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Summary

Nanomaterials often act as a double sword. On the one hand they offer new exceptional properties,
on the other one show signs of toxicity. High Aspect Ratio Nanomaterials (HARNs) cause more concern
than isometric nanoparticles because of their physical similarity with asbestos. Many compounds may be
prepared in fibrous shape with nano-sized diameter differing one from the other in various ways. This re-
view reports a comparative picture of the chemical features and related toxic responses to a variety of
HARNSs, namely carbon nanotubes, asbestos, carbon nanofibres, oxide and metal wires and rods. In spite
of similarities in form, durability and several biological responses elicited in vitro and in vivo, carbon nano-
tubes, - opposite to asbestos - quench radicals, are hydrophobic and may be fully purified from metal im-
purities. Most of the other HARNs produced so far are metal or metal oxide compounds, less biopersistent

than carbon nanotubes.

Key words: HARNs, Carbon Nanotubes, Carbon Wires, Asbestos, Gold Nanorods, Nanowires, Nano-
Chrysotile, Free Radicals, Hydrophilicity/Hydrophobicity, Free Radical Generation, Free Radical Quenching,

Nanotoxicology.
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1 INTRODUCTION

1.1 Nanosized materials as a double sword

Nanotoxicology - the new discipline which parallels the enthusiastic development of nanotechnology -
stems from the experience of different groups of scientists. When - about a decade ago - it became clear
that appropriate methods in nanotechnology would have allowed the synthesis of nano particles in con-
trolled shape and size, biomedical scientists were quite excited by the idea that such materials could be-
come versatile devices for diagnostic, drug delivery or “intelligent” cancer cells killers. Beside medical ap-
plications several industries looked at the new materials such as carbon nanotubes as an excellent way to

improve various productions by means of an extremely strong, nearly inert and light material.

In the mean time particle toxicologists and pathologists were alarmed by the possible exposure of
workers and users to particles of unknown toxicity (which could be more pronounced on smaller particles
than those traditionally studied), let alone the idea of a biopersistent particle being injected on purpose in
the body [1-5]. On several occasions the media stressed the (potential) toxicity of nanoparticles but most
unfortunately a general idea that any nanoparticle is hazardous just because of its size was retained, in

spite of what reported in several books, reviews and experimental studies.

Information on the hazard associated to each kind of nanoparticles is much required in order to de-
cide whether to develop its production, stop it, or at least provide sufficient precautionary procedures

during production, use and disposal.

When it comes to nanomedicine only a correct balance between risks and benefits will allow to take
sound decisions. For instance at the American Chemical Society Fall Meeting held in Boston in 2010 it was
proposed to employ radioactive salts sealed inside carbon nanotubes for targeted radiotherapy. This is
obtained by chemical modification of the surface of the tubes with sugar or other targeting molecules.
The sugar could play a variety of roles, making the nanotubes soluble and stopping them from clumping

together as well as providing a site for proteins to recognize. Sealed up carbon nanotubes with radioactive
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salts inside would provide an excellent tool in targeted radiotherapy [6]. Under such circumstances any
potential toxicity of the nanotube itself is not relevant, when compared to the benefit to reduce the tissue

injury arising from traditional radiotherapy.

Clearly nano sized materials may act as a double sword as, on the one hand, they may fulfil several
tasks never thought before, on the other one - because of several factors including their size - they may

turn out to be a very hazardous material.

1.2 What makes a particle or a fibre toxic?

Particle and fibre toxicology is nowadays a relatively large field of toxicology involving several occupa-
tional and environmental issues. It is somehow an ancient discipline which has been deeply investigated in
the last decades. Silicosis, the disease caused by crystalline silica dusts, is one of the most ancient occupa-
tional pathologies, reported by Hippocrates in 400 BC and by Plinio in 70 AD. Following a large number of
studies the mechanism of action of silica at the molecular level has been partly clarified, even if some of
the steps yielding the disease are still obscure or controversial because of the complexity of the physico-
chemical features involved when the toxicant is in the solid state [7]. Beside silicosis several other particle
or fibre associated pathologies are well known — e.g. asbestosis, mesothelioma, lung cancer, hard metal
diseases - while there is not yet any medical evidence of “nanopathologies”, i.e. a pathology caused by a

material because it is in nano-size.

Many signs of toxicity appear from in vitro and in vivo studies on some nanomaterials which suggest
caution in their use, before they might damage human life and the environment. Traditional particle toxi-
cology has clearly evidenced that the pathogenic response to an inhaled fibre does not concern a single
step but is the sum of several subsequent events, each of which is determined by different physico-
chemical features of the particle considered. Three major factors act together, namely the “form” of the
particle, its crystal and surface composition and its biopersistence [8]. Form stands for fibrous vs isomet-
ric, nano vs. micron sized, smooth vs. indented, crystalline vs. amorphous particle. Biopersistence_deter-

mines the time the particle remains unaffected into a given biological compartment, thus together with
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the administered dose or the exposure determines the correct “dose”, meaning the extent of interaction
of the body with that given material. Finally surface composition determines the nature of the contact of
the particle with living matter, i.e. fluids cells and tissues. Surface reactivity, the potential to adsorb bio-
molecules, to disrupt cell membranes, to adhere to a given substrate are features derived from the chem-
ical composition of a surface, which ultimately determine safety, biocompatibility or toxicity of a given

kind of (nano) material.

1.3 Why a specific study on HARNs

HARNSs is the term employed to indicate high aspect ratio - or fibre shaped — nanoparticles, a group of
nanomaterials which deserve a specific approach [9]. They share with asbestos an elongated fibrous
shape, one of the factors (associated to biopersistence and surface composition) which contributes to the

high carcinogenic potential of asbestos.

The fibrous form has a specific role in toxicity as it is the cause of failed phagocytosis and of the trans-
location in various biological compartments, typically the parietal pleura. Macrophage clearance is one of
the major route whereby the body defences get rid of unwanted foreign materials. Inhaled particles which
do not damage the phagolysosome membrane may be easily engulfed by alveolar macrophages and
transported to the lymphatics. When the material is in fibrous form the macrophage attempts often end
up with frustrated phagocytosis and macrophage death, following the scheme reported in Figure 1, which
may apply also to inflammatory reactions occurring in body compartments other than the lung. Long fi-
bres cannot by phagocyted, while the short one are more easily uptaken and cleared, which explains the
higher toxic potency of long vs. short fibres [9]. However beside fibre dimensions also surface reactivity
determines the fate of the fibre and its ultimate toxicity [10] (Figure 1). In the case of isometric silica par-
ticles, for instance, surface reactivity determines reactions with the phagosome membrane and cell death

[11].
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There are nowadays several nanomaterials exhibiting one or two dimensions in the nanosize range - a
typical example are respectively graphene sheets and carbon nanotubes - which make them different

from “regular” isometric nanoparticles, having all three dimensions at the nanosize level.

Asbestos are the typical example of a material with exceptional properties, allowing an extremely
large variety of employments (Figure 2), which turned out to be one of the greatest occupational trage-
dies of the XX century, still going on in the present days because of both, the latency of the asbestos asso-
ciated diseases and the still increasing trade of this material worldwide (Russia, Canada, India, Brazil, Chi-
na and other countries). In the case of HARNs no one would repeat what happened with asbestos, so that
particular attention should be given to those HARNs who also share with them a high biopersistence and

their other properties, including their surface reactivity.

The role of form and biopersistence in determining the pulmonary hazard of HARNs has been exten-
sively reviewed by Donaldson et al. [9] and will here be just mentioned, while we will concentrate on the

chemical aspects which may modulate the potential hazard of these materials caused by their shape.

It has to be pointed out that whilst in some cases materials non toxic at the micron size level may be-
come toxic when synthesized at the nanolevel, there are few indications in the literature on what happens
when well known solid toxicants are reduced from the micron size level to the nano-size one. In the case
of crystalline silica only two studies have been performed so far, which indicate a lower toxicity of
nanoquartz [12]. Titania nanorods turned out to be not more significantly toxic than isometric micron-

sized particles [13].

In the case of asbestos there are no published studies; from an ongoing study in our laboratory we
may anticipate that tests performed on natural chrysotile nanofibres indicate a reduction in toxic potency

when passing from the micron to the nano size [unpublished results].

1.4 Not all fibres nor all HARNs are toxic
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Some fibrous materials such as asbestos, the zeolite erionite, artificial ceramic fibres and others are
highly toxic when micrometric fibres remain airborne and reach the lung alveoli and the pleura. Not all fi-
bres however are equally toxic, some, e.g. wollastonite (CaSiO;), are even inert [14]. A comparison of the
toxicity of chrysotile asbestos with several other fibrous materials committed by WHO in 2005 [15] re-
ported great differences in toxicity among the different materials. The available data on HARNs are still
scarce to allow a similar study. In search of appropriate positive and negative controls for HARNs some of
us have recently reported that imogolite, a hydrated alumino-silicate with the formula (OH);Al,0,SiOH
[16] — opposite to carbon nanotubes - appears inactive in cell viability, NO production, and epithelial bar-

rier permeability [17, 18].

1.5 Materials considered

We will report here what is known on most of the HARNs whose toxicity has been largely investigated:
carbon based materials, such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) and metal / oxide
based nanowires (NWs) and nanorods (NRs). CNTs, which are by far the most studied because of their po-
tential applications on the one hand and of their close similarity to asbestos on the other one will be con-
sidered in detail. Because of a recent fear that CNTs might become the “asbestos” of the present century,
we will compare physico-chemical features relatable to toxicity in CNTs and asbestos, highlighting not only

similarities but also chemical differences.

Among the large variety of nanowires and rods prepared so far we will concentrate on the most inves-

tigated and applied ones - typically gold - and on a variety of metal/metal oxide compounds

The basic structures of the materials described are schematized in Figure 3 and their dimensional as-

pects depicted in Figure 4.

2 CARBON NANOTUBES
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2.1 Carbon nanotubes: forms and chemical requirements for their applica-

tions.

CNTs are a form of elemental carbon. Like in fullerenes and graphite, carbon is organized in layers of
hexagonal rings having conjugated double bonds (Figure 5A). Because of their high length/diameter ratio
CNTs are comprised into the general term HARN. The discovery of CNTs is generally attributed to lijima

[19].

CNTs are made of one (single-walled SWCNT) or more (multi-walled MWCNT) graphene sheets rolled-
up to form tubes. Depending upon the synthesis procedure CNTs may exhibit external diameters ranging
between 1 to 200 nm. Their length may vary from nanometres to micrometers, depending upon the
method of synthesis and may be modified by mechanical or chemical shortening. The graphene layers
contain various amount and degree of defects [20] which may arise directly from the synthesis or may be
introduced or eliminated ad hoc. After synthesis CNTs generally contain amorphous carbon, metals deriv-
ing from the catalyst used in their synthesis and inert materials (alumina or silica) used as support for the
catalysts up to 20-30% w/w of the product. Only in extreme conditions a purification yields a 99% carbon
content. Often metal ions remain on or within the carbon framework acting as a catalytic centre for free

radical release or other reactions.

CNTs exhibit high thermal and mechanical resistance, electrical conductivity or semiconductivity. Such
properties make CNTs interesting in a variety of industrial applications e.g. as component in electronics,
energy-storage devices, solar cells, sensors, or in mechanical applications as filler in polymeric composites
[21]. Their physico-chemical properties may be modulated by varying the method of synthesis and by ap-
plying post-synthesis treatments. Therefore a large variety of CNTs forms may be produced which exhibit

different chemical reactivity one from the other.

The number of studies devoted to the production of new tailored forms of CNTs for the different in-

dustrial applications has exponentially increased, as shown in Figure 5B. Many forms of CNTs have shown
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distinctive signs of toxicity, but the number of studies on their health effects compared in the histogram

keeps well below that of their production.

The possibility to introduce functionalities at the surface of CNTs through radical reactions has at-
tracted the interest of several scientists. Surface functionalization of CNTs in fact opens a wide range of
applications [22, 23], e.g. by making CNTs compatible with aqueous media, by increasing their dispersion

in polymeric matrixes, or by binding specific molecules to their surface.

MWCNTSs find application mainly as components in high strength composites while SWCNTSs are cur-

rently studied for their conducting/semiconducting properties in electronic devices, and as biosensors.

CNTs also attract a great interest for several applications in medicine [24-26]. CNTs rapidly cross the
cell membranes like fullerenes, which makes them apt to act as nanovectors [27, 28]. In such application
chemical modifications are required to impart hydrophilicity and bind drugs or biomolecules [29]. CNTs in
bulk materials have been proposed as alternative artificial hard tissues [30], as tissue scaffold materials
for bone formation [31], as microcatheters [32] or as substrates for neuronal growth in nervous system

disorders [33, 34].

2.2 Toxicity / biocompatibility of carbon nanotubes

CNTs are currently object of a large debate on their toxicity/biocompatibility. Several extensive re-

views on this topic have been published. We refer to them for a detailed discussion [35-40].

Overall a substantial consensus has not been reached yet, mainly because of controversial data ob-
tained in the different studies. Such variability in the toxic effect elicited by CNTs has mostly to be as-
cribed to the differences in shape and chemical composition/modifications of CNTs employed in the dif-

ferent studies [17, 41-47].

It is generally accepted that physical and chemical properties modulate the cell responses toward
CNTs. Differences in toxic responses have been observed to be related to length [28, 48], presence of

metals [42], oxidation of the surface [49, 50], presence or absence of defects [50, 51], tube diameter di-
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mensions [52, 53]. However very few studies have been designed to relate physico-chemical determinants
to the toxic response to CNTs by testing a large set of samples differing for one single property at the
time. This kind of approach allowed the assignment to defects - among other properties — of lung toxicity
and genotoxicity [50, 51]. For the time being therefore toxicity needs to be assessed for each kind of

nanotube employed and the clues to synthesize safe CNT materials have not yet been disclosed.

The major alarm raised on CNTs toxicity in the past decade concerns their physical similarity with as-
bestos, namely form and durability. Several studies have been devoted to assess whether CNTs are able to
induce neoplastic transformations in mesothelial cells similarly to asbestos fibers. Conflicting data were
obtained [54], as both ability to induce mesothelioma [45, 46] and absence of carcinogenic response [55]
were reported. Such variable outcomes may be ascribed to different physical chemical properties among
the examined specimens. The next two paragraphs are therefore devoted to describe synthetic asbestos

and to a systematic comparison between asbestos and CNTs.

2.3 Synthetic chrysotile asbestos nanotubes

Stoichiometric chrysotile tubular nanocrystals have been recently, synthesized [56] as possible start-
ing materials for applications in nanotechnology and as a standard reference sample for the investigation
of the molecular interactions between chrysotile asbestos and biological systems. Each single nanocrystal
of pure chrysotile has a tubular shape of about 49 nm in outer maximum diameter, a hollow core of about
7 nm and a length of the order of some microns. The presence of iron does not change the tubular shape
of nanocrystals which appear just slightly longer than the iron free ones. Iron ions replace both Mg and Si

into the octahedral and tetrahedral sheets [57].

Free radical generation and the effect of pure nano-chrysotile on human lung epithelial A549 cells
have been compared to that elicited by a well known toxic natural chrysotile (UICC A, from Rhodesia). Af-
ter a 24-h incubation, the natural, but not the synthetic form exerted a cytotoxic effect, detected as leak-
age of lactate dehydrogenase. Generation of carbon centred radicals in cell free tests and lipoperoxidation

on lung epithelial cells took place in the presence of the natural, but not of the synthetic chrysotile. Anti-
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oxidant systems were also affected differently. The pentose phosphate pathway and its regulatory en-
zyme glucose 6-phosphate dehydrogenase were markedly inhibited only by the natural specimen, which
also caused a depletion of intracellular reduced glutathione in A549 cells [58]. Similarly, synthetic chryso-
tile nanofibers, devoid of iron, did not exert genotoxic and cytotoxic effects nor elicited oxidative stress in
a murine alveolar macrophage cell line [59]. Briefly all the properties relatable to toxicity were absent in

the synthetic form.

To gain direct experimental evidence of the chemical role of iron in asbestos reactivity a set of na-
nochrysotiles have also been synthesized with 0.6% and 0.9% (w/w) iron by means of the same procedure
[60]. Even the lowest iron-loading induced DNA strand breaks, lipoperoxidation, inhibition of redox me-
tabolism and alterations of cell integrity, i.e. the same toxic characteristics of natural chrysotile [59].
These results suggest that metal ions play a crucial role in the oxidative stress and genotoxic effects

caused by chrysotile asbestos.

Accurate analysis over a set of iron loaded samples revealed that generation of hydroxyl radical and
carbon centred radicals are catalyzed by iron ions in specific crystallographic sites [61]. Even the smallest
iron contamination may impart radical reactivity. The most reactive surface sites in carbon centred radical
generation are isolated iron ions in octahedral coordination in both axial and rhombic distortion. Con-
versely, the mechanism of OH® generation seems to be independent of the iron lattice distortion. Aggre-
gated iron ions and/or extra-framework clustering are less reactive in both mechanisms. Moreover carbon
centred radical generation requires iron in low oxidation state or iron in high oxidation state but easily re-

ducible to iron(ll) by endogenous reducing agents, e.g. ascorbic acid.

The studies above described constitute the first direct experimental confirm of the role played by iso-

lated iron ions within the asbestos framework in free radical release and cell damage.

2.4 Carbon Nanotubes vs. Asbestos

Carbon nanotubes share with asbestos some relevant properties relatable to asbestos pathogenicity

such as their “fibrous” habit and a high biopersistence (reviewed by Donaldson et al. [9]). The possibility
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that carbon nanotubes would show asbestos-like behaviour in the human body was raised several years
ago [62]. More recently, some experiments in vivo have been performed to evidence any asbestos-like
pathogenic response, such as a persistent inflammation or the induction of mesothelioma, which is a dis-

ease only caused by asbestos and few other mineral fibres [45-47].

Poland and co-workers [47] showed that MWCNTs injected directly into the abdominal cavity of mice
induce inflammation, formation of granulomas and early fibrosis or scarring in the mesothelial lining.
Shorter nanotubes had much less of an effect, as did carbon black nanoparticles used as a non-fibrous
reference material. Inflammation and granulomatous lesions elicited by long CNTs were similar to those
induced by long fibres of amosite asbestos. Tagaki and co-workers [45] even showed that MWNTSs inject-
ed, in a large volume, into the abdominal cavity of mice induce malighant mesotheliomas in p53+/— het-
erozygous mice — a common genetically engineered mouse model with an increased propensity to toxici-
ty induced cancer. Mesothelioma induction was finally observed also after a single intrascrotal administra-
tion of multi-wall carbon nanotube in intact male Fischer 344 rats [46]. At the opposite Muller et al. [55]
reported that crocidolite induced a clear carcinogenic response while MWCNT with or without structural
defects did not induce any mesothelioma in male Wistar rats. It has to be pointed out that the above ex-
periments were performed with CNT preparations differing in form, length and level of contaminants,

which might account for the different outcomes.

Several reviews have recently been devoted to the comparison between CNT and asbestos [36, 39,
63-65]. They mostly consider the physical similarities such as shape and chemical stability in a physiologi-
cal environment and report several outcomes in various cell systems and in in vivo rodent models. Few re-
views [63, 64] also mention some chemical aspects - surface properties, presence of metal transition ions,
adsorpitive potential- in relation with the toxicological properties reported (cell derived ROS , cytotoxicity,
DNA damage, physical interference with mitosis, stimulation of target cell proliferation and induction
chronic inflammation). Other focus on activation of macrophages and injury on epithelial / mesothelial
cells [65], and on the potential to activate signaling pathways modulating transcription factor activity, in-

ducing apoptosis and DNA damage [39] without considering at all the differences in chemical properties.
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Most comparisons of CNTs are made with crocidolite asbestos [39]. Interestingly Jaurand et al report that
chrysotile is the asbestos form more close to CNTs. In fact most CNTs are curled and flexible in similar way

to chrysotile, but different from amphiboles.

In conclusion while the CNTs - asbestos analogy was mainly raised because of some points of physical

similarity, we will here give a detailed description of the chemical differences and similarities between the

two entities. We recall here that in the case of isometric nanoparticles surface chemistry and particularly
the formation of Reactive Oxygen Species (ROS) plays a crucial role in toxicity, thus by the same token,

chemical aspects in HARNs behavior need to be considered in detail [4,8,13,17].

2.4.1 Chemical composition of CNTs and asbestos: differences and similarities

Asbestos are naturally occurring hydrated silicates. They belong to two mineralogical groups: serpen-
tines (chrysotile) and amphiboles (actinolite, amosite, anthophyllite, crocidolite, and tremolite). The am-

phibole minerals are composed of octahedrally coordinated cations sandwiched between two double sili-

2+ 3+).

cate layers. The oxygen atoms of the silicate chains coordinate both Si and other cations (Mg**, Fe**, Fe
Chrysotile is composed of an octahedral magnesium hydroxide layer, the so-called brucitic layer, interca-

lated between silicate tetrahedral layers which form tightly rolled sheets [66].

CNTs are allotropes of carbon exhibiting a surface made up by a rolled hexagonal lattice of carbon at-

oms linked by ¢ and rt covalent bonds.

Both CNTs and asbestos have a thin and elongated shape, compatible with a fibrous morphology ac-
cording to the WHO definition. The CNTs diameter ranges from 0.4 to 3 nm for SWCNT and from 2 to 200
nm for MWCNT [2, 35, 67]. The diameter of single chrysotile fiber falls below 100 nm whereas in crocido-

lite and amosite (amphiboles) is about 200 nm [68].

One of the most prominent chemical difference between the two materials lies in their opposite de-
gree of hydrophilicity /hydrophobicity. Asbestos are all very hydrophilic materials because of both the

metal ions exposed (positive surface charges) and the silicon-oxygen bonds, giving rise to silanols (SiOH)
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when exposed at the surface in presence of moisture. Silanols coordinate water molecule and establish
strong H-bonding with several other molecules [69]. The presence of metal ions exposed to the surface
creates an uneven distribution of charges, resulting in acid Lewis sites of variable strengths, which strong-
ly attract polar molecules and constitute the active site where catalytic generation of free radicals might

take place.

At the opposite CNTs, unless oxidized or functionalized, are highly hydrophobic therefore incompati-
ble with water [51]. Few hydrophilic surface sites may originate from metal traces from the catalyst ex-
posed at the surface or upon strong oxidation. As prepared CNTs are tightly bound in aggregates or bun-
dles because of Van der Waals attractive forces among graphene sheets [70, 71]. In aqueous media they
form large agglomerates [72]. Dispersion in water may be improved introducing a sufficient number of
charged functionalities at the surface to generate repulsion among particles. In the past few years, in vivo
bio-distribution studies have been carried out by a number of groups using different tracking methodolo-
gies [73]. As observed for molecular substances the hydrophilic character and the presence of charged
functionalities modified the pharmacokinetic profile of nanoparticles. Additionally, for nanoparticles, di-
ameter, length/diameter ratio and tendency to form aggregates are expected to play a role [74]. We recall
here that protein adsorption, cell uptake and translocation depend upon the hydrophilic/hydrophobic de-

gree [75].

2.4.2 Metal ions and surface generation vs. quenching of free radicals and ROS

on asbestos and CNTs

Metals are considered important elements to account for fibre toxicity [76, 77]. All asbestos fibres
contain iron, either structural (crocidolite, amosite), as a consistent part of the crystal framework, or as
contaminant (chrysotile, tremolite) substituting e.g. Mg** ions, which share with Fe**size and charge. Iron
in asbestos fibres can be present in both ferrous (Fe*’) and ferric (Fe**) form within the asbestos crystal

structure.
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Depending on the method of production CNTs may also contain iron and other different redox active
metals (e.g. Co, Ni, Mo) as a residue of the catalyst employed in their synthesis [35]. The amount is highly
variable, and may reach 20% in unpurified CNTs [78]. Metals may be present in different oxidative states
as ions, clusters or even organized in metal nanoparticles. Kim and co-workers analyzed some samples of
CNTs in which iron was found as a mixture of a-Fe°, y-Fe°, and carbide phases [79]. The metal residues
may be extracted from CNT, e.g. by an acidic treatment, but often few traces remain. A full elimination of
any metal trace may be achieved by heating at extremely high temperatures where the metal vaporize.
Such purified samples were successfully employed to distinguish the effect of metals or framework de-

fects in causing lung toxicity and genotoxicity in vitro [50, 51].

Pioneer work by Pezerat and co-workers hypothesized more than two decades ago a crucial role for
iron in asbestos toxicity [80, 81]. The role of iron in the induction of oxidative stress and toxicity upon ex-
posure to asbestos fibres was confirmed by a number of studies [73, 82-84]. Iron ions involved in free rad-
ical generation are those present at the fibre surface in a poorly coordination state [85] [61, 86, 87] or
those easily removable (bio-available) [76, 88]. Since iron sealed within the graphene layers cannot be re-
leased in the medium [89], the amount of bio-available iron in CNTs varies greatly from sample to sample
and cannot be predicted from total iron content [78]. As a consequence of such variability, conflicting da-
ta are found with CNTs, as both ROS production [42, 90-92] and scavenging (see below) were described

[51, 93, 94].

Fiber-derived free radicals contribute with cell-derived free radicals to the overall asbestos-induced
oxidative stress. Asbestos have been shown to induce ROS generation in cell cultures [82, 95] as conse-

quence of both highly reactive surface iron ions [84] and of frustrated phagocytosis [96, 97].

Several in vitro studies using different cell lines suggest that also CNTs may induce ROS generation and
oxidative stress in cellular system models [42, 98-102]. Frustrated phagocytosis was observed by Brown

and coworkers with CNT [103] but metal ions play the most important role in oxidative stress [42, 100]. In
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fact when pure carbon nanotubes are administered to cultured cells, ROS generation did not occur [90,

94].

Oxygenated free radicals easily react with CNTs similarly to fullerenes. Such reactivity makes CNTs
promising as antioxidant agents. Several studies report an antioxidant activity of CNTs in polymeric com-
posites, which preserves the polymeric matrix from degradation [104]. Purified MWCNTs were reported
by some of us to scavenge hydroxyl radicals and superoxide anion [105]. A decrease in reactive oxygen
species found in vivo was assigned to the scavenging potential of purified MWCNTSs [94]. Recent studies
report an antioxidant activity of pristine and modified SWCNTs [106]. The antioxidant properties of CNTs
could find applications in medicine. An antioxidant therapy may be suggested in several diseases where
mitigation of oxidative stress is beneficial, e.g. cardiovascular diseases and neurodegenerative disorders
[107]. To be employed in such way, however, CNTs need to be efficiently delivered to the organ/tissue of
interest, then cleared when their function is over. Theoretical calculations reported that the scavenging
activity of SWCNTs may be modulated by introducing defects [20] or by varying their diameter, length,

and chirality [108-110]. Experimental studies are needed to confirm such hypothesis.

Conversely an uncontrolled antioxidant activity may damage cells. Reduction of the physiological free
radical levels may in fact lead to impairment of the cellular physiological functions since free radicals have

a key role in cellular proliferation and in host defence [111].

2.4.3 Biopersistence, biodistribution and translocation

Biopersistence may be related to the toxic potential of particulates. The longer a hazardous fiber or
particle remains unaffected into a given biological compartment, the longer the biological response elicit-
ed might persist over time. Somehow biopersistence would thus enhance the “dose”, not the nature of
the caused damage. Well-known particulate toxicants such as asbestos or quartz are characterized by a
high biopersistence which exacerbates their toxic effects [8]. Biopersistence is also crucial for nanoparti-

cles used in diagnosis and therapy. On the one hand a safe material should not be modified in the body,
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on the other one, as a foreign body should be eliminated, as quickly as possible, once its task is complet-

ed. In this case a controlled pharmacokinetic profile is needed.

Note that at the opposite biopersistence is searched when nanomaterials are used as permanent

prosthetic devices.

Biopersistence in the lung is the result of the clearance mechanisms and interactions with the biologi-
cal medium, both related to the structure and chemistry of the material. For amosite and crocidolite esti-
mated clearance half-times are measured in years to decades, whereas for chrysotile the majority of fi-
bres are cleared within months, although some fibres may be sequestered and slowly cleared [112]. The
brucitic layer makes the chrysotile acid-sensitive. Fibres that reach the lung can undergo focal fibre frag-
mentation [113, 114] in the acidic (pH 4.5) phagolysosome of macrophages [115]. Conversely, amphiboles

exhibit a more complex chemical composition and a higher stability [116].

In vivo experiments showed that MWCNTSs persist in the lung for some months [41, 44, 117]. Because
of their graphitic structure CNTs are highly insoluble [118] and it has been suggested that they may be as
biopersistent as amphiboles [64]. However, the CNT durability may vary depending to surface defects or
functionalization, e.g. surface carboxylation reduced CNT durability [73]. Insertion of COO groups, in fact,
causes collateral damage to the graphenic structure introducing active sites that provide points of attack
for oxidative degradation. Oxidative degradation may take place in cellular compartments e.g. reactive
oxygen species produced by alveolar macrophages following phagocytosis [73]. A possible degradation of
SWCNT by myeloperoxidase, an enzyme involved in the generation of reactive oxygen species in neutro-
phils, was also reported [119]. However as the physiological oxidizing environment is not very harsh
chemical degradation may require long times. Using an in vitro flow through assay with phagolysosomal
simulated fluid at pH 4.5, SWCNTs have been shown to persist for several months [120]. Conversely,
strong oxidants such as nitric acid or hydrogen peroxide may cause a partial degradation of CNTs and have
been used for shortening processes [121]. If confirmed in vivo, these studies may open the door to a safe

use of CNT in medicine. However, whether such degradation processes would be sufficient to prevent ad-
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verse side effects of CNTs as well as the efficiency of the process on the various types of CNTs (SW vs.

MW, short vs. long) remains to be clarified.

Asbestos fibres and CNTs are both subjected to macrophagic and lymphatic clearance [44, 122, 123].
Long asbestos fibres (> 10 um) are slowly cleared as they cannot be easily enclosed by macrophages lead-
ing to frustrated phagocytosis. Frustrated phagocytosis was observed in cells engulfing long and well dis-
persed CNTs [47, 103]. Conversely, short CNTs or long CNTs in tangled forms do not pose a problem to
macrophages [28]. Likewise, CNT aggregates are usually easily phagocyted [28]. Note that single walled

CNTs are more likely to tangle while multi walled ones tend to maintain a rigid shape.

Inhaled asbestos fibres are detected in lung, lymph nodes, pleura and peritoneum of the exposed

peoples. The shorter fibres (< 2um) were observed in the lymph nodes and in the pleural plaques [124].

Biodistribution of CNTs after deposition in the lung has been poorly investigated. As macrophage
clearance, both translocation and biodistribution of CNTs are modulated by the aggregation state [43,
125-127]. Short MWCNTSs were observed in the lung and in the lymph nodes after intratracheal instillation
like short asbestos fibres [44]. No passage from the alveolar space to the systemic circulation and systemic

organs (liver, spleen, and kidneys) was detected for CNTs [126].

One controversial point on CNTs toxicity is their ability to reach the pleura. Asbestos fibres are able to
translocate to the pleural cavity, causing pleural effusion, fibrosis and mesothelioma. Ryman-Rasmussen
[128] showed that MWCNTSs reach the subpleura in mice after inhalation exposure. Mercier [129] and co-
workers observed a distribution of MWCNTSs into the subpleural tissue and the intrapleural space after

pharyngeal aspiration.

Kane and co-workers [130] noted that long asbestos fibres accumulated preferentially at the perito-
neal face of the diaphragm around the stomata (pore like structures less than 10 pum in diameter linking
the peritoneal cavity to the underlying lymphatic capillaries). Retention of long fibres at the diaphragmatic

mesothelial surface could initiate inflammation, proliferation and granuloma formation [131]. Poland [47]
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showed that also long CNTs accumulate at the diaphragm, following instillation in the peritoneal cavity,

which would suggest that they are too long or bulky to exit through the stomata [132].

2.4.4 Final remarks

In conclusion CNTs are a rapidly growing family of carbon based materials having large differences in
their physico-chemical properties. Moreover most of their applications require surface modifications (co-
valent grafting, surface functionalization, coatings) which increase the variety of physico-chemical charac-
teristics, by fully modifying surface properties. The relationship between the above mentioned physico-
chemical features of CNTs and the toxic responses at the molecular level is still an area of large interest,

being the basis of the possible design of CNT-based biocompatible materials.

As to CNTs similarity with asbestos the above data clearly show several differences at the chemical
level, in spite of similar physical features which vary from one to the other CNT specimen considered. Ta-
ble 1 compares asbestos and CNTs as far as the physico-chemical features most relevant to toxicity are

concerned.

3 CARBON NANOFIBERS

Carbon nanofibers (CNFs) is a general term used to describe filaments comprised of graphene layers
stacked at an angle to the fibre axis. They have lengths in the order of micrometers (up to 200 um), and
diameters ranging from some tens of nanometre up to ca. 200 nm. Graphene layers may be arranged as
stacked cones, cups [133] or plates. In the last case three types of CNFs may be recognized, depending on
the size and orientation of the graphene layers within their structure: platelet (alignment perpendicularly
to the fibre axis), tubular (alignment parallel to the axis), and herringbone (alignment angled to the axis)

[134, 135].

Excellent mechanical, electrical and surface properties make CNFs ideal candidates for a wide range of
applications such as structural materials, field emission displays, hydrogen storage materials, tips for

scanning probe microscopy, nanometre sized semiconductor devices and sensors. Several applications in
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biomedical and regenerative medicine are known. The presence of many reactive sites allows selective
functionalization to immobilize proteins, enzymes, and DNA, for biosensor preparation. CNFs have also
been considered for hard (e.g., orthopaedic and dental) and soft (e.g., cartilage, tendon, vascular) tissue
implants and they have been already used as regenerative scaffolds for neural and bone regeneration or

as drug and gene delivery vehicles [136].

Adsorption, translocation, excretion of CNFs are expected to be close to what happens with CNTs
[64]. Note that a high variability was observed for CNFs [103]. In a biological system, in fact, the absorp-
tion, distribution, metabolism, and toxicity of carbon nanomaterials depend on the inherent physical and
chemical characteristics such as functionalization, coating, length, and agglomeration state which is influ-
enced by external environmental conditions [137]. Exposure to CNFs could take place following bio-
medical applications or occupational exposure [136]. Airborne CNFs were found in several manufactures
[138] and the exposure preferably occurs through inhalation, although dermal exposure cannot be ex-
cluded. To date, however, there is a lack of information on whether CNFs can be absorbed across the
skin’s stratum corneum barrier. Several reports indicate that carbon fibres may cause dermatitis [139,
140], suggesting that carbon nanomaterials may entry into the viable epidermis after topical exposure
[141]. The stratum corneum is the outermost layer of the epidermis and consists of several layers of com-
pletely keratinized dead cells, which form a barrier between the “milieu interieur’”” and the outside envi-
ronment. However, disease or occupational conditions that cause damage to the stratum corneum barrier

(e.g. abrasion, solvent exposure) may abrogate these protective functions.

Because of their graphitic structure CNFs are highly insoluble thus highly biopersistent. Due to their
strong chemical stability CNFs are not expected to be broken down when inhaled [142]. Nevertheless
Yokoyama [143] studied a new hydrophilic type of carbon nanofiber for application to biomaterials. Such
nanofibers, named hat-stacked CNFs, because of the novel arrangement where the singles carbon layer of
the graphite structure are similar to stacked hats (graphene hats), implanted in the subcutaneous tissue of
rats showed a shortening with time, likely due to delaminating of graphene layers. Delamination, which

occurred in lysosomes and cytoplasm, could have originated from the intercalation of hydrophilic sub-
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stances such as enzymes and proteins. Intercalations is possible because of the rich functional groups at

the edges of the graphene hats [143].

CNFs may subjected to macrophagic clearance. Long CNFs may induce frustrated phagocytosis, escape
clearance by normal mechanism and persist in the lung. Although they may exhibit different structure
(Figure 3), CNFs usually show a strong tendency to agglomerate and form bundles in agueous media main-
ly because of their hydrophobicity. Agglomerates of small dimension (few micrometers) might be easily
engulfed by macrophage or other cells. Interestingly monocytic cells treated with CNFs entangled into ag-
gregates of about ten microns in diameter do not exhibit signs of incomplete uptake, unlike monocytic

cells treated with straight and well dispersed CNTs [103].

Several studies show that the cytotoxicity of CNFs is very low [144, 145] or even absent [103]. Cyto-
toxicity might be related to the presence of few dangling bonds - i.e. unpaired electrons in a free orbital
arising from the homolytic rupture of the carbon-carbon bonds. As they may easily form new bonds they
constitute highly reactive sites [146]. Analysis of the dose-dependent toxicity of different carbon based
materials (CBN) in human lung-tumour cell lines revealed that the number of viable cells decreases as a
function of dose for all CBN tested. The number of viable cells decreased in the sequence carbon black >
CNFs > CNTs. Dangling bonds are present in carbon black with a high density, whereas in carbon nano-
tubes they preferentially occur at the lattice defects and at end caps [146]. CNFs exhibit more reactive
sites than CNTs. In fact, they have more graphene edge planes, which are ledges of carbon that protrude
from the surface at regular intervals, that could lead to easier physical bonding with other materials [147].
Surface modifications to improve dispersion in biological media, which results in adding carbonyl, carbox-

yl, and/or hydroxyl groups, increase CNF cytotoxicity [146].

CNFs did not significantly produce ROS in mouse keratinocytes [144], nor in acellular tests. A weak in-
crease dose dependent of O, production was observed in monocyte cells by Brown and co-workers
[103]. Dose response was higher for platelet CNFs than for a platelet/herringbone CNF mixed sample,

suggesting implication of the graphene structure.
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Metal impurities induce ROS generation by CNFs. Formation of OH® radicals was observed in macro-
phages after few minutes of exposure to CNF containing about 1% of iron. Radical release increased upon

addition of H,0, suggesting a metal-dependent Fenton reaction [148].

CNFs have a low inflammatory potential. Platelet and platelet/herringbone CNFs did not stimulate in-
flammatory cytokines such as TNF-a (tumour necrosis factor) in monocyte cells [103]. Hat stacked CNFs
(H-CNFs), modified with carboxyl groups in order to improve their dispersion showed only a induction of
TNF-a [30]. One week after implantation in the subcutaneous tissue of rats, H-CNFs caused granuloma-

tous inflammatory change, but not an acute severe inflammatory reaction [30].

Lindberg and co-workers [145] compared the potential genotoxic of CNTs, containing < 5%wt of Co
and Mo, and graphite nanofibers containing < 3% wt of Fe. Genotoxicity was assessed by the comet and
the micronucleus assay in human bronchial epithelial cells. While CNTs induced a dose-dependent in-
crease in DNA damage at all dose and treatment times, graphite nanofibers induced DNA strand breaks
and chromosomal damage in human bronchial epithelial only after long time of treatment with no dose

dependence.

Conversely CNFs containing iron impurities (<1.4% wt) showed a genotoxicity comparable with asbes-
tos and stronger than SWCNT (Fe < 0.23%) [148]. The authors hypothesized that CNFs cause genotoxicity
via two different mechanisms: i) by production of ROS, likely via Fenton reaction, which in turn react read-

ily with DNA and ii) by physically interfering with DNA/chromosomes and/or the mitotic apparatus.

4 METAL/OXIDE HARNs

With the tremendous advances on the capacity to manipulate the unique physicochemical properties
of nanoscaled systems with varied composition we may foresee that soon many metals and oxides will be
prepared in form of HARNs for different applications, including diagnostic or therapeutic purposes [27].
An increasing number of nanorods and nanowires of several metals and metal oxides have now been

studied and sometime already available to the market. Among the nanorods, we will report here only on
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the most studied ones with intended applications in nanomedicine: i.e. gold nanorods. The paragraph de-
voted to nanowires has been more generally focused on the many studies dealing with metal and metal-

oxide nanowires relevant in nanomedicine.

4.1 Metal nanorods: the case of gold

Gold nanostructures are often used as a model system since their physical and chemical properties
can be easily manipulated [149]. Gold nanorods (Au NRs) are one kind of most promising and widely uti-
lized materials owing to their biocompatibility and optical tunability [150]. Au NRs are usually synthesized
with relative low aspect ratio but high aspect ratio (length/diameter > 11) have recently been prepared.
Many applications of high aspect ratio Au NRs have been proposed [151] as useful object in nanomedi-

cine: tools for cellular imaging, molecular diagnosis and targeted thermal therapy.

Wet chemical synthesis of gold nanorods is the most popular route to prepare these nanomaterials
and it requires the use of cetyltrimethylammonium bromide (CTAB) as shape-directing surfactant, which
forms a bilayer on the surfaces of gold nanorods [152, 153]. Au nanorods toxicity, uptake, circulation and
distribution has been thoroughly investigated in different labs and from different points of view [154,
155]. Surface modification of cetyltrimethylammonium bromide (CTAB)-stabilized gold nanorods is pri-
marily reported as a method to demote inherent toxicity of Au NRs [156]. CTAB is indeed a well-
established agent promoting cellular toxicity of Au NRs, thus many studies claim to substitute it with other
less toxic coatings [154, 157]. There is not a clear consensus, however, on the mechanism of CTAB-
induced cytotoxicity, which can be due either to free CTAB in solution (Connor [157, 158], or to the simul-
taneous effect of CTAB molecules in solution and at the Au NRs surface [154]. Unfortunately the removal
of the CTAB bilayer results in suspension instability and nanorod agglomeration. Some strategies - still to
be found- are required to replace, stabilize CTAB or coating Au with other less toxic surfactants. A great
attention has been devoted to the formation of specific chemical interfaces surroundings Au NRs. The
modification of each of these interfaces provides strategies for altering nanorod properties such as stabil-
ity against aggregation, toxicity, and ease of assembly. Murphy and co-workers [159] clarify that three in-

terfaces are relevant in tailoring Au NRs properties: i) the gold-surfactant interface, ii) the hydrophobic
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surfactant bilayer, and iii) the surfactant interface with bulk water. The last one - the solvent-accessible

interface - dictates nanorod interactions with other particles, macromolecules, and living cells.

According to several authors, the effect of the Au NRs aspect ratio is relevant in terms of cellular up-
take, rather than being the actual cause of cytotoxicity. In human breast adenocarcinoma cells (MCF-7)
shorter Au NRs seem to be easier to internalize than longer ones [154]. This is believed to be a protein re-
ceptor mediated endocytosis process and appears to be energy dependent [160, 161]. A set of Au NRs
with different aspect ratio and surface charge was tested on human colon cancer cell line (HT-29) [157].
The authors report that serum proteins from the culture media - most likely bovine serum albumin - ad-
sorb to Au NRs leading to all nanorod samples bearing the same effective charge, regardless of the initial
surface charge. This confirms that surface properties of nanomaterials change substantially after coming
into contact with protein-rich solution media [162, 163]. A clear consensus has not yet been achieved
about the role of surface charge in cellular uptake. Some studies report plays a significant role [154], while
for others surface charge seems not to bear the expected importance in driving uptake and modulating

toxicity [157, 164].

The promising synthesis of nanoscale hybrid HARNs, e.g. Au-nanorod/SWCNT/Au-nanorod [165], will

make the assessment of molecular mechanism of toxicity of these nano-objects a further entangled maze.

4.2 Metal and oxide nanowires

Nanowires (NWs) are one dimensional nanostructures, with diameter constrained to tens of nanome-
tres or less and an unconstrained length. The aspect ratio is usually very high and NWs with AR > 1000 are
currently produced. Many chemically different types of nanowires exist: metallic (e.g., Ni, Pt, Au), semi-
conducting (e.g., Si, GaN) and oxides (e.g., SiO,, TiO,). NWs include single-crystalline homostructures as
well as heterostructures of at least two single-crystalline materials having different chemical composi-
tions. Generally, there are two basic morphologies in nanowire heterostructures: radial, such as
core—shell nanowires, and axial heterostructures, comprising multisegment nanowires. The peculiar elec-

trical properties due to their size make NWs suitable to build the next generation of computing devices.
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NWs may also be readily functionalized with various biomolecules including enzymes, antibodies or nucle-
ic acids, thus being good candidates for several biomedical applications. NWs with different segments
along the length provide the opportunity to introduce multiple chemical functionalities by exploiting the
selective binding of different ligands to the various segments. Such functionalization imparts catalytic and
recognition/binding properties onto NWs, that can be used as nanosensors for detection of biological and
chemical species (metal ions, viruses, proteins etc) and as nanocarriers (gene carriers for non-viral gene
delivery, antibodies conjugated carriers for specific binding to malignant cells and in vivo targeting of
breast tumours) [166, 167]. Unfortunately little is known to date regarding the potential toxicity of this

type of nanomaterial.

As for the other HARNS, size, surface charge and surface coating are important parameters in deter-
mining how NWs uptake occurs in mammalian cells. The cellular uptake of NWs can occur through one of
the following cell-dependent pathways: phagocytosis, receptor-mediated endocytosis and pinocytosis
[168]. Macrophages are specialized cells able to perform phagocytosis of NWs. To date, the only available
study on phagocytosis of NWs was performed by Muller et al. [169]. They observed that ZnO NWs from 4
to 10 um in length, with at high tendency to form aggregates, are easily phagocyted by human monocyte
macrophages. Internalization via receptor-meditated endocytosis was proposed by some authors [170,
171]. Chou [171] also observed that NWs with length longer than the diameter of cells are internalized by

a single cell if in bundles and by multiple adjacent cells if well dispersed and in straight form.

Finally, Song and co-workers observed that short Fe NWs (< 2 um), with positive surface charge, in-
troduced into the cell culture medium, migrate to the cell surface under electrostatic attraction [172] and
are internalized via a pinocytosis process. Instead, long Fe NWs (5 um) are internalized only if perpendicu-
lar to the cell membrane. The authors speculated that the long NWs were similar to nanoneedles, which
could perforate and diffuse through the lipid bilayer of cell membrane without inducing cell death. This

kind of uptake process has been observed for cellular uptake of carbon nanotubes [173].
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Some studies examining different NWs indicate a low cytotoxic potential and high biocompability
[174-177]. Exposure of human and bovine epithelial cells to SiO, NWs at low concentrations (40 pg/ml)
resulted in no cytotoxicity [174], which is quite relevant considering that most silicas are indeed cytotoxic
[11, 178] High concentration (>100 pg/ml) of SiO, NWs only modestly reduced cell viability in different cell
types [175-177]. Examination of the mechanisms responsible for SiO, NW-induced cytotoxicity indicates
that apoptotic pathways are not activated and that cytotoxicity appears to be primarily due to increased
necrosis [176, 177]. However, even at the highest concentration tested SiO, NWs revealed a lower cyto-
toxicity than amorphous SiO, NPs ad hoc synthesized in the same lab [176]. These results indicate that
structural differences between silica nanomaterials can have dramatic effects on interaction of these na-

nomaterials with cells.

Structurally a NW surface differs from the surface of a isometric NP mainly for the presence of a large
number of edges induced by the few nanometre small curvature radius. The poorly bound atoms at the
edge are a primary source of lattice defects, which are usually reported to enhances surface reactivity.[17]
If compared to planar native oxides, SiO, NWs are capable of much larger surface hydroxylation when ex-
posed to aqueous media. The high hydroxyl group concentration on the surface makes NWs more hydro-
philic and less prone to aggregation than SiO, nanoparticles [179]. Differences in the aggregation may also

contribute to the observed differences in cytotoxicity.

Low cytotoxicity have been observed also on several metal NWs. Iron NWs (average diameter and
length 50 nm and 2-5 um) have no significant effect on cell proliferation of human epithelial cells from
cervical carcinoma. Nickel NWs (20 um long and 200 nm in diameter) do not affect the viability of human
monocytic leukaemia cells [180], nor of osteoblast and osteosarcoma cells [170]. The authors suggest that
a critical factor for the high survival rate may be the presence, in both cases, of the 3—4 nm oxide layers.
The oxide layer reduces metal ions release in the cells that may be responsible for the toxic effects elicited

[181].
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Zn0O NWs were found to be toxic to human monocyte macrophages [169]. However, ZnO NWs dis-
solved very rapidly in a simulated body fluid at lysosomal pH, whereas they were comparatively stable at
extracellular pH. NWs dissolution was observed also after phagocytosis, triggered by the acidic pH within
the phagolysosome. The authors indicated Zn** release as responsible for ZnO NWs cytotoxicity. Converse-
ly, no toxicity - measured as cell viability and morphological changes - was observed in human cervical epi-
thelial cells and in cell from subcutaneous connective tissue cultured with ZnO NWs (average diameter
and length 1 um and 200 um) [182] where the pH is expected to be close to neutral. Therefore, the ZnO
NWs toxicity is clearly linked to their solubility, which is in turn pH-dependent, making the toxicity of this

material strictly related to the biological environment.

The effect of surface charge on cytotoxicity to fibroblasts and neoplastic tissue cells has been exam-
ined for several gold NWs of few micrometer in length. NWs have been functionalized by a monolayer of
thiols with amino, alkyl, or carboxyl end groups, or coated with serum. Amino-modified NWs exhibit posi-
tive zeta potential, whereas a negatively charged surface is obtained for the mercapto-acid-modified
NWSs. Mercapto-acid modified NWs, which exhibit the more negative zeta potential, have been found to
be the most toxic ones [183] on both fibroblast cells and Hela cell. Several aspects could account for this
surface charge dependent cytotoxicity, e.g. a better dispersion in culture media, a more specific interac-
tion with cell membranes. However, contradictory data are still reported in the literature and an ultimate

reason has not yet been found.

Similar results have been obtained with 5um long silver NWs with different coatings. At low concen-
tration, the higher cytotoxicity was observed for negatively charged surfaces. At the higher concentra-
tions, all NWs were cytotoxic [183]. Finally, mercapto-acid modified gold NWs with length from 0.5 to 9

pm and aspect ratios from 1:2, 1:10, 1:25, and 1:50 exhibited the same degree of cytotoxicity [184].

5 Conclusions

The mere fibrous form is not sufficient to establish the toxicity of a given type of HARNs. The chemical

nature of HARNSs varies remarkably form one to the other materials and covers all types of chemical bond-



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

ing, from covalent to metallic and ionic. The most relevant characteristics of the materials described are
illustrated and compared in Table 2. Many of them may be prepared in different forms and modified in
their surface properties, which further expands the chemical varieties. Length, flexibility and surface mod-
ifications appear to modify the potential toxicity of many of the substances examined in the present re-

view.

Carbon nanotubes, both MWCNTs and SWCNTSs are hazardous in most of the forms examined. More-
over several studies agree on a large number of similarities between CNTs and asbestos, in spite of rele-

vant chemical differences which have been here highlighted.

With metal and metal oxide materials the potential to release metal ions in the biological environ-
ment is one property of concern, with the only exception of gold and likely of other noble metals which
might be considered in the future. As a whole the oxide layer protects from cytotoxicity and the elongated

form does not appear to enhance toxicity.

We are proceeding but still far from finding a clue to disclose what makes a nano fibre toxic, which
will be the first step to establish the requirements for a design of new safer materials. In the meanwhile

each new material will need to be tested for toxicity before being produced and used.

6 Future Perspectives

As not all what is nano is dangerous, with the large number of studies appearing on nanomaterials
and their potential toxicity the list of hazardous materials and of the physico-chemical properties involved
in the adverse biological responses will be progressively implemented. On the basis of such data possible
associations between given physico-chemical properties and toxic effects may be sorted out. Finally by
preparing and testing a large number of given HARN — e.g. MWCNTs -differing one from the other in one
single physical chemical characteristic, it will be possible to disclose what may make such material dan-
gerous and how to prepare safe ones of similar kind. Appropriate positive and negative controls will also

be required in such procedures.
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More studies on CNT toxicity are needed considering the industrial interest in their usage and the fear
associated to their health effects. Common protocols (sample preparation, endpoint, markers) and full
physical-chemical characterization will be required for any future toxicological study. New in vitro and ex
vivo studies on tailored CNTs will shed more light on their toxicity and potential carcinogenicity. Eventual-
ly in vivo studies where CNTs will be administered to experimental animals with different and reliable pro-
cedures will allow establishing or ruling out CNTs carcinogenicity and confirming damage to lung func-
tions. Hopefully we will not need epidemiology to establish toxicity. Under such circumstances it will be
possible to verify which of the large kind of CNTs, if any, are carcinogenic to animals and possible human

carcinogens.

Tailored chemical modification of the exposed surface may be found to convert potentially hazardous
HARNs in non toxic entities. However such modifications will need to be persistent over long periods of
time in biological environments. Therefore the research will be addressed more on irreversible chemical

modifications than on any sort of coatings.

Considering the vast chemical nature of HARNs so far synthesized, any new one will need to be tested
for toxicity before being produced and used. However once toxicity tests will have been performed for
such a large variety of materials, it might be possible to draw general hypothesis on the chemical charac-

teristics to avoid and those which yield safe products

7 Executive summary

> High Aspect Ratio Nanomaterials
= HARNs are a large variety of materials with different chemical composition and shape.

= Concerns about their safety are mainly related to their fibrous form and high biopersistence,

but their chemical nature may also play an additional role.

» Carbon nanotubes
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SWCNT and MWCNT are both covalent solids which may retain some metals in a variable oxi-

dation state as a residue of the catalysts used in their synthesis.

Overall, a clear indication of toxicity came out of studies on currently available CNTs. Caution

in handling is therefore necessary.

New investigations aimed to identify the physico-chemical determinants of toxicity should be
carried out considering that the variability in the toxic responses elicited stems from the dif-

ferences in physico-chemical features.

CNT modifications

Due to the nature of the carbon-carbon bonds CNTs may relatively easily oxidized and func-

tionalized with a large variety of molecules, giving rise to very different entities.

surface modifications may modulate the biological responses elicited

Asbestos vs. CNTs

The similarity between asbestos and CNTs concerns not only some physical features but also

several cellular responses and in vivo damages.

Their chemical nature is however remarkably different as far as free radical release / quench-

ing or hydrophilicity is concerned.

Evidence for the development of mesothelioma following CNTs exposure is still weak and

needs to be assessed with different administration routes and long term animal experiments.

Nanorods and nanowires

Gold nanorods are by far the most studied and widespread. The biological responses elicited

much depends upon their coating.
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A large variety of oxides and metal are available as nanowires. Metals have few oxide layers at
their surface. Their toxicity appears not to exceed what found with isometric nanoparticles of
the same composition. In the case of silica a nanowire was even less cytotoxic than isometric

silica nanoparticles.



725

726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774

Bibliography

Oberdorster G, Stone V, Donaldson K: Toxicology of nanoparticles: A historical perspective. Nano-
toxicology 1(1), 2-25 (2007).

Oberdorster G, Maynard A, Donaldson K et al.: Principles for characterizing the potential human
health effects from exposure to nanomaterials: elements of a screening strategy. Particel and Fi-
bre Toxicology 2, 8 (2005).

Oberdorster G, Oberdorster E, Oberdorster J: Nanotoxicology: An emerging discipline evolving
from studies of ultrafine particles. Environmental Health Perspectives 113(7), 823-839 (2005).

Nel A, Xia T, Madler L, Li N: Toxic potential of materials at the nanolevel. Science 311(5761), 622-
627 (2006).

Maynard A, Rejeski D: Too small to overlook. Nature 460(7252), 174-174 (2009).

Hong SY, Tobias G, Al-Jamal KT et al.: Filled and glycosylated carbon nanotubes for in vivo radioe-
mitter localization and imaging. Nature Materials 9(6), 485-490 (2010).

Fubini B: Surface reactivity in the pathogenic response to particulates. Environmental Health Per-
spectives 105, 1013-1020 (1997).

Fubini B, Fenoglio I: Toxic potential of mineral dusts. Elements 3(6), 407-414 (2007).

Donaldson K, Murphy F, Schinwald A, Duffin R, Poland CA: Identifying the pulmonary hazard of
high aspect ratio nanoparticles to enable their safety-by-design. Nanomedicine 6(1), 143-156
(2011).

** The latest and the most extensive review on the role of length and bioperisitance in determining the

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

toxic response to HARNs

Tomatis M, Turci F, Ceschino R et al.: High aspect ratio materials: role of surface chemistry vs.
length in the historical "long and short amosite asbestos fibers". Inhalation Toxicology 22(12),
984-998 (2010).

Ghiazza M, Polimeni M, Fenoglio |, Gazzano E, Ghigo D, Fubini B: Does Vitreous Silica Contradict
the Toxicity of the Crystalline Silica Paradigm? Chemical Research in Toxicology 23(3), 620-629
(2010).

Warheit DB, Webb TR, Colvin VL, Reed KL, Sayes CR: Pulmonary bioassay studies with nanoscale
and fine-quartz particles in rats: Toxicity is not dependent upon particle size but on surface char-
acteristics. Toxicological Sciences 95(1), 270-280 (2007).

Warheit DB, Reed KL, Sayes CM: A role for nanoparticle surface reactivity in facilitating pulmonary
toxicity and development of a base set of hazard assays as a component of nanoparticle risk man-
agement. Inhalation Toxicology 21 Suppl 1, 61-67 (2009).

Maxim LD, Mcconnell EE: A review of the toxicology and epidemiology of wollastonite. Inhalation
Toxicology 17(9), 451-466 (2005).

Who: Workshop on Mechanisms of Fibre Carcinogenesis and Assessment of Chrysotile Asbestos
Substitutes - Consensus report. (2005).

Bonelli B, Bottero |, Ballarini N, Passeri S, Cavani F, Garrone E: IR spectroscopic and catalytic char-
acterization of the acidity of imogolite-based systems. Journal of Catalysis 264(1), 15-30 (2009).
Fubini B, Ghiazza M, Fenoglio I: Physico-chemical features of engineered nanoparticles relevant to
their toxicity. Nanotoxicology 4(4), 347-363 (2010).

Bussolati O, Rotoli BM, Zanello PP et al.: Nanotubes of the Aluminosilicate Imogolite exhibit mild
Toxicity for Macrophages and Airway Epithelial Cells. Particle and Fibre Toxicology, (submitted).
lijima S: HELICAL MICROTUBULES OF GRAPHITIC CARBON. Nature 354(6348), 56-58 (1991).

Galano A, Francisco-Marquez M, Martinez A: Influence of Point Defects on the Free-Radical Scav-
enging Capability of Single-Walled Carbon Nanotubes. Journal of Physical Chemistry C 114(18),
8302-8308 (2010).

Endo M, Strano MS, Ajayan PM: Potential applications of carbon nanotubes. Carbon Nanotubes
111, 13-61 (2008).



775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827

22. Hirsch A, Vostrowsky O: Functionalization of carbon nanotubes. In: Functional Molecular
Nanostructures, (Ed.*(Eds). Springer-Verlag Berlin, Berlin 193-237 (2005).

23. Banerjee S, Hemraj-Benny T, Wong SS: Covalent surface chemistry of single-walled carbon nano-
tubes. Advanced Materials 17(1), 17-29 (2005).

24, Lacerda L, Bianco A, Prato M, Kostarelos K: Carbon nanotubes as nanomedicines: From toxicology
to pharmacology. Advanced Drug Delivery Reviews 58(14), 1460-1470 (2006).

25. Liu CH, Zhang HL: Chemical approaches towards single-species single-walled carbon nanotubes.

Nanoscale 2(10), 1901-1918 (2010).

26. Zhang YN, Zheng LX: Towards chirality-pure carbon nanotubes. Nanoscale 2(10), 1919-1929
(2010).

27. Kostarelos K: The emergence of nanomedicine: a field in the making. Nanomedicine 1(1), 1-3
(2006).

28. Raffa V, Ciofani G, Vittorio O, Riggio C, Cuschieri A: Physicochemical properties affecting cellular
uptake of carbon nanotubes. Nanomedicine (Lond) 5(1), 89-97 (2010).

29. Cheung W, Pontoriero F, Taratula O, Chen AM, He H: DNA and carbon nanotubes as medicine. Ad-
vanced Drug Delivery Reviews 62(6), 633-649 (2010).

30. Sato Y, Shibata K, Kataoka H et al.: Strict preparation and evaluation of water-soluble hatstacked
carbon nanofibers for biomedical application and their high biocompatibility: influence of nano-
fiber-surface functional groups on cytotoxicity. Molecular Biosystems 1(2), 142-145 (2005).

31. Zanello LP, Zhao B, Hu H, Haddon RC: Bone cell proliferation on carbon nanotubes. Nano Letters
6(3), 562-567 (2006).
32. Koyama S, Haniu H, Osaka K et al.: Medical application of carbon-nanotube-fitted nanocompo-

sites: The microcatheter. Small 2(12), 1406-1411 (2006).
33. Hu H, Ni YC, Montana V, Haddon RC, Parpura V: Chemically functionalized carbon nanotubes as
substrates for neuronal growth. Nano Letters 4(3), 507-511 (2004).

34, Roach P, Parker T, Gadegaard N, Alexander MR: Surface strategies for control of neuronal cell ad-
hesion: A review. Surface Science Reports 65(6), 145-173 (2010).
35. Donaldson K, Aitken R, Tran L et al.: Carbon nanotubes: a review of their properties in relation to

pulmonary toxicology and workplace safety. Toxicol.Sci. 92(1), 5-22 (2006).

36. Kane AB, Hurt RH: Nanotoxicology: The asbestos analogy revisited. Nature Nanotechnology 3(7),
378-379 (2008).

** Injection of long MWCNT into the abdominal cavity of mice produces asbestos-like pathogenic behav-
iour. A thorough discussion about analogies and differences between asbestos and CNTs is re-

ported

37. Kostarelos K: The long and short of carbon nanotube toxicity. Nature Biotechnology 26(7), 774-
776 (2008).

38. Shvedova AA, Kisin ER, Porter D et al.: Mechanisms of pulmonary toxicity and medical applications

of carbon nanotubes: Two faces of Janus? Pharmacology & Therapeutics 121(2), 192-204 (2009).
* The first paper specifically devoted to the discussion of positive and detrimental aspects of CNTs

39. Pacurari M, Castranova V, Vallyathan V: Single- and multi-wall carbon nanotubes versus asbestos:
are the carbon nanotubes a new health risk to humans? J Toxicol Environ Health A 73(5), 378-395
(2010).

40. Lison D, Muller J: Untitled. Toxicological Sciences 101(1), 179-180 (2008).

41. Muller J, Huaux F, Moreau N et al.: Respiratory toxicity of multi-wall carbon nanotubes. Toxicology
and Applied Pharmacology 207(3), 221-231 (2005).

42. Kagan VE, Tyurina YY, Tyurin VA et al.: Direct and indirect effects of single walled carbon nano-
tubes on RAW 264.7 macrophages: role of iron. Toxicol Lett 165(1), 88-100 (2006).

43, Ma-Hock L, Treumann S, Strauss V et al.: Inhalation Toxicity of Multiwall Carbon Nanotubes in
Rats Exposed for 3 Months. Toxicological Sciences 112(2), 468-481 (2009).

44, Elgrabli D, Floriani M, Abella-Gallart S et al.: Biodistribution and clearance of instilled carbon

nanotubes in rat lung. Particle and Fibre Toxicology 5, (2008).



828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880

45.

46.

47.

48.

49.

50.

Takagi A, Hirose A, Nishimura T et al.: Induction of mesothelioma in p53+/- mouse by intraperito-
neal application of multi-wall carbon nanotube. J Toxicol Sci 33(1), 105-116 (2008).

Sakamoto Y, Nakae D, Fukumori N et al.: Induction of mesothelioma by a single intrascrotal ad-
ministration of multi-wall carbon nanotube in intact male fischer 344 rats. J Toxicol Sci 34, 65-76
(2009).

Poland CA, Duffin R, Kinloch | et al.: Carbon nanotubes introduced into the abdominal cavity of
mice show asbestos-like pathogenicity in a pilot study. Nature Nanotechnology 3(7), 423-428
(2008).

Kolosnjaj-Tabi J, Hartman KB, Boudjemaa S et al.: In Vivo Behavior of Large Doses of Ultrashort
and Full-Length Single-Walled Carbon Nanotubes after Oral and Intraperitoneal Administration to
Swiss Mice. Acs Nano 4(3), 1481-1492 (2010).

Vittorio O, Raffa V, Cuschieri A: Influence of purity and surface oxidation on cytotoxicity of multi-
walled carbon nanotubes with human neuroblastoma cells. Nanomedicine-Nanotechnology Biolo-
gy and Medicine 5(4), 424-431 (2009).

Muller J, Huaux F, Fonseca A et al.: Structural defects play a major role in the acute lung toxicity of
multiwall carbon nanotubes: Toxicological aspects. Chem Res Toxicol 21, 1698-1705 (2008).

* The authors show that varying one properties at the time on MWCNTSs is possible to single out the ulti-

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

mate feature involved in pulmonary toxicity: the occurrence of structural defects.

Fenoglio |, Greco G, Tomatis M et al.: Structural defects play a major role in the acute lung toxicity
of multiwall carbon nanotubes: Physicochemical aspects. Chem Res Toxicol 21, 1690-1697 (2008).
Wang X, Jia G, Wang H et al.: Diameter Effects on Cytotoxicity of Multi-Walled Carbon Nanotubes.
Journal of Nanoscience and Nanotechnology 9(5), 3025-3033 (2009).

Yamashita K, Yoshioka Y, Higashisaka K et al.: Carbon Nanotubes Elicit DNA Damage and Inflam-
matory Response Relative to Their Size and Shape. Inflammation 33(4), 276-280 (2010).

Johnston HJ, Hutchison GR, Christensen FM et al.: A critical review of the biological mechanisms
underlying the in vivo and in vitro toxicity of carbon nanotubes: The contribution of physico-
chemical characteristics. Nanotoxicology 4(2), 207-246 (2010).

Muller J, Delos M, Panin N, Rabolli V, Huaux F, Lison D: Absence of Carcinogenic Response to Mul-
tiwall Carbon Nanotubes in a 2-Year Bioassay in the Peritoneal Cavity of the Rat. Toxicological Sci-
ences 110(2), 442-448 (2009).

Falini G, Foresti E, Gazzano M et al.: Tubular-shaped stoichiometric chrysotile nanocrystals. Chem-
istry-A European Journal 10(12), 3043-3049 (2004).

Foresti E, Fornero E, Lesci IG, Rinaudo C, Zuccheri T, Roveri N: Asbestos health hazard: a spectro-
scopic study of synthetic geoinspired Fe-doped chrysotile. J Hazard.Mater 167(1-3), 1070-1079
(2009).

Gazzano E, Foresti E, Lesci IG et al.: Different cellular responses evoked by natural and stoichio-
metric synthetic chrysotile asbestos. Toxicol.Appl.Pharmacol. 206(3), 356-364 (2005).

Gazzano E, Turci F, Foresti E et al.: Iron-loaded synthetic chrysotile: A new model solid for study-
ing the role of iron in asbestos toxicity. Chemical Research in Toxicology 20(3), 380-387 (2007).
Foresti E, Hochella MF, Kornishi H et al.: Morphological and chemical/physical characterization of
Fe-doped synthetic chrysotile nanotubes. Adv Funct Mater 15(6), 1009-1016 (2005).

Turci F, Tomatis M, Lesci IG, Roveri N, Fubini B: The Iron-Related Molecular Toxicity Mechanism of
Synthetic Asbestos Nanofibres: A Model Study for High-Aspect-Ratio Nanoparticles. Chemistry-a
European Journal 17(1), 350-358 (2011).

* The first direct experimental evidence of the role of isolated iron ions in the asbestos cellular toxicity.

62.
63.

Service RF: Nanotubes:the next asbestos? Science 281(5379), 941-942 (1998).
Jaurand M-CF, Renier A, Daubriac J: Mesothelioma: Do asbestos and carbon nanotubes pose the
same health risk? Particle and Fibre Toxicology 6, (2009).

** An extensive review of asbestos carcinogenic mechanisms in relation to their similarities and differ-

ences with CNTSs.



881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

Sanchez VC, Pietruska JR, Miselis NR, Hurt RH, Kane AB: Biopersistence and potential adverse
health impacts of fibrous nanomaterials: what have we learned from asbestos? Wiley Interdisci-
plinary Reviews-Nanomedicine and Nanobiotechnology 1(5), 511-529 (2009).

Nagai H, Toyokuni S: Biopersistent fiber-induced inflammation and carcinogenesis: lessons
learned from asbestos toward safety of fibrous nanomaterials. Arch Biochem Biophys 502(1), 1-7
(2010).

Veblen DR, Wylie AG: Mineralogy of Amphiboles and 1/1 Layer Silicates. Rev Mineral 28, 61-137
(1993).

Warheit DB: What is currently known about the health risks related to carbon nanotube expo-
sures? Carbon 44(6), 1064-1069 (2006).

Timbrell V, Gibson JC, Webster |: UICC standard reference samples of asbestos. Int.J.Cancer 3(3),
406-408 (1968).

Fubini B, Bolis V, Cavenago A, Garrone E, Ugliengo P: STRUCTURAL AND INDUCED HETEROGENEI-
TY AT THE SURFACE OF SOME SI02 POLYMORPHS FROM THE ENTHALPY OF ADSORPTION OF VAR-
IOUS MOLECULES. Langmuir 9(10), 2712-2720 (1993).

Girifalco LA, Hodak M, Lee RS: Carbon nanotubes, buckyballs, ropes, and a universal graphitic po-
tential. Physical Review B 62(19), 13104-13110 (2000).

Peigney A, Laurent C, Flahaut E, Bacsa RR, Rousset A: Specific surface area of carbon nanotubes
and bundles of carbon nanotubes. Carbon 39(4), 507-514 (2001).

Wick P, Manser P, Limbach LK et al.: The degree and kind of agglomeration affect carbon nano-
tube cytotoxicity. Toxicol Lett 168(2), 121-131 (2007).

Liu XY, Hurt RH, Kane AB: Biodurability of single-walled carbon nanotubes depends on surface
functionalization. Carbon 48(7), 1961-1969 (2010).

Choi HS, Frangioni JV: Nanoparticles for Biomedical Imaging: Fundamentals of Clinical Translation.
Molecular Imaging 9(6), 291-310 (2010).

Fenoglio I, Fubini B, Ghibaudi E, Turci F: Multiple aspects of the interaction of biomacromolecules
with inorganic surfaces. Adv. Drug Deliv. Rev., (submitted).

Aust AE, Lund LG, Chao CC, Park SH, Fang RH: Role of iron in the cellular effects of asbestos. Inha-
lation Toxicology 12, 75-80 (2000).

Aust AE: Role of iron in the biological effects of asbestos. Abstracts of Papers of the American
Chemical Society 224, U732-U732 (2002).

Guo L, Morris DG, Liu X, Vaslet C, Hurt RH, Kane AB: Iron bioavailability and redox activity in di-
verse carbon nanotube samples. Chemistry of Materials 19(14), 3472-3478 (2007).

Kim H, Sigmund W: Iron particles in carbon nanotubes. Carbon 43(8), 1743-1748 (2005).

Zalma R, Guignard J, Copin E, Pezerat H: Studies on surface properties of asbestos. IV. Catalytic
role of asbestos in fluorene oxidation. Environmental Research 41(1), 296-301 (1986).

Pezerat H, Zalma R, Guignard J, Jaurand MC: Production of oxygen radicals by the reduction of ox-
ygen arising from the surface activity of mineral fibres. IARC scientific publications (90), 100-111
(1989).

Kamp DW, Weitzman SA: The molecular basis of asbestos induced lung injury. Thorax 54(7), 638-
652 (1999).

Hardy JA, Aust AE: Iron in asbestos chemistry and carcinogenicity. Chemical Reviews 95(1), 97-118
(1995).

Shukla A, Gulumian M, Hei TK, Kamp D, Rahman Q, Mossman BT: Multiple roles of oxidants in the
pathogenesis of asbestos-induced diseases. Free Radical Biology and Medicine 34(9), 1117-1129
(2003).

Fubini B, Mollo L: Role of iron in the reactivity of mineral fibers. Toxicology Letters 82-3, 951-960
(1995).

Martra G, Tomatis M, Fenoglio I, Coluccia S, Fubini B: Ascorbic acid modifies the surface of asbes-
tos: Possible implications in the molecular mechanisms of toxicity. Chemical Research in Toxicolo-
gy 16(3), 328-335 (2003).

Turci F, Favero-Longo SE, Tomatis M et al.: A biomimetic approach to the chemical inactivation of
chrysotile fibres by lichen metabolites. Chemistry-a European Journal 13(14), 4081-4093 (2007).



934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hardy JA, Aust AE: The effect of iron-binding on the ability of crocidolite asbestos to catalyze DNA
single-strand breaks. Carcinogenesis 16(2), 319-325 (1995).

Liu SW, Tang XH, Mastai Y, Felner I, Gedanken A: Preparation and characterization of iron-
encapsulating carbon nanotubes and nanoparticles. Journal of Materials Chemistry 10(11), 2502-
2506 (2000).

Pulskamp K, Diabate S, Krug HF: Carbon nanotubes show no sign of acute toxicity but induce in-
tracellular reactive oxygen species in dependence on contaminants. Toxicology Letters 168(1), 58-
74 (2007).

Jacobsen NR, Pojana G, White P et al.: Genotoxicity, cytotoxicity, and reactive oxygen species in-
duced by single-walled carbon nanotubes and C(60) fullerenes in the FE1-Mutatrade markMouse
lung epithelial cells. Environ Mol Mutagen 49(6), 476-487 (2008).

Folkmann JK, Risom L, Jacobsen NR, Wallin H, Loft S, Moller P: Oxidatively damaged DNA in rats
exposed by oral gavage to C60 fullerenes and single-walled carbon nanotubes. Environ Health Per-
spect 117(5), 703-708 (2009).

Porter DW, Hubbs AF, Mercer RR et al.: Mouse pulmonary dose- and time course-responses in-
duced by exposure to multi-walled carbon nanotubes. Toxicology 269(2-3), 136-147 (2010).
Crouzier D, Follot S, Gentilhomme E et al.: Carbon nanotubes induce inflammation but decrease
the production of reactive oxygen species in lung. Toxicology 272(1-3), 39-45 (2010).

Vallyathan V, Mega JF, Shi XL, Dalal NS: Enhanced generation of free-radicals from phagocytes in-
duced by mineral dusts. American Journal of Respiratory Cell and Molecular Biology 6(4), 404-413
(1992).

Mossman BT, Kamp DW, Weitzman SA: Mechanisms of carcinogenesis and clinical features of as-
bestos-associated cancers. Cancer Investigation 14(5), 466-480 (1996).

Manning CB, Vallyathan V, Mossman BT: Diseases caused by asbestos: mechanisms of injury and
disease development. Int.Immunopharmacol. 2(2-3), 191-200 (2002).

Manna SK, Sarkar S, Barr J et al.: Single-walled carbon nanotube induces oxidative stress and acti-
vates nuclear transcription factor-kappa B in human keratinocytes. Nano Letters 5(9), 1676-1684
(2005).

Monteiro-Riviere NA, Inman AO, Wang YY, Nemanich RJ: Surfactant effects on carbon nanotube
interactions with human keratinocytes. Nanomedicine 1(4), 293-299 (2005).

Pacurari M, Yin XJ, Zhao J et al.: Raw single-wall carbon nanotubes induce oxidative stress and ac-
tivate MAPKs, AP-1, NF-kappa B, and Akt in normal and malignant human mesothelial cells. Envi-
ronmental Health Perspectives 116(9), 1211-1217 (2008).

Sharma CS, Sarkar S, Periyakaruppan A et al.: Single-walled carbon nanotubes induces oxidative
stress in rat lung epithelial cells. Journal of Nanoscience and Nanotechnology 7(7), 2466-2472
(2007).

Shvedova AA, Castranova V, Kisin ER et al.: Exposure to carbon nanotube material: Assessment of
nanotube cytotoxicity using human keratinocyte cells. Journal of Toxicology and Environmental
Health-Part A 66(20), 1909-1926 (2003).

Brown DM, Kinloch IA, Bangert U et al.: An in vitro study of the potential of carbon nanotubes and
nanofibres to induce inflammatory mediators and frustrated phagocytosis. Carbon 45(9), 1743-
1756 (2007).

Watts PCP, Fearon PK, Hsu WK, Billingham NC, Kroto HW, Walton DRM: Carbon nanotubes as pol-
ymer antioxidants. Journal of Materials Chemistry 13(3), 491-495 (2003).

Fenoglio |, Tomatis M, Lison D et al.: Reactivity of carbon nanotubes: Free radical generation or
scavenging activity? Free Radical Biology and Medicine 40(7), 1227-1233 (2006).

Lucente-Schultz RM, Moore VC, Leonard AD et al.: Antioxidant Single-Walled Carbon Nanotubes.
Journal of the American Chemical Society 131(11), 3934-3941 (2009).

Gilmore JL, Yi X, Quan L, Kabanov AV: Novel nanomaterials for clinical neuroscience. Journal of
Neuroimmune Pharmacology 3(2), 83-94 (2008).

Galano A: Influence of Diameter, Length, and Chirality of Single-Walled Carbon Nanotubes on
Their Free Radical Scavenging Capability. Journal of Physical Chemistry C 113(43), 18487-18491
(2009).



987

988

989

990

991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Martinez A, Galano A: Free Radical Scavenging Activity of Ultrashort Single-Walled Carbon Nano-
tubes with Different Structures through Electron Transfer Reactions. Journal of Physical Chemistry
C 114(18), 8184-8191 (2010).

Shukla PK, Mishra PC: Effects of diameter, length, chirality and defects on the scavenging action of
single-walled carbon nanotubes for OH radicals: A quantum computational study. Chemical Phys-
ics 369(2-3), 101-107 (2010).

Finkel T, Holbrook NJ: Oxidants, oxidative stress and the biology of ageing. Nature 408(6809), 239-
247 (2000).

Churg A, Wright JL: Persistence of natural mineral fibers in human lungs: an overview. Envi-
ron.Health Perspect. 102 Suppl 5, 229-233 (1994).

Churg A, Wright JL, Gilks B, Depaoli L: RAPID SHORT-TERM CLEARANCE OF CHRYSOTILE COM-
PARED WITH AMOSITE ASBESTOS IN THE GUINEA-PIG. American Review of Respiratory Disease
139(4), 885-890 (1989).

Churg A: Deposition and clearance of chrysotile asbestos. Ann.Occup.Hyg. 38(4), 625-625 (1994).
Coin PG, Roggli VL, Brody AR: Deposition, clearance, and translocation of chrysotile asbestos from
peripheral and central regions of the rat lung. Environmental Research 58(1), 97-116 (1992).

Berry G: Models for mesothelioma incidence following exposure to fibers in terms of timing and
duration of exposure and the biopersistence of the fibers. Inhalation Toxicology 11(2), 111-130
(1999).

Deng X, Jia G, Wang H et al.: Translocation and fate of multi-walled carbon nanotubes in vivo.
Carbon 45(7), 1419-1424 (2007).

Lam CW, James JT, Mccluskey R, Hunter RL: Pulmonary toxicity of single-wall carbon nanotubes in
mice 7 and 90 days after intratracheal instillation. Toxicol Sci 77(1), 126-134 (2004).

Kagan VE, Konduru NV, Feng WH et al.: Carbon nanotubes degraded by neutrophil myeloperoxi-
dase induce less pulmonary inflammation. Nature Nanotechnology 5(5), 354-359 (2010).

Liu X, Guo L, Morris D, Kane AB, Hurt RH: Targeted removal of bioavailable metal as a detoxifica-
tion strategy for carbon nanotubes. Carbon 46(3), 489-500 (2008).

Forrest GA, Alexander AJ: A model for the dependence of carbon nanotube length on acid oxida-
tion time. Journal of Physical Chemistry C 111(29), 10792-10798 (2007).

Oberdorster G, Morrow PE, Spurny K: Size dependent lymphatic short term clearance of amosite
fibers in the lung. Ann Occup Hyg 32, 149-156 (1988).

Dodson RF, Williams MG, Jr., Corn CJ, Brollo A, Bianchi C: Asbestos content of lung tissue, lymph
nodes, and pleural plaques from former shipyard workers. Am.Rev Respir.Dis. 142(4), 843-847
(1990).

Dodson RF, Atkinson MA, Levin JL: Asbestos fiber length as related to potential pathogenicity: a
critical review. Am.J.Ind.Med. 44(3), 291-297 (2003).

Shvedova AA, Kisin E, Murray AR et al.: Inhalation vs. aspiration of single-walled carbon nanotubes
in C57BL/6 mice: inflammation, fibrosis, oxidative stress, and mutagenesis. American Journal of
Physiology-Lung Cellular and Molecular Physiology 295(4), L552-L565 (2008).

Li JG, Li WX, Xu JY et al.: Comparative study of pathological lesions induced by multiwalled carbon
nanotubes in lungs of mice by intratracheal instillation and inhalation. Environ Toxicol 22(4), 415-
421 (2007).

Warheit DB: Long-term Inhalation Toxicity Studies with Multiwalled Carbon Nanotubes: Closing
the Gaps or Initiating the Debate? Toxicological Sciences 112(2), 273-275 (2009).
Ryman-Rasmussen JP, Cesta MF, Brody AR et al.: Inhaled carbon nanotubes reach the subpleural
tissue in mice. Nat Nanotechnol 4(11), 747-751 (2009).

Mercer RR, Scabilloni J, Wang L et al.: Alteration of deposition pattern and pulmonary response as
a result of improved dispersion of aspirated single-walled carbon nanotubes in a mouse model.
Am J Physiol Lung Cell Mol Physiol 294(1), L87-L97 (2008).

Kane AB, Macdonald JL, Moalli PA: Acute injury and regeneration of mesothelial cells produced by
crocidolite asbestos fibers. American Review of Respiratory Disease 133(4), A198-A198 (1986).
Moalli PA, Macdonald JL, Goodglick LA, Kane AB: Acute injury and regeneration of the mesotheli-
um in response to asbestos fibers. American Journal of Pathology 128(3), 426-445 (1987).



1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Donaldson K, Murphy F, Duffin R, Poland CA: Asbestos, carbon nanotubes and the pleural meso-
thelium: a review of the hypothesis regarding the role of long fibre retention in the parietal pleu-
ra, inflammation and mesothelioma. Part Fibre Toxicol 7, 5-22 (2010).

Endo M, Kim YA, Hayashi T et al.: Structural characterization of cup-stacked-type nanofibers with
an entirely hollow core. Applied Physics Letters 80(7), 1267-1269 (2002).

Rodriguez NM, Chambers A, Baker RTK: Catalytic engineering of carbon nanostructures. Langmuir
11(10), 3862-3866 (1995).

De Jong KP, Geus JW: Carbon nanofibers: Catalytic synthesis and applications. Catalysis Reviews-
Science and Engineering 42(4), 481-510 (2000).

Tran PA, Zhang LJ, Webster TJ: Carbon nanofibers and carbon nanotubes in regenerative medi-
cine. Advanced Drug Delivery Reviews 61(12), 1097-1114 (2009).

Helland A, Wick P, Koehler A, Schmid K, Som C: Reviewing the environmental and human health
knowledge base of carbon nanotubes. Environmental Health Perspectives 115(8), 1125-1131
(2007).

Methner M, Hodson L, Dames A, Geraci C: Nanoparticle Emission Assessment Technique (NEAT)
for the Identification and Measurement of Potential Inhalation Exposure to Engineered Nano-
materials-Part B: Results from 12 Field Studies. J Occup Environ Hyg 7(3), 163-176 (2010).

Eedy DJ: Carbon-fibre-induced airborne irritant contact dermatitis. Contact Dermatitis 35(6), 362-
363 (1996).

Jenkinson HA: Contact dermatitis in a chimney sweep. Contact Dermatitis 37(1), 35 (1997).
Monteiro-Riviere NA, Inman AO: Challenges for assessing carbon nanomaterial toxicity to the skin.
Carbon 44(6), 1070-1078 (2006).

Gogotsi Y: How safe are nanotubes and other nanofilaments? Materials Research Innovations
7(4), 192-194 (2003).

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

Grabinski C, Hussain S, Lafdi K, Braydich-Stolle L, Schlager J: Effect of particle dimension on bio-
compatibility of carbon nanomaterials. Carbon 45(14), 2828-2835 (2007).

Lindberg HK, Falck GCM, Suhonen S et al.: Genotoxicity of nanomaterials: DNA damage and mi-
cronuclei induced by carbon nanotubes and graphite nanofibres in human bronchial epithelial
cells in vitro. Toxicology Letters 186(3), 166-173 (2009).

Magrez A, Kasas S, Salicio V et al.: Cellular toxicity of carbon-based nanomaterials. Nano Letters
6(6), 1121-1125 (2006).

Vamvakaki V, Tsagaraki K, Chaniotakis N: Carbon nanofiber-based glucose biosensor. Analytical
Chemistry 78(15), 5538-5542 (2006).

Kisin ER, Murray AR, Sargent L et al.: Genotoxicity of carbon nanofibers: Are they potentially more
or less dangerous than carbon nanotubes or asbestos? Toxicology and Applied Pharmacology
252(1), 1-10 (2011).

Huang WH, Ferris JP: One-step, regioselective synthesis of up to 50-mers of RNA oligomers by
montmorillonite catalysis. Journal of the American Chemical Society 128(27), 8914-8919 (2006).
Lee KS, El-Sayed MA: Dependence of the enhanced optical scattering efficiency relative to that of
absorption for gold metal nanorods on aspect ratio, size, end-cap shape, and medium refractive
index. Journal of Physical Chemistry B 109(43), 20331-20338 (2005).

Jana NR, Gearheart L, Murphy CJ: Wet chemical synthesis of high aspect ratio cylindrical gold na-
norods. Journal of Physical Chemistry B 105(19), 4065-4067 (2001).

Sau TK, Murphy CJ: Seeded high yield synthesis of short Au nanorods in aqueous solution. Lang-
muir 20(15), 6414-6420 (2004).

Murphy CJ, San TK, Gole AM et al.: Anisotropic metal nanoparticles: Synthesis, assembly, and op-
tical applications. Journal of Physical Chemistry B 109(29), 13857-13870 (2005).

Qiu Y, Liu Y, Wang L et al.: Surface chemistry and aspect ratio mediated cellular uptake of Au na-
norods. Biomaterials 31(30), 7606-7619 (2010).

Parab HJ, Chen HM, Lai TC et al.: Biosensing, Cytotoxicity, and Cellular Uptake Studies of Surface-
Modified Gold Nanorods. Journal of Physical Chemistry C 113(18), 7574-7578 (2009).



1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144

156.

157.

158.

159.

160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Leonov AP, Zheng J, Clogston JD, Stern ST, Patri AK, Wei A: Detoxification of Gold Nanorods by
Treatment with Polystyrenesulfonate. Acs Nano 2(12), 2481-2488 (2008).

Alkilany AM, Nagaria PK, Hexel CR, Shaw TJ, Murphy CJ, Wyatt MD: Cellular Uptake and Cytotoxi-
city of Gold Nanorods: Molecular Origin of Cytotoxicity and Surface Effects. Small 5(6), 701-708
(2009).

Connor EE, Mwamuka J, Gole A, Murphy CJ, Wyatt MD: Gold nanoparticles are taken up by human
cells but do not cause acute cytotoxicity. Small 1(3), 325-327 (2005).

Murphy CJ, Thompson LB, Alkilany AM et al.: The Many Faces of Gold Nanorods. Journal of Physi-
cal Chemistry Letters 1(19), 2867-2875 (2010).

Chithrani BD, Ghazani AA, Chan WCW: Determining the size and shape dependence of gold nano-
particle uptake into mammalian cells. Nano Letters 6(4), 662-668 (2006).

Conner SD, Schmid SL: Regulated portals of entry into the cell. Nature 422(6927), 37-44 (2003).
Walczyk D, Bombelli FB, Monopoli MP, Lynch I, Dawson KA: What the Cell "Sees" in Bionanosci-
ence. Journal of the American Chemical Society 132(16), 5761-5768 (2010).

Turci F, Ghibaudi E, Colonna M, Boscolo B, Fenoglio I, Fubini B: An Integrated Approach to the
Study of the Interaction between Proteins and Nanoparticles. Langmuir 26(11), 8336-8346 (2010).
Hauck TS, Ghazani AA, Chan WCW: Assessing the effect of surface chemistry on gold nanorod up-
take, toxicity, and gene expression in mammalian cells. Small 4(1), 153-159 (2008).

Weizmann Y, Lim J, Chenoweth DM, Swager TM: Regiospecific Synthesis of Au-
Nanorod/SWCNT/Au-Nanorod Heterojunctions. Nano Letters 10(7), 2466-2469 (2010).

Patolsky F, Zheng G, Lieber CM: Nanowire-Based Biosensors. Analytical Chemistry 78(13), 4260-
4269 (2006).

Wang J: Biomolecule-functionalized nanowires: from nanosensors to nanocarriers. Chem-
physchem 10(11), 1748-1755 (2009).

Lorenz MR, Holzapfel V, Musyanovych A et al.: Uptake of functionalized, fluorescent-labeled pol-
ymeric particles in different cell lines and stem cells. Biomaterials 27(14), 2820-2828 (2006).
Muller KH, Kulkarni J, Motskin M et al.: pH-dependent toxicity of high aspect ratio ZnO nanowires
in macrophages due to intracellular dissolution. ACS Nano 4(11), 6767-6779 (2010).

Prina-Mello A, Diao Z, Coey J: Internalization of ferromagnetic nanowires by different living cells.
Journal of Nanobiotechnology 4(1), 9 (2006).

Choi D, Fung A, Moon H et al.: Transport of living cells with magnetically assembled nanowires.
Biomedical Microdevices 9(2), 143-148 (2007).

Song MM, Song WJ, Bi H et al.: Cytotoxicity and cellular uptake of iron nanowires. Biomaterials
31(7), 1509-1517 (2010).

Kostarelos K, Lacerda L, Pastorin G et al.: Cellular uptake of functionalized carbon nanotubes is in-
dependent of functional group and cell type. Nature Nanotechnology 2(2), 108-113 (2007).

Kwon NH, Beaux MF, Ebert C et al.: Nanowire-based delivery of Escherichia coli 0157 shiga toxin 1
A subunit into human and bovine cells. Nano Lett 7(9), 2718-2723 (2007).

Qi SJ, Yi CQ, Chen WW, Fong CC, Lee ST, Yang MS: Effects of silicon nanowires on HepG2 cell ad-
hesion and spreading. Chembiochem 8(10), 1115-1118 (2007).

Adili A, Crowe S, Beaux MF et al.: Differential cytotoxicity exhibited by silica nanowires and nano-
particles. Nanotoxicology 2(1), 1-8 (2008).

Julien DC, Richardson CC, Beaux MF, Mcilroy DN, Hill RA: In vitro proliferating cell models to study
cytotoxicity of silica nanowires. Nanomedicine-Nanotechnology Biology and Medicine 6(1), 84-92
(2010).

Napierska D, Thomassen LCJ, Lison D, Martens JA, Hoet PH: The nanosilica hazard: another varia-
ble entity. Particle and Fibre Toxicology 7, (2010).

Beaux MF, Bridges NJ, Dehart M, Bitterwolf TE, Mcilroy DN: X-ray photoelectron spectroscopic
analysis of the surface chemistry of silica nanowires. Applied Surface Science 257(13), 5766-5771
(2011).

Byrne F, Prina-Mello A, Whelan A et al.: High content analysis of the biocompatibility of nickel
nanowires. Journal of Magnetism and Magnetic Materials 321(10), 1341-1345 (20009).



1145
1146
1147
1148
1149
1150
1151
1152

1153

1154

1155

181.

182.

183.

184.

Kasprzak KS, Sunderman FW, Jr., Salnikow K: Nickel carcinogenesis. Mutation Research 533(1-2),
67-97 (2003).

Li Z, Yang RS, Yu M, Bai F, Li C, Wang ZL: Cellular Level Biocompatibility and Biosafety of ZnO Nan-
owires. Journal of Physical Chemistry C 112(51), 20114-20117 (2008).

Kuo C-W, Shiu J-Y, Kung Hwa W, Peilen C: Functionalized Silver Nanowires for Live Cell Study.
Chemistry Letters 37(6), 610-611 (2008).

Kuo C-W, Lai J-J, Kung Hwa W, Peilen C: Surface modified gold nanowires for mammalian cell
transfection. Nanotechnology 19(2), 025103 (2008).



1156

1157

1158

1159

1160

1161

1162

1163

1164

FIGURES, CAPTIONS and TABLE

FIGURE 1. Scheme of the expected events in the alveoli upon inhalation of fibrous particles. Frustrated
phagocytosis mainly occurs with long fibers, but is determined not only by fiber length but also by the
chemical composition of the fibers. Short fibers which do not react deleting the phagolysosomal mem-
brane are phagocitized and cleared by macrophages. Conversely long fibers and those reacting within the

phagolysome activate and ultimately kill the cells and are released again in the medium.
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FIGURE 2. Magazine advertisings from different asbestos product manufacturers in the beginning of

20th century.

Asbestos is the typical example of a versatile material with exceptional properties which turned out to be
one of the largest occupational tragedies. With appropriate studies on the new HARNs we have the possi-
bility to develop safe material design and manufacturing strategies before a large scale commercialization
takes place. Media source: 1) Turner Brothers Asbestos Company, Manchester, UK, 1918; 2) Keasbey &
Mattison Company, Amblier, PA, 1928; 3) L. W. Kerney, Chicago, IL, 1905; 4) Johns-Manville Company,

New York, NY 1925; 5) Industrial Gloves Company, Danville, IL, 1946.
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FIGURE 3. Scheme of the structure of most common HARNSs.

Schematic representation of the structures of A) carbon nanofibers with different arrangement of the
graphene layers: (from left to right) platelets stacked perpendicularly to the fiber axis (platelet CNF);
platelets angled to the axis (herringbone CNF); carbon nanotubes; stacked cups CNF; stacked cones CNF.
B) nanowires: (from left to right) single segment or single crystal NW, two components radial or core shell
NW, two components multisegment axial NW, two components axial or two segment NW; C) asbestos:
(from left to right) serpentine and amphibole; D) nanorods: (from top to bottom) single metal NR, bi-

component NR (e.g., Au-Pt), coated NR.
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1185 FIGURE 4. A dimensional view of the HARNs whose structure is depicted in Fig 3.
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1188 FIGURE 5. Carbon-nanotubes: hype or hope?

1189  A) Schematic structure of the carbon-carbon bonds and a scanning microscopy image of carbon nano-
1190  tubes. B) The rate of growth of publications on carbon nanotubes (red) compared to those devoted to
1191  their toxicity (pale blue). Clearly studies on the synthesis and application of CNTs pay more than those de-

1192  voted to the hazard associated to their production and use.
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1195
1196 TABLE 1. CNT vs. Asbestos.

1197 A comparison of the chemical properties of CNTs and asbestos which are - or may be - implied in their toxicity. The chemical nature of the two materials, at

1198 least in their “native” form, are quite different.

I Carbon nanotubes Asbestos
| Amphiboles Chrysotile

stoichiometric Fe® and Fe**

o A 2+ .
L substitutional Fe”" ions
ions in crystal structure

bio-available metals highly variable (Co, Ni, Fe — metallic or ionic)

hydrophilicity

hydrophobicity highly hydrophobic if not functionalized highly hydrophilic

surface charge very low, negative if not functionalized high, negative hieh. positive
(physiological pH) ylow, neg gh, neg gh, p

free radicals free radicals and ROS scavenging free radicals and ROS generation

enzymatic degradation in neutrophils (SWCNT) and
dissolution/degradation degradation in phagolysosomal fluid (carboxylated
SWCNT)

selective leaching of iron ions only in presence of strong
chelators

1199
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1201
Structure
Defects amount
kind

Chemical composition

Nature of the chemical
bond

Presence of metals or
metal ions

Hydrophilicity / hydro-
phdbicity

Aggregation / agglomera-

tion
Durability

single (SWCNT) or multi
(MWCNT) graphene layered
rolled sheets

yes, variable depending up-
on synthesis procedures

ring shapes other than hexa-
gon, sp3 hybridized C, dan-
gling bonds at the lattice de-
fects and at end caps

carbon

covalent

highly variable (Co, Ni, Fe).
Clusters in different redox
states

hydrophobic

yes

high

graphene layers arranged as
stacked cones, cups or plates,
aligned perpendicularly
(platelet); parallel (tubular) or
angled (herringbone) to the
fiber axis

high

dangling bonds at the edges
of the grapheme layers; de-
fects similar to CNT ones

carbon

covalent

highly variable. Clusters in dif-
ferent redox states
hydrophobic

yes

high

single segment (single-crystal)
or multi segment (at least two
different single-crystal) with
radial (core-shell) or axial
alignment

yes, variable depending upon
size

stacking faults and twins in
the core shell, incomplete
bond at the edges, presence
of oxide layer on metal NW
surface

metals (Ni, Pt, Au), semicon-
ductor (Si, GaN, etc.) and ox-
ides (Si0,, TiO,)

covalent polar

ionic

metallic

variable, mostly hydrophilic
depending upon composition
variable, depending upon
composition

variable, depending upon sol-
ubility of the metal/oxide
constituting the wire

single metal, bi-
component, coated NR

variable, low

faceting, twinning, va-
cancies

metal (Au, Ag), oxide
(TiO,)

covalent polar
metallic

always

variable, depending
upon coating

variable, depending
upon coating

variable, depending
upon the coating disso-
lution

TABLE 2. Comparison of the most relevant physical and chemical properties of asbestos and HARNS potentially involved in the toxicity

amphiboles: octahedrally coordinat-
ed cations layers sandwiched be-
tween tetrahedral silicate layers
chrysotile: multi-layered brucitic lay-
ers intercalated with silicate rolled
sheets

largely variable in natural minerals

defects in the framework, absence or
substitution of metal ions

silicate sheet (SiO,) including Mg”,
Fe*”* Na* Ca*as structural or sub-
stitution ions

mixed: covalent polar + ionic

Fe, higher from amosite and crocido-
lite

fully hydrophilic

naturally in bundles

amphiboles: high in all media

chrysotile: generally high, low stabil-
ity in acidic media
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