.3.0) in
order to screen and normalise all parameters under investigation as previously
reported.”> All measured parameters were normalised using the percentages of the
positive control. Z score was used for scoring the normalised values. These scores were
summarised using the mean function as Z score = (x-mean)/StDev, as previously
reported.'® Heatmaps (i.e., graphical illustration in a colorimetric gradient table format)
were adopted as the most suitable schematic representation to report on any statistical
significance and variation from normalised controls based on their Z score value.
Heatmap tables illustrate the range of variation of each quantified parameter from the

minimum (green), through the mean (yellow), to the maximum (red) value.
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1. CONCLUSIONS

This study shows for the first time that covalently modified SWNTs (p- and o-
SWNTSs) emit efficiently in the near-infrared region, despite the introduction of defects
on their surface. The possible employment of p- and 0-SWNTs as NIR fluorescent
imaging probes was validated in vitro by FLIM analysis, thus proving the potential
employment of SWNTSs bioimaging agents that, thanks to the chemical treatments, have
biological advantages in terms of biocompatibility and “ease of use” as compared to
conventional, non-covalently modified SWNTSs. In particular, the main advantages of
the covalently modified SWNTs-based NIR fluorescent probes are (1) the controlled
removal of the synthetic by-products™ (namely, residual catalyst particles and
amorphous carbon) that are cytotoxic at high concentrations®’ and (2) a more controlled
chemistry on the nanotubes surface,® i.e. control over the number of functional
molecules that may be attached for targeting and the well-defined stability of the linker
that connects them to the nanotube (the risk of macromolecule desorption or exchange
with components of biological fluids is avoided). Upon definition of a novel toxicology
testing protocol, based on robotised testing platforms (HCSA), in silico methods
(heatmaps) and for the first time on 3D tissue-mimetic cell models, the toxicological
impact related to the use of such structures as NIR-fluorescent probes was tested,
demonstrating conclusively the potential use of less-toxic, purified and covalently-
functionalised SWNTs as NIR photoluminescence agents for molecular imaging.
Additionally, this study clearly underlines the importance of incorporating 3D tissue-
mimetic cell models in the assessment of SWNTSs toxicity and strongly advocates the

pressing need for the redefinition of the established nanotoxicology protocols.

2. FUTURE WORK

Future studies will employ covalently functionalised SWNTs-based imaging probes in
in vitro and in vivo systems for real-time NIR bioimaging, while further experiments
will further explore the use of 3D tissue-mimetic cell models as a novel, cost-effective
technique to evaluate the toxicity of nanomaterials, bridging the gap between in vitro

and in vivo studies.
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Figure 5.1. HCSA qualitative results for (a-d) macrophages, (e-h) gastric cells and (i-l)
epithelial cells exposed to 8-methoxy-6-nitro-BIPS for 24 h. The composite images show the
cells stained for: (i) nuclei (in blue); (ii) cell membrane (in green); and (iii) lysosomes (in red).
The results for two representative concentrations (10° M and 10° M) are reported. (b, f, g)
Significant image fields showing decreased cell viability and increased cell membrane
permeability at 10° M. (c, g, k) The cell viability results comparable to the negative controls at
10 M. Image size: 0.897mm x 0.671 mm (10x objective).

Additionally, the potential development of light-responsive SWNTs-based Vis
imaging probes will be considered. Our group has recently reported novel smart
multifunctional nanodevices formed by SWNTs covalently functionalised with
spiropyrans,” while a label-free colorimetric assay for detecting lysozyme was
developed by functionalizing MWNTSs with spiropyrans.’® Spiropyrans are molecular
switches that can be reversibly converted between two or more stable states in response
to stimuli.”* They may exist in three different forms: the colourless closed or spiro form
(SP), the highly conjugated coloured open form referred to as merocyanine (ME) and
the protonated open form (MEH). Switching among these three states is possible upon
irradiation with UV and Vis light (photochromism) and by addition of an acid or a
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base.*™ As a result of their ability to alter their structural conformation in response to
various photochemical stimuli, researchers have investigated these compounds for

various applications, such as imaging in living cells by optical lock-in detection (OLID)

h*>!® and stimulated emission depletion (STED) microscopy.!’ Recently, these

18,19

approac

molecules have been integrated in nanometre-sized molecular machines, showing

that such compounds have also considerable potential for biological applications as
light-controlled nanosensors and drug delivery nanosystems.?’ Our group has shown
that spiropyrans preserve their photochromism when the molecule is anchored to the
nanotube scaffold,” while our cytotoxic results clearly show that strong toxic effects on
macrophages (THP-1 cells), gastric (AGS) and epithelial (A549) cells are unlikely as a
result of continuous exposure to the spiropyran at micromolar concentrations (Figure
5.1) over a 72 h exposure period.”' These results demonstrate that spiropyrans have
considerable promise as integral and active components in biologically relevant
nanosensors or nano-sized Vis imaging probes. Future studies will examine the
relevance of spiropyran-SWNTs conjugates as Vis imaging probes and their potential

toxic impact on human health.
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1. SUPPLEMENTAL INFORMATION OF CHAPTER 11

1.1. HIGH CONTENT SCREENING AND ANALYSIS (HCSA) DATA
In the following the HCSA data presented in Chapter Ill in the form of heatmap are
plotted in line-symbol graphs as average value + standard error of the mean. The data
are normalised on the negative control at t = 0 h. The symbol (*) indicates significant
changes (p < 0.05) in the cell parameter investigated as compared to the negative

control.
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Figure 6.1. Changes in the THP-1 cells viability after exposure to (a, b, ¢) p-SWNTs and (d, e,
f) 0-SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTs at
concentration of (a, d) 12x10™ ug/cell, (b, e) 6x10* pg/cell, (c, f) 1.2x10™ ug/cell. DMSO-
stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue) dispersions were

tested for each concentration.
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Figure 6.2. Changes in the cell membrane permeability of THP-1 cells exposed to (a, b, ¢) p-
and (d, e, f) 0-SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTs
at concentration of (a, d) 12x10™ pg/cell, (b, €) 6x10™ pg/cell, (c, f) 1.2x10™ pg/cell. DMSO-
stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue) dispersions were

tested for each concentration.
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Figure 6.3. Lysosomal mass/pH changes in THP-1 cells exposed to (a, b, ¢) p- and (d, e, f) o-
SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTs at
concentration of (a, d) 12x10™ ug/cell, (b, e) 6x10™ pg/cell, (c, f) 1.2x10™ ug/cell. DMSO-
stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue) dispersions were

tested for each concentration.
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Figure 6.4. Nuclear intensity changes in THP-1 cells exposed to (a, b, ¢) p- and (d, e, f) o-
SWNTs for 24 and 72 h in 2D cell cultures. THP-1 cells were exposed to SWNTs at
concentration of (a, d) 12x10™ ug/cell, (b, e) 6x10™ pg/cell, (c, f) 1.2x10™ ug/cell. DMSO-
stabilised (grey), BSA-stabilised (red), and Pluronic F68-stabilised (light blue) dispersions were

tested for each concentration.
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1.2. STATISTICAL ANALYSIS — p VALUES
In the following the statistical significance (p values) of changes in cellular parameters
(detected by HCSA in 2D cell cultures, and by Trypan Blue exclusion assay and
Live/Dead Cytotoxity assay in 3D cell cultures) and cytokines secretion levels
(measured by ELISA assay) in 2D and 3D cell models exposed to p- and 0o-SWNTSs are

presented.

Table 6.1. Statistical significance of the cell viability changes in 2D cell models exposed to (a)
p- and (b) 0-SWNTs for 24 and 72 h (ANOVA test; ns: p > 0.05).

a) p-SWNTs Concentration | Time point | p values
(Hg/cell) (h)
12x10-4 24/72 p<0.001
DMSO 6x10-4 24 /72 p<0.001
1.2x104 24/72 p < 0.001
12x10-4 24 /72 p<0.001
6x10-4 12142 p<0.001
BSA
1.2x104 24 p<0.001
1.2x104 72 p<0.01
12x104 24 /72 p < 0.001
Pluronic F68 6x10-4 24/72 p<0.001
1.2x104 24 /72 p<0.001
b) | 0-SWNTs Concentration | Time point | p values
(Hg/cell) (h)
12x104 24/72 p<0.001
DMSO 6x10-4 24 /72 p<0.001
1.2x104 24 /72 p<0.001
12x104 24/72 p<0.001
BESA 6x10-4 24/72 p<0.001
1.2x104 24 p<0.01
1.2x104 72 ns
12x10-4 24 /72 p<0.001
Pluronic F68 6x10-4 24/72 p<0.001
1.2x104 24/72 p<0.01
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Table 6.2. Statistical significance of the cell membrane permeability changes in 2D cell models

exposed to (a) p- and (b) 0-SWNTs for 24 and 72 h (ANOVA test; ns: p > 0.05).

a)

p-SWNTs Concentration | Time point p values
(ng/cell) (h)
12x104 24 /72 ns
6x104 24172 ns
DMSO
1.2x104 24 p<0.05
1.2x104 72 ns
12x104 24 ns
12x104 72 p<0.001
6x104 24 ns
BSA
6x10-4 72 p<0.001
1.2x104 24 ns
1.2x104 72 p < 0.001
12x104 24 ns
12x104 72 p<0.01
Pluronic F68
6x10-4 24 /72 ns
1.2x104 24 /72 ns
0-SWNTs Concentration | Time point p values
(Hg/cell) (h)
12x104 24 p<0.05
12x104 72 p<0.001
DMSO 6x10-4 24 p<0.001
6x10-4 72 ns
1.2x104 24 /72 p<0.001
12x104 24 p<0.001
12x104 72 ns
BSA
6x10-4 24 /72 p<0.001
1.2x104 24 /72 p<0.01
12x104 24 ns
12x104 72 p<0.001
6x104 24 p<0.05
Pluronic F68
6x104 72 ns
1.2x104 24 p<0.01
1.2x104 72 p<0.001
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Table 6.3. Statistical significance of the lysosomal mass/pH changes in 2D cell models exposed
to (a) p- and (b) 0-SWNTs for 24 and 72 h (ANOVA test; ns: p > 0.05).

a) p-SWNTs Concentration | Timepoint | p values
(Hg/cell) (h)
12x104 24/72 ns
DMSO 6x104 24/72 ns
1.2x104 24/72 ns
12x104 24 ns
12x104 2 p<0.05
BSA 6x104 24/72 ns
1.2x104 24 ns
1.2x104 72 p<0.05
12x104 24/72 p<0.05
Pluronic F68 ex10” 24772 ne
1.2x104 24 p<0.01
1.2x104 72 ns
b) | 0-SWNTs Concentration | Timepoint | p values
(Hg/cell) (h)
12x104 24 ns
12x104 72 p<0.05
BiiEE 6x104 24 p<0.01
6x104 72 ns
1.2x104 24 p<0.01
1.2x104 72 ns
12x10-4 24 ns
12x104 72 p<0.05
BESA 6x10-4 24 ns
6x104 72 p<0.05
1.2x104 24 p<0.05
1.2x104 72 p<0.01
12x104 24 ns
12x104 72 p<0.05
Pluronic F68 6x10+ 24172 ns
1.2x10+4 24 p<0.05
1.2x104 72 ns
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Table 6.4. Statistical significance of the nuclear intensity changes in 2D cell models exposed to
(a) p- and (b) 0-SWNTSs for 24 and 72 h (ANOVA test; ns: p > 0.05).

a)

p-SWNTs Concentration | Timepoint | p values
(Hg/cell) (h)
12x104 24/72 p<0.01
DMSO 6x104 24/72 p<0.01
1.2x104 24 /72 ns
12x104 24 /72 ns
BSA 6x104 24 /72 ns
1.2x104 24/72 ns
12x104 24 /72 p<0.05
Pluronic F68 6x104 24/72 ns
1.2x104 24/72 ns
0-SWNTs Concentration | Timepoint | p values
(Hg/cell) (h)
12x104 24/72 p<0.001
DMSO 6x104 24 /72 ns
1.2x104 24 /72 ns
12x104 24 /72 ns
BSA 6x104 24/72 ns
1.2x104 24 /72 ns
12x104 24 p<0.01
12x104 72 p<0.001
Pluronic F68 6x104 24 ns
6x104 72 p<0.05
1.2x104 24 /72 ns
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Table 6.5. Statistical significance of the cell death detected by Trypan Blue exclusion assay in
3D cell aggregates exposed to (a, ¢) p- and (b, d) 0-SWNTSs for 24 h (a, b) in situ in the USWT
and (c, d) in culture (ANOVA test; ns: p > 0.05).

a) | p-SWNTs p values C) | p-SWNTs p values
DMSO ns DMSO p<0.05
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns

b) 0-SWNTs p values d) 0-SWNTs p values
DMSO ns DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns

Table 6.6. Statistical significance of the cell death detected by Live/Dead Cytotoxicity assay in
3D cell cultures exposed to (a, ¢) p- and (b, d) 0-SWNTSs for 24 h (a, b) in situ in the USWT or
(c, d) in culture (ANOVA test; ns: p > 0.05).

a) p-SWNTs Time point p values
(h)
1-7 ns
DMSO
24 p < 0.001
1-3 ns
BSA 7 p<0.01
24 p<0.05
1-3 ns
Pluronic F68 7 p<0.05
24 ns
b) | 0-SWNTs Time point p values
(h)
DMSO 1-24 ns
BSA 1-24 ns
Pluronic F68 1-24 ns
C) p-SWNTs p values d) 0-SWNTs p values
DMSO p<0.05 DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns
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Table 6.7. Statistical significance of the (a) TNF-a and (b) IL-6 expression levels detected by
ELISA assay in 2D cell cultures exposed to p-SWNTSs for 24 and 72 h (ANOVA test; ns: p >

0.05).

a)

p-SWNTs Concentration | Timepoint | pvalues
(ng/cell) (h)
12x104 24 /72 ns
6x10-4 24 p <0.001
DMSO 6x10-4 72 ns
1.2x104 24 p <0.001
1.2x104 72 ns
12x104 24 ns
12x104 72 p <0.01
_— 6x10-4 24 ns
6x10-4 72 p <0.001
1.2x104 24 p <0.01
1.2x104 72 p <0.001
12x104 24 /72 ns
Pluronic F68 6x10+ 24172 ns
1.2x104 24/72 ns
p-SWNTs Concentration | Time point | p values
(Hg/cell) (h)
12x104 24 p<0.01
12x10-4 72 ns
DMSO 6x10-4 24/72 ns
1.2x104 24 p<0.01
1.2x104 72 ns
12x104 24 /72 p<0.01
e 6x10-4 72172 p<0.05
1.2x104 24 ns
1.2x104 72 p<0.001
12x10-4 24 p<0.001
12x10-4 72 ns
Pluronic F68
6x10-4 24 /72 ns
1.2x104 24172 ns
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Table 6.8. Statistical significance of the (a) TNF-a and (b) IL-6 expression levels detected by
ELISA assay in 2D cell cultures exposed to 0-SWNTSs for 24 and 72 h (ANOVA test; ns: p >
0.05).

a) | 0-SWNTs Concentration | Time point | p values
(Hg/cell) (h)
12x104 24 p <0.001
12x104 72 ns
g6 6x10-4 24 p <0.001
6x10-4 72 ns
1.2x104 24 p <0.05
1.2x104 72 ns
12x104 24 p <0.001
12x104 72 p <0.01
B 6x10-4 24 p <0.001
6x10-4 72 ns
1.2x104 24 p <0.01
1.2x104 72 ns
12x104 24 p <0.001
12x104 72 p <0.05
Pluronic F68 6x104 24 ns
6x10-4 72 p <0.05
1.2x104 24/72 ns
D) | 0-SWNTs Concentration | Timepoint | p values
(ng/cell) (h)
12x104 24 p <0.001
12x104 72 ns
g6 6x10-4 24 p <0.001
6x10-4 72 ns
1.2x104 24 p <0.05
1.2x104 72 ns
12x104 24 p <0.001
12x104 72 ns
BSA 6x10-4 24 p <0.01
6x104 24 ns
1.2x104 24/72 ns
12x104 24 p <0.001
12x104 2 p <0.01
Pluronic F68 6x104 24/72 p <0.001
6x10-4 24/72 p <0.01
1.2x104 24 p <0.001
1.2x104 72 ns
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Table 6.9. Statistical significance of the (a, b) TNF-a and (c, d) IL-6 expression levels in 3D
cell cultures exposed to (a, ¢) p- and (b, d) 0-SWNTSs in situ in the USWT (ANOVA test; ns: p >

0.05).

a) | p-SWNTs p values C) | p-SWNTs p values
DMSO ns DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns

b) | 0-SWNTs p values d) | 0-SWNTs p values
DMSO ns DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns

Table 6.10. Statistical significance of the (a, b) TNF-a and (c, d) IL-6 expression levels in 3D
cell aggregates exposed to (a, ¢) p- and (b, d) 0-SWNTs in culture (ANOVA test; ns: p > 0.05).

a) p-SWNTs p values c) p-SWNTs p values
DMSO ns DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns

b) | 0-sWNTs p values d) | 0-SWNTs p values
DMSO ns DMSO ns
BSA ns BSA ns
Pluronic F68 ns Pluronic F68 ns
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