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Preface to “Nanofibres: Friend or Foe?”

Nanofibers, particularly those of a carbonaceous content, have received
increased interest in the past two decades due to their outstanding physico-
chemical characteristics and their possibility to form and contribute towards a
plethora of potentially advantageous materials for consumer, industrial and
medical applications. Despite this, and together with the numerous research
studies and published articles that have sought to investigate these aspects, the
potential impact of CNTs is still not understood. Whether or not nanofibers may
be able to provide a sophisticated alternative to conventional materials is still
debatable, whilst their effects upon both environmental and human health are
highly equivocal. How nanofibers are conceived can determine how they may
interact with different environments, such as the human body. Understanding
each key step of the synthesis and production of nanofibers to their use within
potential applications is therefore essential in gaining an insight into how they
may be perceived by any biological system and environment. Thus, obtaining
such information will enable all scientific communities to begin to realize the
potential advantages posed by nanofibers. The aim of this Special Issue therefore,
was to provide a collective overview of nanofibers; ‘from synthesis to application’.
The Issue particularly focuses upon carbon-based nanofibers, but also highlights
alternative nanofiber types. Emphasis is given holistically, with articles discussing
the production routes of nanofibers, their plight during their life-cycle (origin to
applied form and effects over time), as well as how nanofibers could either incite
conflict, or provide aid to human and environmental health.

Alke Fink, Barbara Rothen-Rutishauser and Martin J. D. Clift
Guest Editors
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Nanofibers: Friend or Foe?

Alke Petri-Fink, Barbara Rothen-Rutishauser and Martin J. D. Clift

Reprinted from Fibers. Cite as: Petri-Fink, A.; Rothen-Rutishauser, B.; Clift, M.].D.
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Since the early 1990s nanofibers, particularly those of a carbonaceous content [1]
have received heightened interest due to their advantageous physico-chemical
characteristics (e.g., high strength, stiffness, semi-conductor, increased thermal
conductivity and one of the highest Young’s modulus [2]). Such attributes have
caused increased debate regarding their potential use as a fundamental component
in a wide range of new, advantageous materials for consumer, industrial and medical
applications [2]. Yet, concomitantly, due to their dimensions, as well as chemical and
elemental structure, concerns as to the human health risk associated with exposure
to nanofibers have been vehemently raised [3-5]. Thus, there remains an impending
need to undertake research initiatives that focus specifically upon determining the
real advantages posed by nanofibers, as well as underpinning their conceivable
risk to human health. Both are inextricably linked, and therefore by devising a
thorough understanding of the synthesis and production of nanofibers to their
potential application and disposal is essential in gaining an insight as to the risk they
may pose to human health.

In this Special Issue of Fibers, seven publications (two original articles and
four full-length reviews as well as one opinion) are dedicated towards further
understanding the nanofibre paradox, notably considering (i) the advantageous
structure and mechanical material properties; and (ii) what areas must be considered
for future research.

Initially, Yao and colleagues [6], in a paper entitled ‘High strength and high
modulus electrospun nanofibers’, describe, through a detailed review, the ability to
create nanoscale continuous fibers via the simple method of electro-spinning. This
paper highlights just one of the many possibilities to synthesize nano-sized fibers that
elicit high strength and high modulus characteristics, providing essential guidance
for future activities in this context. Such future activities are subsequently shown
by Schaer et al. [7], who describe the effectiveness of co-encapsulating different
forms of nanomaterials (i.e., nanophosphors and superparamagnetic iron oxide
nanoparticles) in either polystyrene micro- or nano-fibers using electro-spinning
techniques. Through a sophisticated approach, it has been shown that such
electro-spun nanomaterials can be used as promising multi-functional magnetic
photoluminescent photocatalytic nano-constructs.




Continuing further, the potential application of nanofibers is then touched upon
by Hatanaka et al. [8], who report the ability for cellulose nanofibers, a new and
exciting nanofiber type, to form hierarchical self-assembled films. In this original
article, which highlights an alternative way of approaching soft nanoscience, it was
reported that via an unconventional, bottom-up process, they were able to show that
the hierarchically self-assembled nanofibers promoted increased, advantageous level
of mechanical properties when under tensile mode.

The context of the Special Issue then changes direction, going from the
production and application of nanofibers to the other end of their life-cycle, focusing
on the potential release of nanofibers from polymer matrices. In a full-length review,
Schlagenhauf and colleagues [9] discuss the ability for carbon nanotubes to be
released from polymer nanocomposites under a variety of stress-induced scenarios,
including mechanical impact, weathering and fire. This comprehensive article
highlights an area of increasing interest within the field of nanotoxicology, especially
since the release of nanomaterials in such a scenario would mimic that which humans
would be directly exposed to, either accidentally or within an occupational setting.

In context of considering the potential adverse impact of nanofibers upon
human health, understanding their physico-chemical characterisation is a must [10].
Recently, in addition to this, the determination as to how nanomaterials interact
with their non-cellular, biological environment (i.e., interaction with proteins) has
highlighted another avenue of nanomaterial characterisation that will help further
deduce their interaction with extra- and intra-cellular entities, such as proteins. Most
notably however, understanding how nanomaterials interact with protein complexes
has been performed upon spherical-shaped nanomaterials [11], with limited
understanding concerning the nanofiber-protein interaction. Therefore, to provide
a thorough overview of how proteins interact with fiber-shaped nanomaterials,
Kucki et al. [12] highlight recent studies that investigate these complexes and discuss
what such interactions may mean towards the hazard potential of nanofibers as well
as give indications for future research in this area. Continuing on the theme of the
biological impact of nanofibers, Boyles and colleagues [13] discuss the ability for
nanofibers to cause inflammation. Focusing upon inhalation exposure, although
also touching upon other exposure routes, the effects noted from both in vivo and
in vitro research studies following carbon nanotube exposure are discussed. Most
notably, this article refers to the potential impact of carbon nanotubes upon the
human immune system, and what the consequences of such an interaction might be.

Finally, the Special Issue culminates with an opinion that looks beyond
carbon-based nanofibers, specifically nanofibers composed of cellulose. Camarero-
Espinosa, Endes and Mueller et al. [14] highlight cellulose nanocrystals, a new form
of nanofiber receiving increased attention due to their advantageous physical and
mechanical characteristics. This opinion-based article is focused towards the essential



need for attaining knowledge of the biological impact of cellulose nanocrystals,
with a special focus upon human health effects. Based upon the view of progressing
nanotoxicological assessment of new nanomaterials, the authors providing a strong,
yet clear indication as to how future research activities regarding this exciting
nanomaterial must be conducted in order to fully comprehend its biological impact
(to human health).

In summary, this Special Issue entitled ‘Nanofibers: Friend or Foe?’ provides
significant insight into the nanofiber paradox, with (i) the potential applications
posed by nanofibers; and (ii) a discussion of the many issues that remain unresolved
in regards to their potential risk towards human health. Discussing major and
important components that must be considered within the field, this Special Issue
allows for a clear understanding of the problems being encountered combined with
a number of definitive solutions as to how to move forward in order to realise the
advantages encouraged by these nano-sized materials.

Conflicts of Interest: The authors declare no conflict of interest.
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Hierarchically Self-Assembled Nanofiber
Films from Amylose-Grafted
Carboxymethyl Cellulose

Daisuke Hatanaka, Yasutaka Takemoto, Kazuya Yamamoto and
Jun-ichi Kadokawa

Abstract: In this paper, we report the formation of hierarchically self-assembled
nanofiber films from amylose-grafted sodium carboxymethyl celluloses (NaCMCs)
that were synthesized by a chemoenzymatic approach. First, maltooligosaccharide
primer-grafted NaCMCs were prepared by a chemical reaction using two kinds of
NaCMCs with different degrees of polymerization (DPs) from Avicel and cotton
sources. Then, phosphorylase-catalyzed enzymatic polymerization of «-D-glucose
1-phosphate from the nonreducing ends of the primer chains on the products was
conducted to produce the prescribed amylose-grafted NaCMCs. The films were
obtained by drying aqueous alkaline solutions of the amylose-grafted NaCMCs.
The scanning electron microscopy (SEM) image of the film fabricated from the
material with the higher DP from the cotton source showed a clear, self-assembled,
highly condensed tangle of nanofibers. The SEM image of the material with the
lower DP from the Avicel source, on the other hand, showed an unclear nanofiber
morphology. These results indicate that the DPs of the main chains in the materials
strongly affected the hierarchically self-assembled nanofiber formation. The SEM
images of the films after washing out the alkali, furthermore, showed that the fibers
partially merged with each other at the interfacial area owing to the double helix
formation between the amylose-grafted chains. The mechanical properties of the
films under tensile mode also depended on the self-assembled morphologies of the
amylose-grafted NaCMCs from the different sources.

Reprinted from Fibers. Cite as: Hatanaka, D.; Takemoto, Y.; Yamamoto, K,
Kadokawa, J.-I. Hierarchically Self-Assembled Nanofiber Films from Amylose-
Grafted Carboxymethyl Cellulose. Fibers 2014, 2, 34—44.

1. Introduction

Cellulose is the most abundant biological macromolecule, with a polysaccharide
structure consisting of a chain of 3-(1—4)-linked glucose residues [1,2], and is a very
important renewable resource used in furniture, clothing, and medical products.
Considerable efforts are also being devoted to developing new material applications
of cellulose because of its biodegradable and eco-friendly properties. Self-assembled
fibrillar nanostructures from cellulose, so-called nanofibers, are promising




materials for practical applications in bio-related research fields such as tissue
engineering [3-5]. Conventional approaches to the production of cellulose nanofibers
are mainly top-down procedures that break down the starting bulk materials from
natural cellulose resources [6-8].

In a previous study, we found that the self-assembly of amylose-grafted
carboxymethyl cellulose sodium salt (NaCMC) forms nanofiber films upon drying
its alkaline aqueous solution [9]. Carboxymethyl cellulose (CMC), an anionic
water-soluble polysaccharide, is one of the most widely used cellulose derivatives,
and its sodium salt (NaCMC) has a number of COONa groups that promote water
solubility [10]. Our method for the formation of nanofibers from amylose-grafted
NaCMCs is completely different from the aforementioned conventional top-down
procedures because our method is a hierarchically self-assembling generative
(bottom-up) route, in which fibrillar nanostructures are produced by regeneration
from the solutions of the substrates.

Amylose-grafted NaCMC (3) was synthesized by a chemoenzymatic technique
according to Scheme 1, which was combined of phosphorylase-catalyzed
enzymatic polymerization with chemical reaction [11-19]. Because the enzymatic
polymerization of x-D-glucose 1-phosphate (G-1-P) is initiated at the nonreducing
end of the maltooligosaccharide primer and produces amylose by the following
propagation [20-27], the primer was first introduced on the NaCMC chain
by the condensation of an amine-functionalized maltooligosaccharide (1) with
carboxylates in NaCMC to give a maltooligosaccharide-grafted NaCMC. Then,
the phosphorylase-catalyzed polymerization of G-1-P was conducted using the
product to give the prescribed material, 3. The introduction of amylose-graft
chains contributed to the construction of a rigid NaCMC main chain, resulting
in a nanofiber film upon drying the alkaline solution of the product. Furthermore,
the long amylose-graft chains formed double helixes in the intermolecular NaCMC
chains by washing out alkali from the film to produce a robust film with the merged
nanofiber morphology.

In this paper, we describe the effect of the degree of polymerization (DP) of the
NaCMC main chains on the formation behaviors of hierarchically self-assembled
nanofiber films from 3. For this purpose, the materials were synthesized by the
aforementioned chemoenzymatic method using NaCMCs having similar degrees of
carboxymethylation (DC). The NaCMCs were prepared from two kinds of cellulose
with different DPs (microcrystalline cellulose (Avicel No. 2331), DP = ca. 230; cotton,
DP = ca. 2500) [28,29].
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Scheme 1. Chemoenzymatic synthesis of amylose-grafted NaCMC (3).

2. Experimental Section

2.1. Materials

Microcrystalline cellulose from Merck (Avicel, No. 2331) and absorbent cotton
from Kakui Co. Ltd. (Kagoshima, Japan) were used. Carboxymethylation of the
cellulose was carried out by the reaction of cellulose with sodium chloroacetate
according to the literature procedure [30]. The DC values were estimated by the
titration method described in the literature [31]. Thermostable phosphorylase
(Aquifex aeolicus VF5) was supplied by Ezaki Glico Co. Ltd., Osaka, Japan [23,32,33].
An amine-functionalized maltooligosaccharide (1) was prepared according to the
literature procedure [16]. Other reagents and solvents were used as received.

2.2. Synthesis of Maltooligosaccharide-Grafted NaCMC (2)

To a solution of NaCMC (from Avicel, DC = 0.46, 0.020 g, 0.0101 mmol)
in water (3.0 mL) was added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) (0.0387 g, 0.202 mmol) and N-hydroxysuccinimide (NHS)
(0.0232 g, 0.202 mmol), and the mixture was stirred at room temperature for 1 h.
Then, 1 (0.245 g, 0.202 mmol) was added to the solution and the mixture was further



stirred at room temperature for 24 h. After the reaction solution was dialyzed
in a dialysis bag (molecular cut off: 12,000-14,000) against water overnight, the
obtained material was purified further by precipitation into methanol (300 mL). The
precipitate was isolated by filtration, washed with dimethyl sulfoxide (DMSO) and
methanol, and dried under reduced pressure to give maltooligosaccharide-grafted
NaCMC (2) (0.133 g); 'H NMR (D,0) & 3.00-4.44 (sugar protons of H2-HS,
NCH,CH;N), 4.44-4.68 (H1 of NaCMC), 5.17, 5.34 (H1 of maltooligosaccharide).
The degree of substitution (DS) for the grafting was determined by the integrated
ratio of the H1 signal of maltooligosaccharide to that of NaCMC to be 0.074.
Maltooligosaccharide-grafted NaCMC from cotton was synthesized according to a
similar procedure (DC = 0.43, DS = 0.070).

2.3. Synthesis of Amylose-Grafted NaCMC (3)

The aforementioned 2 (from Avicel, 0.0080 g, 0.0212 mmol) was dissolved in
an aqueous sodium acetate buffer solution (0.2 mol/L, pH 6.2, 3.0 mL) and G-1-P
disodium salt (0.486 g, 1.60 mmol) was added to the solution. After the pH value
was adjusted to 6.2 by the addition of 0.2 mol/L aqueous acetic acid, thermostable
phosphorylase (16 units) was added to this solution, which was then maintained at
45 °C for 20 h with stirring. After the resulting gelic mixture was immersed in water
(100 mL) for 3 h, the gel was lyophilized to give amylose-grafted NaCMC (3, 0.107 g);
'H NMR (1 mol/L NaOD/D,0) § 3.00—4.44 (sugar protons of H2-H6, NCH,CH;N),
4.44-4.68 (H1 of NaCMC), 5.13, 5.27 (H1 of amylose). Amylose-grafted NaCMC from
cotton was synthesized according to a similar procedure.

2.4. Formation of Nanofiber Film from 3

Amylose-grafted NaCMC 3 (0.040 g) was first dissolved in a 0.50 mol/L NaOH
aqueous solution (1.5 mL) by stirring the mixture at room temperature. The solution
was thinly cast onto a glass plate and dried under ambient conditions to give a film.
The resulting film was immersed twice in water (10 mL for 10 min and 5 mL for
5 min) to remove the NaOH and dried under ambient conditions.

2.5. Measurements

'H NMR spectra were recorded on a JEOL ECX-400 spectrometer. Scanning
electron microscopy (SEM) images were obtained using an Hitachi SU-70 electron
microscope. X-ray diffraction (XRD) measurements were conducted using
PANalytical X'Pert Pro MPD with Ni-filtered Cu Ko radiation (A = 0.15418 nm).
The stress—strain curves under tensile mode were measured using a tensile tester
(Little Senster LSC-1/30, Tokyo Testing Machine).



3. Results and Discussion

3.1. Chemoenzymatic Synthesis of Amylose-Grafted NaCMC 3

For the chemoenzymatic synthesis of the amylose-grafted NaCMCs (3), in
this study, two kinds of NaCMCs with similar DC values and different DP values
were prepared by the carboxymethylation of Avicel and cotton [30]. The NaCMC
from Avicel had DC and DP of 0.46 and 230, respectively, and the NaCMC from
cotton had DC and DP of 0.43 and 2500, respectively [28,29]. The introduction
ofmaltooligosaccharides onto the NaCMC chains was performed by the condensation
of 1 with carboxylates in the NaCMCs using the EDC/NHS condensing agent in
water to give 2 (Scheme 1). The ratios of the introduced maltooligosaccharide chains
to the repeating units (functionality) in the products from the two kinds of NaCMCs
were adjusted to have similar values (DS = 0.074 from Avicel and DS = 0.070 from
cotton) by appropriate reaction conditions, which were determined by the integrated
ratios of the H1 signal of the maltooligosaccharides to that of the NaCMCs in the 'H
NMR spectra in D,O.

The amylose-grafted NaCMCs were synthesized by the phosphorylase-
catalyzed polymerization of G-1-P from the nonreducing ends of the
maltooligosaccharide (primer) graft chains on 2 in the G-1-P/primer feed
ratio of 500 (Scheme 1). As the polymerization progressed, the gelation of the
reaction mixtures took place. The gelic products were immersed in water and the
resulting gels were lyophilized to give 3. The isolated products were insoluble in
water but soluble in aqueous alkaline solution. Thus, the structures of the products
were characterized by the 'H NMR spectra measured in 1 mol/L NaOD/D,O
(Figure 1, from the cotton source), which showed an obvious increase in the
integrated ratios of the H1 signal of amylose to the H1 signal of NaCMC as compared
with that in the 'H NMR spectra of 2. The average DPs of the amylose-graft chains
in 3 from Avicel and cotton were calculated on the basis of the elemental analysis
data, and the functionalities of the maltooligosaccharide chain (the DS values) in 2
were found to be 187 and 218 for Avicel and cotton sources, respectively.

3.2. Formation and Characterization of Self-Assembled Nanofiber Films from 3

We previously reported that amylose-grafted NaCMCs (3) with DPs of 140-214
and an amylose-graft chain functionality of 35.4 synthesized from commercially
available NaCMC (DP = ca. 1200 and DC = 0.7) formed self-assembled nanofiber
films after drying their aqueous alkaline solutions. In the present study, we evaluated
the effect of the DPs of the NaCMC main chains in 3 on the formation behavior of the
self-assembled nanofiber films using two materials synthesized as aforementioned.
Solutions of the materials in 0.50 mol/L NaOH aq. were cast onto a glass plate and
dried under ambient conditions to give the product films. It was confirmed from the



SEM image that the film of 3 from the cotton source was constructed from nanofibers
arranged in a highly condensed tangle (Figure 2b). On the other hand, such a clear
nanofiber morphology was not seen in the SEM image of the film fabricated from the
Avicel source, although it showed some broad fibrillar entanglement (Figure 2a). The
SEM images of the films after washing out the alkali showed that the fibrils partially
merged with each other at interfacial areas with the remaining fibrillar morphologies
(Figure 2¢,d). The SEM results suggest that the longer NaCMC chain in 3 is favorable
for producing the regularly controlled self-assembly needed to construct the clear
nanofiber morphology.

H2-6, NCH,CH,N
H1 of amylose HOD[ \
2 oH 1o 20H1 o 3 OH

7 / OCHZCOO/ OCHZCO
&

3 2041 3 2oH1 3 20H1

HI1 of
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6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.

ppm

Figure 1. 'H NMR spectrum of amylose-grafted NaCMC (3) from cotton
(NaOD/D»0).

XRD measurements of the films were conducted to evaluate the hierarchically
self-assembled structure of 3. The XRD profile of the film of 3 from cotton before
washing out the alkali slightly show diffraction peaks due to amylose helix at around
17 and 23° [34] besides NaOH crystalline peaks (Figure 3a), indicating that the
amylose graft chains only partially formed double helix conformation in the film.
Because the aqueous alkaline solution is a good solvent for amylose, the formation of
an amylose double helix is mostly prevented during the drying process of the solution.
After washing out the alkali from the film, the XRD profile exhibited diffraction peaks
obviously due to the amylose helix (Figure 3b,c), indicated with shadows), suggesting
the progress of double helix formation during the washing process.
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Figure 2. SEM images of films prepared from alkaline solutions of 3 from Avicel

and cotton ((a,b), respectively) and respective films after washing out alkali
((c,d), respectively).

On the basis of the above results, the self-assembling process of 3 is proposed
to lead to the formation of the nanofiber film (Figure 4). As already reported in our
previous paper [9], the introduction of saccharide-graft chains on NaCMC prevented
the construction of a random-coil conformation, resulting in the rigid nature of the
NaCMC chain. While drying the aqueous alkaline solution of 3, some of these rigid
materials regularly assembled to induce nanofibrillation with the slight double helix
formation from amylose graft chains on NaCMCs, but they did not construct large
aggregates because the double helix formation of the most of the amylose chains was
prevented due to the alkaline conditions. By washing out alkali from the film, the
double helix was able to form on the nanofibers, leading to merging on the surface
of the fibers. The average DP value of the NaCMC main chain of 3 from the cotton
source (ca. 2500) was much larger than that of the amylose-graft chain (218), resulting
in nanofibrillation with a high aspect ratio. On the other hand, because the two DP
values of the main and graft chains in 3 from the Avicel source were comparable
(230 and 187), the self-assembled nanofibers were not clearly formed.
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Figure 3. XRD profiles of films of 3 from cotton (a) before and (b) after washing out
the alkali and (c) amylose.

Finally, the mechanical properties of the films of 3 from the Avicel and cotton
sources after washing out alkali were evaluated by tensile testing (Figure 5). The
stress—strain curve of the film from the cotton source showed larger fracture stress
and strain values than the film from the Avicel source. This result indicates that the
DP of the main chain in 3 strongly affects the mechanical properties of the present
nanofiber film.
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Figure 5. Stress—strain curves of films of 3 from (a) Avicel and (b) cotton after
washing out alkali.
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4. Conclusions

This paper reports the formation of hierarchically self-assembled nanofiber
films from amylose-grafted NaCMC films (3) with different DPs. The materials were
synthesized by the chemoenzymatic method using NaCMCs from different sources,
Avicel and cotton. The film with the clear nanofiber morphology was formed from
the material with the higher DP (cotton) upon drying its aqueous alkaline solution,
whereas the clear nanofiber morphology was not obtained in the film from the
material with the lower DP (Avicel). By washing out the alkali from the films, the
fibers merged at their interfacial areas. The obvious formation of the hierarchically
self-assembled nanofibers in the film strengthened the mechanical properties under
tensile mode.
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The Significance and Insignificance of
Carbon Nanotube-Induced Inflammation

Matthew S.P. Boyles, Linda C. Stoehr, Paul Schlinkert, Martin Himly and
Albert Duschl

Abstract: In the present review article immune responses induced by carbon
nanotubes (CNTs) are addressed. As inhalation is considered to be the primary entry
route, and concern has been raised by similar high aspect ratio materials, the main
focus lies on immune responses upon pulmonary exposure. Inflammation-related
findings from both in vivo studies and in vitro models are reviewed, and the major
responsible characteristics, which may drive CNT-induced inflammation in the
lung, are discussed. In a second part, responses upon intentional administration of
CNTs via subcutaneous and intravenous application are addressed, including their
potential benefits and drawbacks for immunotherapy. Finally, the gastrointestinal
tract as an alternative exposure route is briefly discussed. While there are many
studies identifying numerous other factors involved in CNT-driven toxicity, e.g.,
cytotoxicity, oxidative stress, and genotoxicity, the focus of this review was kept
solely on CNT-induced inflammation. Overall the literature has shown that CNTs are
able to induce inflammation, which in some cases was a particularly robust response
coinciding with the development of pro-fibrotic conditions. In the majority of cases
the greatest inflammatory responses were associated with CNTs of considerable
length and a high aspect ratio, accompanied by other factors like dispersion and
sample purity.

Reprinted from Fibers. Cite as: Boyles, M.S.P; Stoehr, L.C.; Schlinkert, P,;
Himly, M.; Duschl, A. The Significance and Insignificance of Carbon Nanotube-
Induced Inflammation. Fibers 2014, 2, 45-74.

1. Introduction

According to The International Organization for Standardization (ISO), a carbon
nanofiber (CNF) is defined as a (flexible or rigid) nano-object composed of carbon
with two similar external dimensions in the nanoscale and the third dimension
being significantly larger. Although this definition includes the group of carbon
nanotubes (CNTs), classifying them as “hollow carbon nanofibers”, many studies
use the terms CNFs and CNTs to describe two distinct groups, with the difference
being based on the orientation of the graphene sheet. Principally, CNTs can be either
multi-walled (MWCNT) or single-walled (SWCNT), and are continuous rolls of
graphene sheets that form tubes along a common axis, while CNFs are derived from
different stacking arrangements of graphene layers; e.g., perpendicular to the fiber
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axis, inclined, parallel (unrolled) and even spiral-shaped [1]. As they are relatively
easy to produce and their production costs are significantly lower compared to CNTs,
there is a growing interest in using CNFs instead of CNTs for certain applications,
mainly for electronics, reinforcing materials, and in the biomedical field [2,3]. Several
studies suggest that these materials are especially promising for use in orthopaedic
and dental applications [4-6]. Carbon nanotubes (CNTs), however, have already
reached high volumes of industrial production, and with numerous commercial
applications [7], are arguably the most notable high aspect ratio nanoparticle (HARN)
currently on the market. Therefore, the primarily focus here is upon CNTs, while
some attention is also given to CNFs.

With biological responses to CNTs being linked to the pathogenicity of asbestos,
there is great concern surrounding CNT exposure, and there is a need to fully
understand biological responses to this material. A key defense mechanism of
the immune system and a factor highlighted in particle-induced responses is
inflammation. In terms of the pathogenicity induced by asbestos, and other fibers and
nanoparticles (NPs), the development of chronic inflammation [8] and progression
of pulmonary fibrosis [9-11] are also often discussed. Therefore, using an assessment
of CNT mediated inflammation it may be possible to predict and determine possible
health implications associated with CNT exposure.

Inflammation attributed to pathogenicity induced by particles and fibers is
often epitomized by the secretion of specific regulatory mediators, such as tumor
necrosis factor-alpha (TNF-«), interleukin (IL)-8, and monocyte chemoattractant
protein (MCP)-1, by respiratory epithelial cells and alveolar macrophages [12].
These pro-inflammatory secreted proteins can be mediated by the activity of
certain transcription factors and of intracellular signaling molecules, including
nuclear factor-kappa B (NF-«B), activator protein-1 (AP-1), cyclic AMP (cAMP), and
intracellular calcium, upon stimulation through oxidative and physical stress [13-15].
CNTs have also been shown to induce NF-«B and AP-1 activation, leading to
oxidative stress-induced secretion of IL-8 [16-18]. In this review an insight into
CNT-induced inflammatory responses is provided, with a main focus on pulmonary
exposure, as inhalation is arguably the most relevant exposure route, through
occupational exposure. In this case, inflammation-induced fibrosis is a key element
to be considered. In addition to the pulmonary exposure route, subcutaneous, and
intravenous administration, significant for nanomedical applications of CNTs, have
gained increased attention and will, together with alternative exposure routes to
CNTs, (namely the GIT), be discussed.

18



2. Immune Responses upon Pulmonary Exposure

2.1. Considerations for CNT Inhalation

When assigning a similar pathogenicity to CNTs as has previously been
observed in particularly aggressive materials, such as asbestos, there are two main
issues to consider, biopersistence and respirability. The combination of both is
essential for prolonged immune responses and for development of pulmonary
fibrosis. With biopersistence, the clearance of inhaled material is hampered, through
simple particle overload of immune cells, or potentially more importantly due
to the physicochemical characteristics of the material. When fiber-like material,
such as CNTs, have a length which exceeds 20 um, a width under 3 um and are
durable, becoming biopersistent, they are considered particularly pathogenic [19].
Normal clearance of material reaching the alveoli relies on alveolar macrophages,
however, successful phagocytosis by these cells is limited to 20 um [20]. Fibers over
this length can induce frustrated phagocytosis, which may lead to oxidative stress,
enhanced cell proliferation, and chronic inflammation [21-23]. In Figure 1, frustrated
phagocytosis can be observed in response to both (A) MWCNT and (B) long fiber
amosite (LFA) asbestos. There have been some efforts to determine parameters for
CNT biopersistence, such as deposition patterns and clearance rates.

50.0um x1.50k SE(U)

Figure 1. Scanning electron microscopy image of J774.Al cells undergoing
frustrated phagocytosis, induced by (A) multi-walled carbon nanotubes and
(B) long fiber amosite asbestos. Scale bar is on bottom right of each image. Images
courtesy of Matthew Boyles, Lesley Young and Vicki Stone.

Biopersistence. Recent literature has indicated that in some cases CNTs can
be degraded by biological defensive mechanisms found within the lung. For
example, the degradation of SWCNTs has been shown in the presence of hypochlorite,
human neutrophil enzyme myeloperoxidase catalyze, and upon direct exposure to
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neutrophils and macrophages, with the degraded material eliciting no inflammatory
reactions [24]. This result has been confirmed by the observation of impaired
clearance of CNT in myeloperoxidase-deficient mice [25], and eosinophil peroxidase
has also been shown to degrade SWCNT [26]. This is very promising and might
indicate that the accumulation of certain CNTs within the lungs would not be so
dramatic. However, neither neutrophils nor eosinophils are expected to be the normal
responders to CNTs. The macrophages, which would be the cell type expected to
clear irritating materials in the various compartments of the lung, have far less
expression of the enzymes that have been shown to degrade CNT [24], urging care
when dealing with questions of persistence. In particular, the accumulation of
macrophages has often been associated with asbestos-related pathologies [27,28].
In addition, structurally, CNTs are diverse and findings on biological degradation
cannot be considered to apply for all CNT materials. In a phagolysosome simulant
fluid, Liu et al. [29] demonstrated similar findings to Kagan et al. [24] when assessing
the durability of carboxylated SWCNT. While, adversely, when SWCNT received
no functionalization, underwent high temperature annealing, reducing surface
functional groups, or were functionalized by ozonolysis or aryl-sulfonation, no
degradation was found [29], indicating a potential for biopersistence of these CNTs.

Respirability. The respirability of particularly CNTs, but also CNFs, is an
important consideration. Due to electrostatic properties of CNTs and resultant
formation of large agglomerates, it has been considered that CNTs are not respirable
to distal lung regions, however, a number of studies have shown otherwise. Sprague
Dawley rats exposed to vapor grown CNFs for 90 days in a subchronic inhalation
study showed slight inflammatory effects (sub-acute to chronic) and changes in
lung morphology for administered doses of 2.5-25 mg/m?, some of which were still
persistent (although reduced) after a 30-day recovery period. The observed changes
included thickening of the interstitial walls and hypertrophy/hyperplasia of type
II alveolar cells [30]. A dose-dependent deposition of MWCNTs throughout the
lungs of exposed mice (via inhalation) was found by Mitchell ef al. [31]. Alveolar
macrophages were found laden with CNTs. No pulmonary toxicity was observed,
however, systemically there was reduced immune function, in the form of decreased
natural killer (NK) cell function, which may indicate further translocation from the
lungs [31]. Ryman-Rasmussen et al. [32] have also shown inhalation of MWCNTs
0.3-50 pm in length. CNTs were observed throughout distal lung regions, within
epithelial cells and alveolar macrophages. This study was conducted in naive
and ovalbumin-sensitized mice. Combined, these treatments were shown to
induce strong inflammatory responses with secretion of PDGF and MCP-1, and
pro-fibrotic conditions with fibroblast proliferation, collagen deposition and secretion
of IL-13, TGF-f1, and IL-5. No fibrosis was observed with individual exposures,
although inflammatory mediators were still present, with IL-13 and TGF-$1 in
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response to ovalbumin, and PDGF and MCP-1 in response to MWCNTs. MWCNT
inhalation of aggregates with an aerodynamic diameter of <3 um also resulted in
deposition within the alveolar region in a study conducted by Ma-Hock et al. [33].
Dose-dependent systemic and pulmonary inflammation was observed, as well as
granuloma formation in the lungs and lymph nodes and the upper respiratory tract
and immune cells were shown to accumulate. Uptake of MWCNTs was observed
in both epithelial cells and alveolar macrophages with inhalation of 0.1, 0.5, or
2.5 mg/m>® MWCNTs. Although fibroblasts were present, no fibrosis was evident
during the 13-week study. Systemic effects observed by Mitchell et al. [31], and
Ma-Hock et al. [33] only infer the ability of MWCNT to translocate to neighboring
tissues, while Ryman-Rasmussen et al. [34], and Mercer et al. [35,36] identified
migration of CNTs to alveolar interstitium, subpleural tissue, and intrapleural spaces
using inhalation or aspiration, respectively. As did Mercer et al. [37], with lung
aspiration of relatively short (3.86 um) MWCNTs into C57BL/6] mice. In as little
as seven days, no MWCNTs were found within the airways, instead a particle lung
burden was observed within alveolar macrophages, alveolar tissue, granulomatous
lesions and subpleural tissues. The presence of MWCNTs within alveolar tissue
was associated with an increase in alveolar connective tissue thickness. With CNT
inhalation, the translocation observed by Ryman-Rasmussen ef al. [34] was associated
with subpleural fibrogenesis. CNT translocation upon inhalation has been further
confirmed in recent publications. When C57BL/6 ] mice exposed to MWCNTs,
with post-exposure periods of one day and almost one year, MWCNTs were found
predominantly within the lymph nodes, but also within the diaphragm, chest wall,
liver, kidney, heart and brain [38]. A study conducted under similar conditions
highlighted inflammatory responses generated under these conditions, and the
progression of fibrosis. During the 336-day post-exposure period the lung burden
pattern indicated an early uptake within alveolar macrophages and gradual decline
in this location, with an increasing burden within alveolar tissue as the 336 days
progressed. This was accompanied by a rapid inflammatory response in the form
on polymorphonuclear leukocyte (PMN) accumulation, which declined over time,
and a time dependent deposition of collagen within the alveolar region [39]. In an
acute inhalation study, Porter et al. [40] reported substantial MWCNT lung burden
within the alveolar region, predominantly within macrophages, and a significant
increase in PMNs, which was associated with mild fibrosis. Pleural penetration was
also observed during this acute study. Each of these studies adds great weight to the
similarities suggested for CNT-induced responses to those of asbestos.

Deposition. The deposition pattern of CNTs can be quite diverse, with subsequent
variation to induced pulmonary responses. Deposition of CNTs throughout
the pulmonary system is evident in many animal models, using administration
by aspiration, inspiration, but also inhalation. With aerosolisation of MWCNT
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aggregates of aerodynamic diameter 714 + 328 nm Ryman-Rasmussen ef al. [32]
observed a homogenous distribution throughout the mouse lung, including alveoli,
with particle aggregates and single MWCNTs within alveolar macrophages and
epithelial cells. A size-dependent deposition was shown by Muller et al. [41] with
intratracheal instillation of intact and ground MWCNT into rat lungs. Agglomerates
of intact MWCNT (individual length 5.9 um) would remain within the upper airways,
while grinding to a length of 0.7 um increased dispersion throughout the lung tissue.
Both samples were persistent within the lungs of rats for the duration of the study,
however, the clearance of ground MWCNTs was faster than that of the pristine, with
81% remaining of the pristine after 60 days, and only 36% of the ground. Both were
associated with an influx of neutrophils and eosinophils, granuloma formation,
collagen deposition, and fibrogenesis. The inflammatory response was greater to the
intact MWCNT, however, the granuloma formation to these CNTs was limited to
the sites of CNT accumulation, mainly in the bronchi. The dispersed, ground CNTs
induced lesions predominantly within alveolar spaces and interstitial tissue, and also
stimulated an acute and prolonged TNF-« release, while TNF-« release in response
to intact MWCNTs only appeared to be acute.

2.2. CNT Instillation and Aspiration

The use of these more common methods of in vivo pulmonary exposure to
CNTs, but also direct injection into peritoneal and pleural cavities, provide valuable
information regarding pulmonary responses to CNTs and CNFs, and determination
of clearance mechanisms. An increase in immune cells and pro-inflammatory
cytokines can be found in response to numerous CNT samples [22,35,41-43], and an
induction of inflammation-related complications has often been shown, including
granuloma formation, alveolar wall thickening [35,43-45], collagen deposition [46],
and the development of fibrotic lesions [41,43].

An increase in alveolar macrophages, PMNSs, pro-inflammatory cytokines and
fibrosis, as well as oxidative stress, have been reported upon exposure of C57BL/6
mice to SWCNTs, CNFs, and asbestos via pharyngeal aspiration. The most severe
effects and earliest onset were observed in treatments of SWCNTs, followed by
CNFs, and then asbestos [47]. A significant neutrophil recruitment was also observed
with 18-hour post-instillation of MWCNT into the rat lung, which was considered
CNT length-dependent, as similar results were not evident with short or entangled
samples [42]. An acute post-exposure period of six hours has also been shown to elicit
significant immune responses to 100 um double-walled CNTs (DWCNTs). Certain
pro-inflammatory markers, such as leptin and IL-6, were found elevated in the mouse
lung, but not TNF-« or IL-1 [48]. In addition, in mice, an acute inflammatory response
to SWCNT was found three hours after particle instillation, with measurements of
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MIP-2, MCP-1, and IL-6. This inflammatory response to SWCNT lasted throughout
the 24-h exposure period [49].

The progress of fibrosis in response to CNT exposure is considered a response
to prolonged inflammation and the development of pro-fibrotic conditions. The
release of mediators such as PDGF and TGF-31, and the increase in proliferation and
cell recruitment in response to CNT [43,45,50] are considered to induce granuloma
formation, alveolar wall thickening, and fibrosis [22,35,43-45]. The development
of fibrosis may first rely on the resolution of the initial inflammatory response
and removal of recruited immune cells [51], although the continued release of
TNEF-oc and progression of fibrosis can coincide [41], and a fibrotic response can
be found in the absence of any obvious acute inflammatory response, but in the
presence of pro-fibrotic growth factors, such as platelet-derived growth factor -A, -B,
and —C [50,52]. Additionally, the progression of fibrosis may occur during instances
of CNT exposure to already inflamed environments, such as in allergic disorders.
Such a synergistic response of CNTs was observed in ovalbumin-sensitized mice [32].
In a similar study intranasal exposure of CNTs and CNFs to ovalbumin-sensitized
mice induced an increase in immune cells in both treatments, compared to ovalbumin
alone [53]. Total cell counts, and those of neutrophils and macrophages were elevated
in BAL fluid in response to CNFs, however, eosinophil influx was not observed,
indicating a less significant allergic airway inflammation. In contrast, all these cell
phenotypes were found increased in response to CNTs. Both carbon forms were also
shown to promote allergen-specific IgE and IgG production; however, generally the
effects of CNFs were less potent than for CNTs, presumably due to the higher aspect
ratio and biopersistence of the latter.

With many exposure models using either CNT instillation or aspiration it is
important to assess the differences between these methods and CNT inhalation.
Using repeated inhalations or aspiration short SWCNTs (<1 pum), with considerably
high Fe content (17 wt%), were shown to induce a strong inflammatory response,
with influx of immune cells, increased pro-inflammatory cytokine release, and also
the progression of fibrosis. However, rats exposed via inhalation were considered
more susceptible than those exposed via aspiration [54].
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Figure 2. Schematic view of pulmonary immune cell responses related to CNT
characteristics, using a selection of the literature reviewed in this article. A range
of responses can be seen, with the secretion of both pro-inflammatory and
pro-fibrotic mediators, and effects upon epithelial cells (EC), T cells, monocytes
(MO), macrophages, natural killer cells (NK), eosinophils (Eos), and neutrophils
(neutro). Short, long, and entangled CNTs all are able to induce acute and
chronic inflammation, and all able to induce granulomas and fibrosis. Fibrotic
lesions induced by aggregated and entangled CNTs are restricted to the upper
airways, while well-dispersed short and long CNTs are found within the alveoli
and interstitium, with associated fibrosis. Allergen sensitization is shown
to enhance inflammation and fibrosis induced by CNTs, as is CNT length.
At times, a systemic immune effect can be observed without obvious pulmonary
inflammation. [31,32,34,41,42,52,55].
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2.3. In vivo Determination of Responsible Characteristics and Significance of in
Vitro Models

There are many characteristics proposed that may contribute to CNT
immunotoxicity and enhance pathogenicity, including metal contaminants and their
bioavailability, high aspect ratio, aerodynamic diameter, as well as structural defects,
pertaining to sample purity, surface chemistry, and sample dispersion. For hazard
assessment and to allow safe usage and production it is important to establish which
components are less or more influential, and possibly which biological environments
are less or more susceptible. Here, we want to provide a few examples of how
each characteristic has been shown to play a role in vivo; and furthermore, draw
attention to in vitro systems which have attributed toxicity to these same CNT
characteristics and, therefore, can be used as fast, high throughput methods to
assess these characteristics. There is extensive literature that has elucidated upon
which CNT characteristics are most responsible for the resultant toxicity, and to cover
them all is beyond the scope of this review. To provide an overview of pulmonary
responses to CNTs, Figure 2 offers a schematic view of immune cell responses related
to CNT exposure characteristics.

Involvement of oxidative stress and metal impurities. Much of the particle toxicology
performed in the past has placed an emphasis upon the induction of oxidative stress.
This may also be relevant for CNT exposures, primarily due to the activity of metal
contaminants found within many CNT samples, as the redox activity of metals,
such as iron, is known to induce activation of key inflammatory instigators, such
as NF-kB, AP-1, and p53 [56]. There are numerous studies that can shed some light
on this subject. With exposure to material of fiber-like dimensions [57,58], including
MWCNT [59], reactive oxygen species (ROS) production during phagocytosis is
intensified; with associated inflammatory responses [21], through ROS-mediated
NF-«B activation [16]. In vitro, this has been attributed to the initiation of respiratory
burst [21,59] and, at times, to fiber-induced frustrated phagocytosis [20,59]. When
pro-inflammatory markers, such as leptin and IL-6, were found in vivo, in the absence
of ROS, the lack of redox activity was attributed to either a low presence of metal
contaminants or to the ability of relatively pure CNT samples to appropriate ROS [48].

Carbon structure, metal impurities and sample dispersion. An acute inflammatory
response has been observed in vivo with exposure to iron-depleted SWCNTs with the
systematic presentation of neutrophils, lymphocytes and macrophages, respectively,
as the post-exposure period progressed. An early elevation of TNF-« and IL-1f3
was observed, at later stages progressing to elevated TGF-f31, granuloma formation,
collagen deposition, and fibrosis [43]. A parallel in vitro study was found to be both
complementary and contrary. In RAW 264.7 macrophages the same SWCNTs did
not induce the secretion of TNF-«, nor IL-1(3. However, the purified (iron depleted)
SWCNTs were found to induce TGF-31 after six-hour exposure to 100 pg/mL [43],
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confirming that the progression of a pro-fibrotic environment may be instigated by
CNTs, and highlighting that iron content has a lesser importance in these responses.
The above mentioned in vivo events were often associated with SWCNT aggregates,
but observations were made of additional collagen deposition and alveolar wall
thickening independent of SWCNT aggregates, and possibly due to undetectable,
dispersed SWCNTs [43]. As previously mentioned, Muller et al. [41] identified
inflammatory responses and patterns of fibrosis in vivo that were dependent of
CNT dispersion within the lung. Ground MWCNTs provided a better dispersion,
a greater capacity for reaching lower lung regions, and an enhanced inflammatory
response when compared to intact MWCNT; this enhanced inflammatory response
was corroborated in vitro with the exposure of peritoneal macrophages, when ground
MWCNTs were shown to induce significant TNF-oc expression whereas intact
MWCNTs did not. This was later confirmed by Mercer et al. [35], with pharyngeal
aspiration of well-dispersed SWCNTs similar to those used by Shvedova et al. [43].
With administration of the same SWCNT weight, a similar acute inflammatory
response was observed in C57BL/6 mice; an acute influx of inflammatory cells was
observed which subsided over time, and was not associated with the appearance
of granulomatous lesions when SWCNTs were well-dispersed. SWCNTs were
found within the interstitial spaces, in close proximity to the pleura, with the
associated time-dependent alveolar wall thickening [35] that had also been observed
by Shvedova et al. [43].

In a study controlling CNT properties such as metal contamination and
oxygenated functional groups it was shown that biological responses can be
influenced by CNT structural imperfections, and not metal contamination [60].
In vivo, immune cell influx, elevated IL-13, and TNF-a were all found to be enhanced
in response to CNTs with high levels of surface oxygen groups, as was granuloma
formation [60]. This dependency on structural defects was confirmed in vitro in the
form of CNT-induced micronucleated binucleated cells [60], which provides a good
corroboration between in vivo and in vitro systems. Although the endpoints differed,
the causative factor was confirmed. Lam et al. [44] have also shown the significance
of sample impurities, with an emphasis on metal contamination, with instillation
of short CNTs. Substantial granuloma formation was observed irrespective of iron
content, with considerable granuloma and lethality observed in exposure of mice to
CNTs with high nickel content. Although it has been shown, by Kobayashi et al. [55],
that short MWCNTs induce no marked inflammatory responses, it must be noted
that the “low dose” used by Lam et al. [44] was considerably greater than the highest
dose administered by Kobayashi et al. [55]. However, similar dosing with carbon
black particles induced no such responses during the full exposure period used by
Lam ef al. [44]. When considering dose, in assessment of normal workplace exposure
it may be prudent to remain reserved in respect to particle dosimetry. However,
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when considering an accident scenario exposure dose really has few limits. The main
limiting factor may be respirability, and although Lam et al. [44] used instillation
as their method of exposure the CNT dust samples were evaluated as a generated
aerosol and were found to be predominantly of respirable size. In consideration of
normal workplace exposure, it was reported by Maynard et al. [61] that with SWCNT
dust handling there is potential exposure to 53 pg/m?, which would lead to 106.8 ug
SWCNT deposition upon lung epithelium per day. The dose used by Mercer et al. [35]
of 10 pg per mouse was a calculated representation of approximately 200 days normal
workplace exposure in humans. With 0.5 mg CNTs/kg body weight, and the average
body weight of a mouse being 20 grams, the dose used by Mercer et al. [35] lies within
the dose range used by Kobayashi et al. [55] of 0.04, 0.2, and 1 mg/kg body weight
of MWCNTs instilled into Sprague-Dawley rats; the dose used by Lam et al. [44]
was certainly significantly higher at (again using average mouse weight of 20 grams)
5 and 25 mg/kg body weight, and can only be used in reference to an accident
scenario, while the two studies by Mercer ef al. [35] and Kobayashi et al. [55] provide
a suitable determination of potential occupational exposure.

CNT length. An emerging pattern within current literature on in vivo and in vitro
studies is the increased immunogenicity of particularly high aspect ratio CNTs, and,
thus, it is tentatively proposed that this characteristic plays a pivotal role in inducing
pulmonary inflammatory responses, and may be equally important in the proposed
disease progression. The pathogenicity of any fibre can often be attributed to length
and durability, both of which allow evasion of host abilities to remove fibres from
distal lung regions. When a fiber is over 10-20 um in length the ability of alveolar
macrophages to remove these fibers is impaired, induced by frustrated phagocytosis,
which allows for further interaction with epithelial cells and the opportunity for
fibers to translocate to pleural spaces [20,62]. In previous fiber toxicology research,
such studies looking into asbestos, length has been shown to be instrumental in
inflammation-mediated disease progression. This is therefore a key aspect that has
been considered for CNT hazard assessment.

MWCNT length- and shape-dependent responses have also been confirmed
in vitro. In primary monocytes, Brown et al. [21] demonstrated that long, straight,
well-dispersed CNTs can induce significant TNF-« release. The authors attributed
these effects primarily to frustrated phagocytosis induced during these exposures, as
responses to other material that were easily engulfed by phagocytes, such as short
(a few microns) carbon nanofibers, small carbon nanofiber bundles and nanoparticle
carbon black (NPCB), were not shown to be as strong, incidentally nor were
responses to LFA [21]. This does raise a question to which other CNT components
may play a role in CNT immunogenicity, as LFA would undoubtedly also cause
frustrated phagocytosis. The role of oxidative stress was proposed in a later study by
Brown et al. [63] when THP-1 cells were again found to secrete significant quantities
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of pro-inflammatory mediators, such as IL-1f3, in parallel with enhanced HO-1 and
Nrf2 gene expression in response to long straight MWCNT. These responses were
not matched by short MWCNTs or small MWCNT bundles, neither by amorphous
carbon particles or LFA [63]. LFA-induced frustrated phagocytosis was observed with
exposure of J774A.1 murine macrophage cells in a study by Boyles et al. [59], which
coincided with significant inflammation. However, the secretion of pro-inflammatory
mediators in response to long straight MWCNTs was significantly higher than
that of LFA-treated cells [59]. This study was designed to investigate many of
the CNT properties proposed as potentially pathogenic: CNT length, iron content,
and crystallinity. It was shown that long MWCNTs could induce considerable
pro-inflammatory, pro-fibrotic, and pro-angiogenic conditions, with exposure of
mouse and human phagocytes. MWCNTs of lengths greater than 30 um were
shown to elicit significantly greater release of MCP-1, TGEF-31, and TNF-«, when
compared to shorter MWCNTs (<20 um) but also to known pathogenic material,
such as LFA. The iron content and crystal structure was found to have less impact
on MWCNT immunogenicity [59]. A length-dependent immune response was
further confirmed in A549 epithelial cells when, through oxidant dependent NF-«B
activation, MWCNTs of up to 30 pm in length were shown to induce significant IL-8
secretion, which was not found with exposure of carbon particles [16].

The conclusions of these in vitro studies complement numerous in vivo studies.
Fibrogenic and inflammatory responses to MWCNTs of a particularly high aspect
ratio have been shown within the lung [42,52] and within peritoneal and pleural
cavities, often greater than those of shorter CNTs, other particles or known pathogenic
fibers [22,64]. At times the exposure to short CNTs and small CNT agglomerates,
in vivo, has induced little or no prolonged inflammation or fibrosis, and it appears that
lung defense mechanisms can effectively control exposures of short MWCNTs [55].
Injection of high aspect ratio CNTs into the peritoneal cavity of mice was shown to
induce an enhanced inflammatory response and encourage considerable granuloma
formation, this was in comparison to negative controls but also when compared to
short CNTs and long fiber amosite [22]. Long MWCNTs have been shown to induce
a significant cell recruitment upon instillation into the rat lung, not observed in
treatments of short nor entangled CNTs [42]. In a chronic exposure study, with
post-exposure periods of three days to six months, intratracheal instillation of
well-dispersed short MWCNTs (<20 um), Kobayashi et al. [55] observed no significant
long-term inflammation within the rat lung. Neutrophil and eosinophil recruitment
was observed during an acute period, which was not evident after chronic exposure,
while it was maintained with treatments of crystalline silica. Observations of alveolar
macrophages laden with MWCNTs and the lack of inflammation [55] indicated the
ability of rats to safely control MWCNTs of this length.
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2.4. The Role of in Vitro Systems

The use of in vitro systems, of course, does not truly mimic the in vivo situation.
However, they may be used as relatively fast and cheap assays for determining
biological responses to CNTs, as well as to other nanomaterials (NMs), and can
provide medium-to-high throughput screening methods for dealing with large
sample numbers, e.g., for monitoring, or toxicity profiling. This method of
in vitro toxicity profiling has recently been reported by Snyder-Talkington et al. [65]
using the exposure of mice and small airway epithelial cells (SAEC) to MWCNTs,
and subsequent correlation of MWCNT induced lung pathology data with tissue
and SAEC mRNA expression. Many markers perceived as responsible for lung
inflammation and fibrosis were identified during the analysis of tissue mRNA, and
a good correlation of VEGF and CCL2 levels were shown in the coinciding in vitro
study, confirming the usefulness of in vitro toxicity profiling. In vitro systems can
also provide determination of acute pro-inflammatory responses, they can be used
to infer the initiation of pro-fibrotic environments upon particle exposure, and to
determine the initiation of fibrosis more directly. For example the collagen formation
by fibroblast cells in vitro was shown in response to SWCNTs dispersed using both
natural lung surfactant and acetone, but not in the absence of a dispersion aid; this
was substantiated in vivo when the same materials were found to induce collagen
deposition upon aspiration by C57BL/6] mice [46].

The studies presented in this section have demonstrated that the outcome
of invitro studies can complement those of in vivo systems. In vitro it must,
however, be communicated that in vitro studies can be used as standalone
investigations, particularly with the development of complex multi-cellular systems
and, additionally, when addressing questions concerning cellular mechanisms,
in vitro will often be the only appropriate method. A good example of this concerns
the secretion of IL-1p3. Neither Boyles et al. [59], nor Hirano et al. [17] observed
any secretion of IL-1f3, although Hirano et al. [17] reported the expression of IL-1
genes were enhanced, and both studies identified numerous other pro-inflammatory
cytokine secretions. The induction of IL-1f3release in response to CNT exposure
may be slightly more complicated than for most other cytokines and may be due to
the nature of IL-13 formation, as the transcription, translation, and eventual release
of mature IL-1f3 usually require more than one stimulus. For the initial expression
and synthesis of pro-IL-1, TLR binding can provide the first stimulus. Formation
of mature IL-1p occurs through the action of inflammasome-associated caspase-1
enzyme [66]. The involvement of inflammasomes in many inflammatory disorders is
evident, in cases of allergic asthma [67], in relation to known carcinogens, such as
silica, associated with fiber-mediated respiratory disorders such asbestosis [11], and
also in inflammatory responses to CNTs [66]. DWCNTs have been shown to induce
IL-1 maturation, attributed to NLRP3 inflammasome activation, which was thought
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to occur during binding and internalisation of CNTs when potassium was released
through increased cell membrane permeability [66]. The ROS generated during
CNT-induced membrane impairment, through frustrated phagocytosis, has also
been implicated in inflammasome activation by Dostert et al. [11]. Palomaéki et al. [68],
who attributed NLRP3 inflammasome activation-induced IL-1f secretion to the fiber
properties of long CNTs and asbestos. These studies highlight the importance of
in vitro models, and incidentally, both place an importance on CNT aspect ratio in
immune regulation.

The emerging field of in vitro co-culture techniques has been used for the
assessment of numerous NMs, and is advancing in vitro methods towards a more
realistic view of particle interactions and biological responses, as they allow for the
complex interaction between phenotypically distinct cells. A comparison between a
complex triple cell co-culture model, consisting of monocyte-derived macrophages
(MDM), monocyte-derived dendritic cells (MDDC), and 16HBE140- epithelial cells,
with each of these cells grown under traditional single cell culture conditions, has
shown no difference in CNT induced cytotoxicity or inflammation, when assessing
the different cell culture conditions [69]. A finding also reported by Miiller et al. [70],
who also observed no differences between these systems when assessing the oxidative
potential of CNTs. Here, Clift et al. [69] differ, as they did demonstrate a difference
between culture methods for oxidative potential, which is in line with a study
performed by Gasser et al. [71] who also determined that co-culture and mono-culture
exposures provide different responses for oxidative stress, and interestingly also for
immune responses. The development of these techniques has been well reported,
however, as yet conclusions regarding whether these systems provide different
responses to NMs are undetermined, they do, however, add another dimension to
in vitro toxicity testing.

This review has, thus far, focused on CNT immunogenicity within the
pulmonary system, inflammation-related disease progression and in vitro systems
related to pulmonary exposures, as this is still considered the primary exposure route.
However, numerous studies have been performed concerning alternative exposure
routes, such as subcutaneous implantation and intravenous injection, or, ingestion.
All of which warrant consideration, and in terms of subcutaneous implantation
and intravenous injection, often relate to intentional administration with proposed
nanomedical applications. These aspects will be covered in the subsequent sections.

3. Intentional Administration of CNTs—Nanomedical Applications

As CNTs have been shown to easily penetrate the plasma membrane [72] and
enter cells, they are therefore proposed in promising biomedical applications, such
as nanovehicles in drug delivery systems [73], and for the transport of proteins [74],
peptides [75], and DNA [76] into cells. Moreover, CNTs may exert an excellent
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adjuvant function when used as a carrier in immunization protocols, which has been
shown for macromolecules [77-79] as well as for peptides [80] and small haptens.
This also bears the potential to use CNTs as adjuvants in the production of antibodies
for medical treatment, or for the development of immunoassays for pesticides, drugs
of abuse, environmental contaminants, food additives, hormones, and toxins [81].
Due to their hydrophobic and, often, water-insoluble nature, CNTs have been
subjected to an array of functionalization with various compounds resulting in
different biological effects [82]. However, water-dispersible CNT biodistribution
studies in mice, using the intravenous administration, have revealed that CNTs
localize primarily within the liver and lung, and to a lesser extent the kidney and
spleen. This form of CNT was considered biocompatible as TNF-x expression in
hepatocytes cultured with CNTs was comparable to those of controls [83].

As holds true for any NM, the potential use of CNTs in nanomedicine relies
upon a balance between desirable and undesirable immune responses (Figure 3).
This can be evaluated with observations of the immunotoxicological profile of
systemically administered CNTs [84]. The list of desirable immune effects can
include increased vaccine efficacy, or improved treatments of cancer, and various
inflammatory, autoimmune and infectious disorders; both immune stimulation as
well as immune suppression can be the desired outcome. The impact of CNTs on
the balance between the desirable and undesirable effects in potential therapeutic
applications is summarized in Figure 3. Adverse reactions to CNTs can comprise
of immunostimulatory responses such as hypersensitivity reactions, anaphylaxis,
coagulopathy, but also immunosuppression, lowering the body’s response against
infections with pathogens or against malignant cells [85]. Apart from direct immune
activation, adverse effects may include hemolysis and platelet aggregation leading
to coagulopathy, both of which cause hepato- and nephrotoxicity and, furthermore,
secondary immune effects. Moderate platelet aggregation by CNT-driven GPIIb/Illa
activation has been observed in vitro using human platelets (independent of protein
kinase C), which was corroborated in vivo by vascular thrombosis upon CNT infusion
in rats [86]. The authors could not exclude CNT metal contamination as the source
of this response. Depending on surface charge CNTs induce ROS, and, thus, activate
platelets. Whereas bridging of platelets via their GPIIb/Illa receptor appears reliant
on CNT morphology, as spheres of fullerene did not display such effects. Meanwhile,
platelet-aggregating activity in response to CNTs has been reported to act via a
mechanism involving calcium influx in human thrombocytes [87].

31



+ Vaccination efficiency

+ Vaccination efficacy

* Vaccine adjuvant

+ Cancer immunotherapy

* Hypersensitivity
+ Increased allergic response

+ Anaphylaxis
+ Coagulopathy

* Pvivax membrane antigen-1
* Complement activation

* Foot-and-mouth disease virus
* Chronic inflammation

Bcell epitope J
* Tuberculin PPD
* Tumor lysate proteins - *Ovalbumin
- Ovalbumin BIEEL « carboxy- glycolipid-
inflammatory disorders “PEG-
autoimmune disease +Phospholipid-
B — infectious disease | & x;:‘:
* Dexamethasone 5 pea—— \C J
« Polymethacrylic acid n dRRenTeBEainst
+ Theophylline CNT functionalisation J pathogens
- malignancy
+ Anti-inflammatory drug
delivery Effect
» Sustained release profile l CNT functionalisation J < Oxidised J
* Asthma therapy
+ Controlled release profile - Compromised pathogen
EENEE

Figure 3. Desirable versus adverse effects may be due to immunostimulatory
(blue) as well as immunosuppressive (red) functions of CNTs. In nanomedical
applications of the desirable effects of intentionally administered CNT-based drugs
have to outbalance adverse effects [77,79,80,86,88-97].

3.1. CNT-Induced Immune Responses upon Subcutaneous Administration

Subcutaneous injection is a common and often the most effective way to
administer drugs, as the tissue readily absorbs the administered substance due
to its high vascularity. CNTs are being considered as drug delivery agents, and
as such, administration of drugs carried by CNTs might affect the subcutaneous
tissue homeostasis. The subcutaneous injection of MWCNTs has been shown
in BALB/c mice to induce short-term immune responses. CNTs were observed
within macrophages at the site of administration, accompanied by low levels of
lymphocyte recruitment, collagen deposition and complement activation. Many
inflammation-related cytokines were up-regulated during acute exposure to
MWCNT5, including IL-17, IL-13, IFEN-y, IL-1«, IL-2, IL-3, IL-6, IL-10, IL-13, G-CSE,
GM-CSEF, and TNF-a; all of which subsided over time [98]. Furthermore, the
subcutaneous injection of MWCNTs had previously been shown by Meng et al. [99]
to induce similar cytokine release and macrophage and complement activation
in tumor-bearing mice. With the exception of the lymph nodes, no obvious
accumulation of the CNTs was found in liver, spleen, kidney, or heart. The
group of Kazuyuki Tohji has focused several studies on the effects of CNTs on
the subcutaneous tissue of rats. When hat-stacked carbon nanofibers (H-CNFs)
were implanted into the subcutaneous layer of rats, macrophages were recruited
and foreign body giant cells were formed at the affected tissues. Additionally,
H-CNFs were found within the phagocyte lysosomal vacuoles [100]. In a more recent
long-term exposure study, the same group examined biopersistence of powdered
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tangled oxidized MWCNTs (t-ox-MWCNTs) after implantation into the subcutaneous
tissue of rats. Segments of the tissue were examined one week, one year and
two years after implantation. At all three time points, large agglomerates had
formed which were found in close proximity with fibroblasts and foreign body giant
cells; smaller agglomerates were engulfed by phagocytes. With one and two years
post-exposure periods, t-ox-MWCNTs were shown to migrate into the connective
adipose tissue [101]. There are currently only few studies investigating the response
of CNTs on subcutaneous tissue and additional research is needed in these areas if
CNTs conjugates are to be used as nanomedicines in this fashion.

3.2. CNT Induced Immune Responses within the Venous System—Pro-Inflammatory Effects

Unspecific immune activation mechanisms by CNTs can operate via ROS
production [102] or secretion of acute phase proteins like TNF-o, IFN-y, IL-§,
IL-1p3, or IL-6 from CNT-targeted cells [103]. The source of these pro-inflammatory
molecules in case of systemically administered CNTs ranges from endothelial
cells (upon vascular endothelium damage) to fibroblasts and immune cells within
the blood and liver. There has been some debate in regard to whether the
observed effects were due to the CNTs themselves or to present impurities, which
also demands considerations of the pro-inflammatory impact due to coating
procedures or composites [104,105]. Several studies emphasized the importance
of CNT functionalization, where surface coating by polyethylene glycol (PEGylation)
seemed to increase CNT-mediated activation of neutrophils and hence stimulate
biodegradation [106]. While at high concentrations being cytotoxic, low doses
of CNTs administered systemically mediated the NF-kB-dependent production of
TNEF-o and IFN-y in human lymphocytes, resulting in indirect toxicity [107].

MWCNTs functionalized with single-stranded DNA were administered
intraperitoneally into rats and a pro-inflammatory profile was induced in the
liver by a combination of oxidative stress and production of NF-«B-driven
cytokines [108]. Using a proteomic approach, based on isobaric tagged relative
and absolute quantification (iTRAQ)-coupled 2D liquid chromatography-tandem
mass spectrometry, 30 differentially expressed proteins involved in cell cycle arrest,
DNA repair, stress-induced apoptosis, as well as NF-kB-driven inflammation were
found in human HepG2 liver cells upon exposure to oxidized SWCNTs [109]. For
the investigation of genotoxicity and pro-inflammatory responses in the liver, the
eventual terminus of CNTs with intravenous, intraperitoneal, or subcutaneous
administration, but also when inhaled or ingested, the hepatoblastoma cell line C3A
was proposed as a well-suited model [110], and just a very limited pro-inflammatory
response to CNTs was observed, including a dose dependent increase in IL-8
secretion [111].
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As previously discussed, induction of an innate immune response can be
driven by various NM via the activation of the NLRP3 inflammasome, and this
may even represent a desired effect for optimising the efficacy of a vaccine [112].
Nanomaterial-driven activation of innate immune responses includes specific
interaction of NM with a large array of pattern-recognition receptors including
Toll-like receptors (TLRs), C-type lectine receptors (CLRs), and scavenger receptors
expressed on the plasma membrane, or different classes of NOD-like receptors (NLRs)
and RIG-I-like receptors inside the cell [113]. In one study, the surface chemistry
of CNTs was changed in order to target them rather to scavenger receptors and
to a lesser extent to the usually preferred mannose receptors followed by uptake.
This was shown to reduce NF-kB-mediated immunotoxicity in vitro in THP-1 human
monocytic cells, as well as in vivo [114].

Upon systemic administration of NM, including CNTs, the complement system
also represents an important candidate for innate immune activation [115,116].
The importance of CNT functionalization in regard to complement activation
has been reviewed extensively [94,117]. In addition to the classical pathway
via C1 and C-reactive protein (CRP), the involvement of the mannose-binding
lectin (MBL)/ficolin pathway and the alternative pathway via C3 has been
discussed for macrophage uptake and activation in dependent on the type of CNT
functionalization. Excessive or inappropriate complement activation can cause
tissue damage and autoimmune disease [118]. During complement activation
the anaphylatoxins C3a, C4a, and the most potent C5a, accumulate, which are
responsible for smooth muscle contractions (bronchospasm), histamine release
from mast cells and enhanced vascular permeability, and, as such, represent
typical signs of severe anaphylaxis. Complement activation in vitro associated
with binding of C1 to CNTs was found to be impaired by protein adsorption
in vivo [119]; and, also in vitro, coating of SWCNT with human serum albumin has
been shown to induce complement activation through Clg-mediated classical and
alternative pathways, while amphiphile functionalization of the SWCNTs, resulted
in complement activation of the lectin pathway [120]. The impact of these findings
in vivo still remains to be clarified. Selective protein binding in serum was found in
psychosine-functionalized CNTs. A novel glycolipid coating was shown to mediate
stable suspensions in biological fluids, however, complement activation via C1 and
CRP was also reported [94,121].

3.3. CNT-Induced Immune Responses within the Venous
System—Immunomodulatory Profile

The specific, adaptive immune mechanisms rely on highly variable receptors
such as the major histocompatibility complex and the T cell receptor, as well as on
antibodies. All have the capacity to recognize a large array of non-self compounds
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including engineered NM. In particular, the functionalization of CNTs with peptides
and proteins, which represents a major playground for nanomedicine applications,
bears a strong potential to activate adaptive immunity. Therefore, adverse reactions
against CNTs themselves have to be distinguished from functionalization-derived
immune effects. As such, dendritic cell (DC) activation resulting in a marked T helper
(Th)1- and Th17-polarizing capability was achieved by functionalizing CNTs with
a TLR-7 agonist [122]. Notably, the same concentration of TLR7 agonist alone or
even in combination with CNT, but not covalently linked, did not reach the same
effect underlining the potential of CNTs to be used as immunogenic carriers [123].
Immunomodulatory effects may, however, also arise from the spontaneous formation
of a protein corona (PC) [124,125], which holds true also for other NMs. Recently,
hydrogen bonds and charged interactions have been shown, by label-free mass
spectrometry-based proteomics, to be the main driving forces for PC formation of
unmodified, carboxylated, and polyvinylpyrrolidone-coated SW- and MWCNTs
under cell culture conditions [126]. The authors concluded a low degree of selectivity
for PC formation of CNTs, as no relationship between the protein corona composition
and isoelectric point, aliphatic index or hydropathy was found. Selective PC
formation would be attributed to differences in the amino acid content of the formed
PC, and, hence, hydrophobic interactions and pi-stacking of the different involved
proteins would represent the main driving forces. However, the pathophysiology
of systemically administered NM may still be affected by various kinetic impacts
during human plasma PC formation and two scenarios are possible: pristine toxic
NM may be encapsulated within a protective bio-shell or pristine non-toxic NM
become toxic due to PC formation [127]. Thus, selective cytotoxicity of CNTs may
have an impact on immune deviation, as DCs, T cells, or B cells may be targeted
specifically and an alteration in subsets of these cellular players may cause severe
effects, in an immunological context. A pivotal role of MWCNTs was reported
recently from healthy and mite-allergic patients, as CNTs were found to promote and
suppress immune effects depending on which type of peripheral blood mononuclear
cells they interacted with [128].

To date, there is still very limited information available on DC-targeting effects
exerted by CNTs. Using mouse bone marrow-derived DCs, CNTs were identified
as not specifically affecting antigen-presenting cells in comparison to other NM,
such as ZnO [129]. However, recently CNTs have been shown in vitro to induce
a lower immunogenic profile of human differentiated and activated DCs, based
on transcriptional analysis [130]. Another study reported apoptosis of T cells
using the Jurkat cell line and human peripheral blood-derived T cells, however,
dispersion, aggregation, or high effective concentration may have caused the
observed cytotoxicity [95]. At low concentrations no T cell receptor-dependent
effect could be detected using pristine CNTs [131]. In mice, immunosuppression by
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acid-functionalized CNTs was observed in vivo and in vitro, and these effects were
shown to be mediated by down-regulation of the cytotoxic T cell response [132].

Direct binding of pristine CNTs to an antibody generated against fullerene
has been described, so cross-reactivity seems to be also an issue for engineered
NM [133]. However, even at very high concentrations no CNT-specific antibodies
could be determined upon application of hapten carrier CNTs in mice [134].
In general, functionalized CNTs were reported as non-cytotoxic for primary B and T
lymphocytes. Moreover, up-regulation of B and T cell-specific activation markers
was not observed, while with less water-soluble functionalization a secretion of
pro-inflammatory cytokines from human macrophages, NK cells and monocytes
was present [135-137]. In contrast, in mice a decrease of NK cell function upon
inhalation of MWCNTs had been observed, as described above [31]. A new term
of “monocyte-activating CNTs” has been coined for a panel of oxidized MWCNTs
for responses induced in THP-1 (monocytic) cells that were not shown in Jurkat
(T cells) [138]. As far as it can be presently stated, adaptive immunity thus
seems to play a minor role in CNT-mediated immune effects, which contrasts
the above-described situation in innate immunity, where CNTs have been shown
to mediate considerate immunogenicity. However, the close interconnection
between innate and adaptive immunity promises potential applications of CNTs as
(Thl-promoting) immunostimulatory carriers (adjuvants) for vaccines [79,89,139],
while on the other hand it poses the risk of side-effects, such as hypersensitivity [93].

In summary, it has been extensively shown that intentionally administered
CNTs interact with the immune system, and this can have desirable or adverse effects.
Physical parameters including length, purity, surface chemistry, and aggregation
state represent decisive factors for CNT-mediated immunotoxicity. For the potential
use as drug carriers or vaccines it is evident that CNTs should be synthesized with
the following properties: short, functionalized, water-soluble or easily dispersible,
and biodegradable.

4. Other Routes of Exposure—Gastrointestinal Tract

There is a clear potential risk of occupational exposure to CNTs. Therefore the
focus of this review, and much of the current literature, has been the pulmonary
system; and with the proposed use of CNTs in nanomedicines, intentionally
administered CNTs, via subcutaneous and intravenous routes, have also been
deemed prominent exposure routes. However, with an estimated surface area
of 200 m?, the mucosal barrier of the gastrointestinal tract (GIT) provides a large
exposure area for NMs [140] and is also one of the main routes for many NMs to
enter the human body. In general, possible ingestion routes for nanoparticles include
uptake via food (intentionally added, leaked from NM-containing food packaging or
kitchen utensils, contamination of water, animals or plants after distribution of NM
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in the environment) or secondary ingestion following inhalation due to mucociliary
clearance of inhaled particles. Applications of CNTs, which may allow ingestion,
are steadily increasing, and can include their implementation as adsorbents in water
purification systems [141], or as antimicrobial agents or stabilizing materials in
food packaging [142]. Recently, Prajapati ef al. [143] investigated the use of CNTs
as carriers for orally administered anti-parasite treatment in rats, with possible
application in humans, and Kou et al. [144] identified functionalized MWCNTs as
a promising coating material of dental implants for better osseointegration [144].
There have been observations that residual hydrophobic compounds, which are
often adsorbed to CNTs during their synthesis, were released more rapidly in the
presence of gastric enzymes and increased salt concentration in simulated GI fluids.
This would make these compounds more accessible and possibly more toxic upon
ingestion [145], and with proposed applications that could easily lead to the exposure
of CNTs to the GIT, there is a clear need for research into this exposure route. To
the best of our knowledge, there are only a few studies that have examined possible
adverse effects of CNTs on the GIT, of which few have addressed immunogenicity.
The genotoxicity of CNTs has been investigated by Szendi and Varga [146] and
Folkmann et al. [147]; oxidative stress-induced DNA damage was found in the
liver of mice when CNTs were transported there after entry to the bloodstream via
the GIT [147]. With administration of CNTs via oral gavage Lim et al. [148], and
Philbrook et al. [149] have investigated foetal development. In response to 14 days
exposure of MWCNTs to pregnant rats, no clear responses were observed, excluding
a particularly high dose (1000 mg/kg/day) inducing an increase in thymus size.
Additionally, no abnormal foetal developments occurred, implicating that MWCNTs
were unable to cross the blood-placenta barrier [148]. However, Philbrook et al. [149]
reported an increase in foetal skeletal and ocular anomalies when mice were exposed
to 10 mg/kg of SWCNTs (1-2 nm diameter) after nine days. An increase in dose, to
100 mg/kg, was not shown to affect any markers of foetal development [149]. The
authors proposed that this was due to an increase in agglomeration with an increase
in CNT concentration, resulting in a reduced adsorption rate by the GIT. Also using
repeated oral gavage of both SW- and MWCNTs, Matsumoto et al. [150] found no
obvious toxicological responses, including signs of inflammation with differential
leukocyte counts, and also concluded that it was large CNTs agglomerates that
reached the GIT which, due to their size, were not absorbed. If, however, CNTs were
to be absorbed by the GIT, as postulated by Philbrook et al. [149] in respect to small
single CNTs, their accumulation within the liver may be expected. The effects of
CNTs upon ingestion are clearly an avenue that critically needs further investigation.
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5. Conclusions

The reported and proposed use of CNTs clearly demonstrates the potential and
the worth of this material. With a high tensile strength, optical and semi-conductive
properties, and easy functionalization CNTs can be applied within many industrial
and medical fields. With an increased commercial focus on CNTs hazard assessment
was inevitable and soon the biological response to CNTs was being likened to that of
asbestos. This has mainly focused on assumptions of inhalation within the workplace,
where it was proposed that particularly high aspect ratio CNTs would follow the
toxicity pattern that is outlined in the “fiber paradigm”, where fiber pathogenicity is
associated with biopersistence, mainly governed by durability, length and diameter.
Hence, CNTs have been shown to induce a state of frustrated phagocytosis in
phagocytes in vitro, but also in recruited immune cells in vivo. If durable, CNTs would
remain at the site of inflammation, causing the progression of chronic inflammatory
disorders, such as fibrosis; which had been a key marker in asbestos-induced
pathology. This attributed factor in CNT immunogenicity has been repeatedly
reported, while other characteristics suggested to play a role in nanoparticle and
pathogenic fiber immunogenicity, such as metal contamination, sample dispersion
and structural defects, have been reported with inconsistent outcomes.

The area of intravenous administration is relatively well represented in CNT
immunogenicity studies, and as with subcutaneous injection, intravenous injection
is often focused on CNTs with a medical application. Here, it has been shown
that CNTs can elicit varied responses; with extensive distribution, functionalized
CNTs are shown to induce both low and high levels of inflammation, at times
accompanied by other innate immune responses such as complement activation. It is
often only the innate immune system that is affected, which is particularly relevant
e.g., in vaccination. However, f-~CNTs have been shown to stimulate T cell responses
through the activation of DCs and can, thus, affect adaptive immunity as well.
Physical parameters including length, purity, surface characteristics, and aggregation
state represent decisive factors for CNT-mediated immunotoxicity systemically,
as has been shown within the pulmonary system. For a potential use as drug
carriers or vaccines, short, functionalized, water-soluble or easily dispersible, and
biodegradable CNTs may appear the most appropriate option for future nanomedical
research. With the promising use of CNTs in methods of immunotherapy it will be
important to determine when these immune responses are induced by the intended
CNT functional group, and when it is CNT themselves initiating these responses,
particularly when CNTs have been shown to enhance existing allergic conditions.
It is clear that intentionally administered CNTs can interact with the immune system.
More research is required for a better understanding of these complex interactions,
to provide suitable risk-to-benefit assessment and to allow the safe use of CNTs with
nanomedical applications.
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The unspecific innate immune responses to CNTs, which have been shown to
progress to the establishment of pro-fibrotic environments within the lungs in many
animal models, with specific inflammatory mediators also identified in vitro, has not
been observed to the same degree upon subcutaneous injection or with GIT exposure.
These two exposure routes, however, are areas of CNT immunogenicity that are
severely lacking, simply in volume of research studies that have been conducted.
This is a gap that should be filled, as immunotherapy may often use the subcutaneous
route, and there are considerable instances of how CNTs may end up within the GIT
and continue to the venous system and the liver.

In terms of CNFs, a general observation is that CNFs do show a tendency
towards immune reactivity, but however, there are many inconsistencies in the
studies available which make it hard to evaluate the findings appropriately. It is also
not clear whether CNFs are less potent or more potent than CNTs. Some studies
suggest CNFs to be less reactive due to their smaller surface compared to CNTs,
as well as their smaller aspect ratios. However, agglomeration of CNTs was often
observed, which again changes the specific surface areas to smaller values (effective
surface area). Further research is necessary to fully understand the mechanisms that
control the responses of the immune system to CNTs and CNFs. There have been clear
characteristics identified as detrimental, therefore, to reduce the potential hazard
of this material these classifications should be observed in future developments of
applications and production techniques, to allow a reduced risk to those who may
be exposed to CNT material.

Note added in proof: An extensive review series edited by Ali-Boucetta, Bussy
and Kostarelos (Advanced Drug Delivery Reviews (Volume 65, Issue 15, Pages
1897-2134—December 2013)) concerns issues of safety and toxicity of CNTs in
biology and medicine, also with implications for therapy and diagnostics, and covers
numerous issues dealt within the present review in extensive detail.
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