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Abstract: Nanotubes (NTs) are nanosized tube-like structured materials made from various
substances such as carbon, boron, or silicon. Carbon nanomaterials (CNMs), including carbon
nanotubes (CNTs), graphene/graphene oxide (G/GO), and fullerenes have good interatomic
interactions and possess special characteristics, exploitable in several applications, because of the
presence of sp2 and sp3 bonds. Among NTs, CNTs are the most studied compounds, due to their
nonpareil electrical, mechanical, optical and biomedical properties. Moreover, particularly single-
walled carbon nanotubes (SWNTs) have demonstrated high ability as drug delivery systems and in
transporting a wide range of chemicals across membranes and into living cells. Therefore, SWNTs
more than other NT-structures, have piqued interest in medicinal applications, such as target
delivery, improved imaging, tissue regeneration, medication and gene delivery, providing nanosized
devices with higher efficacy and fewer side effects. SWNTs and multi walled CNTs (MWCNTs) have
recently gained a great deal of attention for their antibacterial effects. Unfortunately, numerous recent
studies have revealed unanticipated toxicities caused by CNTs. However, on these findings,
contradictory opinions exist. Moreover, the problem of controlling CNTs-based products has become
particularly evident, especially in relation to their high-scale production and the nanosized forms of
the carbon constituting them. Important directive rules have been approved over the years, but
further research and regulatory measures should be introduced for a safer production and utilization
of CNTs. Upon this background, after an overview on CNMs and CNTs, the antimicrobial properties
of SWNTs, as well as the most recent in vitro and in vivo studies on their possible toxicity with
strategies to limit it have been provided and discussed in this review. Finally, a debate on the
regulatory issues has been also included.

Keywords: carbon nanotubes (CNTs); mechanical; electrical; and optical properties; CNTs biomedical
applications; antibacterial nanotubes; nanotubes toxicity; CNTs regulation

1. Introduction

Nanotechnology is one of the most exciting 21st-century knowhows [1,2], having the capability
to observe, measure, control, assemble, and manufacture materials at the nanoscale, thus translating
the theory of nanoscience into practical applications[3-5]. Nanotechnology is a discipline of global
interest in constant growing[6-8], which deals with a variety of materials produced at < 100 nm
through different chemical and physical methods[9]. Since conducted at the nanoscale (1-100nm),
unique phenomena enable novel applications in a wide range of fields, including chemistry, physics,
biology, medicine, engineering, and electronics[10,11]. To keep up with the rate of advancements in
science and technology, new types of nanomaterials with unconventional-edge and innovative
properties are incessantly required[12]. Nanotubes (NTs) belong to a promising group of
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nanomaterials which allow approaching several new electronic, magnetic, optical, and mechanical
properties[13].

Many of the nanotube’s structures extensively studied contain boron, silicon, and molybdenum
atoms, but carbon nanotubes (CNTs) are the most researched group among existing NTs structure
[14]. In fact, carbon nanomaterials (CNMs), including CNTs, graphene/graphene oxide (G/GO), and
fullerenes, are allotropes of sp2 and sp3 hybridized caron atom and their sp2 and sp3 bonds, are
thought to be responsible for their unique characteristics [12]. They have good interatomic
interactions[14], and are very interesting nanostructures in terms of their special properties and
possible applications[15]. CNTs are composed of graphite sheets rolled up in an unbreakable and
non-stop hexagonal-like lattice structure, in which carbon atoms appear at the tops of the hexagon-
type forms. Based on the number of carbon sheets, CNTs are categorized as single wall carbon
nanotubes (SWCNTs), double wall carbon nanotubes (DWCNTs) and multi wall carbon nanotubes
(MWCNTSs)[13]. Although also MWCNTs have been extensively studied for their demonstrated
antimicrobial potential, SWCNTs have displayed excellent antibacterial action, according to some
research, due to the smaller size of these materials which play a significant part in the inhibition of
microbes [12]. By a search made on Scopus on March 1, 2025, by using as keyword “nanotubes”, in
the last fifty years (2010-2025), 87,798 documents concerned “nanotubes”, while 80,535 concerned
specifically “carbon nanotubes” (Figure 1). By an additional survey using as key word “single walled
nanotubes” publications limited to 17,225 were found (Figure 1).
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Figure 1. The number of publications per year during the last 15 years according to Scopus, concerning

nanotubes (purple bars), carbon nanotubes (light purple bars) and SWNTs (blue bars).

Generally, CNMs offer great surface area, mechanical resistance, thermal conductivity,
photoluminescence, transparency, and constructional durability in addition to antibacterial activities
against pathogens and remarkable electrical conductivity[16]. These properties increasingly
encourage the application of CNMs in several nanocomposites, such as thin-film transistors,
transparent conducting electrodes, photovoltaics, supercapacitors, biosensors, drug delivery
systems, tissue engineering, photothermal therapy, and antimicrobial food packaging. As the larger
family of CNMs, also CNTs are materials with extraordinary properties which are useful across a
variety of new, state-of-the-art applications in sensors, printed electronics, e-readers, flexible
displays, energy storage medical treatments and more. Specifically, since their discovery in 1991 by
ljima[17], SWNTs have influenced a significant amount of activity in both research and industry
across the world. Furthermore, SWNTs have stimulated considerable investment in manufacturing
methods, characterization techniques and applications development. However, the main drawback
of CNTs immediately recognized, consists of their scarce solubility in most solvents, which limits
their application [16]. To address this issue, and amplify CNTs use, researchers have focused on
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surface modifications [14-16]. Surface modifications, together with other several factors, including
their chemical composition, target bacteria, and reaction environment, can affect the CNMs’
antimicrobial activity[18]. The antimicrobial effects of CNMs derive mainly by their capacity to
physically isolate pathogen cells from their supportive environment. Anyway, their capacity to
penetrate the microbial cell wall/membrane, thus causing irreversible structural damage, supports
their antimicrobial activity to a major extent[12]. Finally, the interaction of CNMs with bacterial cells
stimulate the generation of noxious substances, as the reactive oxygen species (ROS), triggering
oxidative stress (OS) to cells thus promoting their death. Additionally, the interactions between
CNMs and microorganisms result in an electron transfer, which induces ROS-independent OS and
causes biological death of pathogens [19]. To confirm that the OS plays an additional role in the CNTs
and SWCNTs antimicrobial mechanisms [20], Haung et al investigated the mechanical effects that
influenced the antimicrobial properties of CNTs, such as low wear rates, low friction coefficients,
favourable tribological characteristics, and high corrosion resistance[21]. Among different types of
CNMs and CNTs, the antimicrobial activity of SWCNTs resulted to be higher, due to their
advantageous physicochemical properties [22-25]. In this regard, Kang and co-workers, in their first
report on the antimicrobial activity of purified SWCNTs and MWCNTs, demonstrated that both
materials showed significant antimicrobial effects. Anyway, those of SWCNTSs seemed to be stronger
than those of MWCNTs [26]. Since they found that CNTs’ antibacterial effect mainly depended on
their ruinous impact on the integrity of bacterial membranes upon direct contact, the higher activity
of SWCNTSs could depend on their small size which provides a larger surface area to facilitate the
membrane perturbation[26,27]. The morphology and metabolic activities of pathogens were also
compromised [27]. Also, based on studies conducted by Chen et al, the SWCNTs played a significant
role as “nano-darts” which penetrated bacterial cell walls, reduced membrane potential, released
intracellular constituents (DNA and RNA), and ultimately disrupted the bacterial membrane [28]

2. Approaching Carbon Nanotubes

Carbon is a chemical element that has atomic number 6. It is one of the most abundant elements
in the Universe by mass, capable of providing approximately 10 million different pure organic
compounds. Such compounds possess the uncommon ability to form polymers at earth temperatures,
thus being the chemical basis of all known life [29]

CNTs are thin and long cylinders made of carbon, which were found for the first time in 1991
by Sumio lijima [17]. Many physical properties of CNTs are still obscure and need to be disputed, as
well as technical and not technical hurdles, which still limit the CNTs’ success, and their extensive
application. Anyway, it is generally recognized that CNTs possess a plethora of thermal, electronic,
mechanical, and structural properties that can vary based on their different existing forms [29]. In
this regard, CNTs differ mainly for their diameter, length, chirality, or twist. Table Al, in Appendix
A reproduced from our previous work [29], collects the key properties and potential uses of CNTs,
as well as the current remaining technical and not technical hurdles. References in Table Al do not
belong to this work but are those contained in Alfei and Schito, 2022[29]. We have decided for this
solution, so as not to overly burden the already significantly long list of references of this work. In
addition to those reported in Table Al, a plethora of other possible applications for CNTs exist,
including solar collectors, conductive and/or waterproof paper, catalyst supports, nano-porous
filters, and coatings of all types. Since possessing the capability to absorb infrared light, CNTs may
be applied in the I/R Optics Industry. We are confident that many unexpected applications for these
nonpareil materials will be found in the next years, which will reinforce the belief that CNTs could
be the most important and valuable nanomaterial ever used until now.

2.1. Synthesis of CNTs

Table A2 in Appendix A, reproduced by our previous work [29]collects the three most used
methods to synthetize CNTs. Following is a brief description of methods reported in Table A2 plus
other minor used methods.

d0i:10.20944/preprints202503.1472.v1
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2.1.1. Arc Discharge (AD)

Before 1991, AD process was finalized to produce fullerenes. In that year, using a current of 100
amps, the formation of CNTs in the carbon soot of graphite electrodes was found[17]. By the same
method, in 1992, the first macroscopic production of CNTs was started [30]. The high temperatures
(> 1,700 °C) used in this method typically cause the CNTs’ expansion, and CNTs with less structural
defects, in comparison with other methods, can be obtained[31].

2.1.2. Laser Ablation (LA)

This process is described in Table A2 and was developed by Dr. Richard Smalley and co-workers
at Rice University. Following the procedure commonly used to produce different metal molecules
based on blasting metals with a laser, they created MWCNTs, by replacing metals with graphite [32].
Later SWCNTSs were obtained using a composite of graphite and a cobalt/nickel mixture as metal
catalyst particles [33].

2.1.3. Chemical Vapor Deposition (CVD)

CVD is the most widely used method to produce CNTs [34]. Among the other methods to
synthetize CNTs, CVD is the most suitable for scaling-up and their industrial production, due to its
low cost. Moreover, CVD popularity derives also by the possibility of growing CNTs directly on a
desired substrate by careful deposition of the catalyst [35]. It consists of preparing a substrate of
nickel, cobalt, iron, or a combination catalyst NPs [36,37], in the reactor by several possible ways,
including reduction of oxides or their solid solutions. Such substrate is then heated at about 700 °C
under a flux of a “process gas” (ammonia, nitrogen, or hydrogen), and a “carbon-containing gas”
(acetylene, ethylene, ethanol, or methane), to promote CNTs growing[38,39]. The main inconvenience
of CVD technique can occur when supports for catalyst NPs are used. In this case, there is need to
remove the catalyst support via an acid treatment, which sometimes could destroy the original
structure of CNTs [34,40]. An advanced CVD technique is named plasma-enhanced chemical vapor
deposition (PECVD) and consists of generating plasma by the application of a strong electric field
during CNTs growth[41]. By adapting the reactor’s geometry, it is possible to synthesize vertically
aligned CNTs[29], whose morphology is of interest to researchers attracted by electron emission from
CNTs.

2.1.4. High-Pressure Carbon Monoxide (HiPco) Process

HiPco method was optimized at Rice University. In this procedure, a high-pressure carbon
monoxide (CO) gas was reacted with iron pentacarbonyl, thus creating SWCNTs. SWCNTs derive
from the transformation of CO into carbon on the nucleation surface made of iron NPs, which are
initially produced. SWCNTSs production was possible using from milligrams to grams scale, avoiding
environmental release of wastes[29].

2.1.5. Super-Growth CVD (SGCVD)

Also known as water-assisted chemical vapor deposition, SGCVD was introduced by Kenji Hata,
Sumio lijima and colleagues at AIST (Japan)[42]. The novel introduction of water into the CVD reactor
enhanced the activity and lifetime of the catalyst, allowing the achievement of both dense millimetre-
high vertically aligned nanotube arrays (VANTAs) and "forests" materials, which are normally
aligned to the substrate. SGCVD is superior to laser ablation strategy by 100 times and to HiPco,
permitting to obtain low-mass density, highly pure (>99.98%), 2.5 mm height SWNT forests very
rapidly (10 minutes), by easy separation from the catalyst without additional purification [29].
Additionally, more than 1 mm long VANTAs are achievable in several shapes, including sheets and
bars, by applying weak compression during the process[43].

d0i:10.20944/preprints202503.1472.v1
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2.1.6. Plasma Torch (PT)

Plasma torch was an invention by Olivier Smiljanic in the year 2000, working at Institut National
de la Recherche Scientifique (INRS) located in Varennes (Canada). Argon, ethylene and ferrocene
were entered into a microwave plasma torch (PLASMOTRON), which is a device designed to
generate plasma and supply a continuous plasma jet into a plasma chemical reactor. An intense
'flame’ developed, whose fumes contained SWNTs, metallic, carbon NPs and amorphous carbon
[29,44]. The consumed energy was 10-fold lower than that consumed during graphite vaporization,
as happens in LA or AD. The ITP method was a modified PT procedure developed later in the year
2005, by researchers from Sherbrooke University and the National Research Council of Canada [45].
In this method, the thermal plasma is generated by high-frequency oscillating currents in a loop and
is conserved in flowing inert gas, allowing the achievement of SWCNTs with different diameter
distributions.

2.1.7. Liquid Electrolysis Method (LEM)

LEM allowed to obtain MWCNTs by electrolysis of molten carbonates [46]. In this method, metal
ions reduced to their metal form attached on the cathode, formed the nucleation surface for CNTs
growth. In this method, the reactant was a carbon dioxide greenhouse gas, and highly valued CNTs
products can be achieved. For these reasons, this method could represent a possible strategy for
carbon dioxide capture and conversions [29,47].

2.1.8. Natural, Incidental, and Controlled Flame Environments

In addition to all these artificial inventions by human researcher, CNTs can form naturally in
commonly originated flames emitted by burning methane [48], ethylene [49], and benzene [50].
Indeed, highly irregular in dimensions and quality CNT-based structures, due to uncontrolled
conditions, can exist in smoke from both indoor and outdoor air[51]. Anyway, lacking the high degree
of uniformity necessary to satisfy the many needs of both research and industry, their practical
application is hampered. Despite this, efforts have been focusing on control environmental flames by
theoretical models to produce less irregular CNTs[52-56], thus going towards large-scale, low-cost
CNTs synthesis competitive with large scale CVD production.

2.2. Architecture and Other Features of CNTs

CNTs deserved the prefix "nano", due to their very small size of 1/50,000t the diameter of a
human hair.

Pure carbon can develop in several carbon-based architectures and CNTs are one of them. As
examples, diamond is the tetrahedron crystalline structure of carbon, while graphite or graphene
owns a planar structure, with linked carbon atoms forming hexagons[29]. Buckyballs, from the name
of F. Buckminister Fuller, who first designed geodesic spheres also called fullerenes[57], are made of
hexagons of pure carbon atoms linked to form a sphere. The typical structure of CNTs instead derives
by the rolling up of a sheet of carbon atoms associated to form hexagons (graphene), thus forming
cylinders (Figure 2a).

1-2 nm (
Single-walled CNT ~ Mouble-walled CNT (MWCNT) made MWCNT made of
(SWCNT) of a graphene sheet rolled up concentric cylinders

(b)
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Figure 2. Structure of CNTs (a); structures of a SWCNT (left), of two different shapes of a MWCNT (centre and
right). Specifically, a MWCNT made of a single graphene sheet rolled up (centre) and a MWCNT made of more
than two graphene cylinders one inside the other (right). These images, by an unknown author, are licensed

under CC BY and have been reproduced from our previous work [29].

Different structures that CNTs can assume are represented in Figure 2b. While SWCNTs (left
side) are not naturally formed CNTs, MWCNTs are more complex CNTs formed naturally[57].

Additionally, when CNTs consist of two or three graphene complete cylinders one inside the
other, they are termed double- and triple-walled carbon nanotubes (DWCNTs and TWCNTs). Figure
3 shows the representative structure of a DWCNT.

2-25 nm

Double-walled CNT
(DWCNT)

Figure 3. Structure of a DWCNT. This image by unknown author is licensed under CC BY and was reproduced

from our previous work [29].

CNTs are atomically speaking very stable, being SWCNTs more stable than MWCNTs.
Researchers in the field consider as CNTs, tubes with diameters less than 100 nm[58]. Differently, no
intrinsic limit exists on how long CNTs can develop[29]. However, their length is usually much larger
than diameter [29]. Table A3 in Appendix A summarizes the physical limits of CNTs. References in
the Table do not belong to this work but are those contained in Alfei and Schito, 2022 [29]. We have
decided for this solution, for the reasons previously described. The production of SWCNTs is more
difficult than that of MWCNTs, which can exhibit behaviours different from SWCNTs. In this regard,
despite the dispersion of SWCNTs to obtain nanocomposites is more difficult than that of MWCNTs,
generally, SWCNTs demonstrated better properties than MWCNTs. For this reason, scientists are
focused mainly in finding more practical ways to mass-produce SWCNTs. Concerning the
production of CNTs-based nanocomposites, the possible junctions between two or more CNTs have
been widely discussed theoretically[59,60], while those between CNTs and graphene have been
considered both theoretically [61] and experimentally [62] (Table A4, Appendix A, references in the
Table do not belong to this work but are those contained in Alfei and Schito, 2022 [29], according to
reasons previously described). Junctions between CNTs were observed in CNTs prepared by AD or
CVD methods. Lambin et al were the first experts, who studied theoretically the electronic properties
of such junctions, starting from the assumption that a connection between a metallic tube and a
semiconducting one could form a component of a CNTs-based electronic circuit [63]. CNTs-graphene
junctions are instead the basis of pillared graphene, characterized by three-dimensional (3D)-carbon
nanotube (3D-CNTs) architectures, studied as building blocks to fabricate three-dimensional
macroscopic structures [64]. Using these materials, it is possible to obtain free-standing, porous
scaffolds, made only of carbon, possessing macro-, micro-, nano-structured pores and tailorable
porosity with several applications. They could be used for the fabrication of the next generation
energy storages, supercapacitors, field emission transistors, high-performance catalysts,
photovoltaics, and biomedical devices, such as implants, and biosensors [65-67].
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2.2.1. Relationships Structure/Properties

The study of CNTs formations remains a cutting-edge field, where new discoveries are being
made regularly. Among the possible intimate structures that a SWCNT can assume the armchair,
zigzag and chiral configurations are extensively recognized, based on the graphene mode to package
into the CNTs cylinder (Figure 4).

Armchair Zig-zag Chiral

Figure 4. Armchair, zigzag, and chiral structures of SWCNTs. This images by unknown author are licensed

under CC BY and are reproduced by our previous work [29].

The structural conformation of CNTs has a direct effect on their properties, and mainly, on the
mechanical and electrical ones. As an example, in MWCNTs, the outer walls of MWCNTs can protect
the inner carbon tubes from chemical interactions with outside materials. Over the years, possible
structure-related mechanical properties and structure-related electrical and thermal properties of
CNTs have been reported in several studies. Structure-related mechanical investigations established
that CNTs are the greatest nanomaterials discovered so far. Particularly, CNTs were better than other
nanomaterials in terms of elastic modulus and tensile strength [29,68-70]. Anyway, it has been also
reported that defects in the structure of CNTs, due to atomic vacancies or rearrangements of the
carbon bonds, can cause weak points in small segments of the CNT, which reduce their elasticity and
weaken their tensile strength [29]. On the other hand, structure-related electrical and thermal
investigations showed that the structure of CNTs affect their conductive potency, both in terms of
electrical and thermal conductivity [29,71-76].

3. Biomedical Applications of CNTs

CNTs belonging to all categories, including SWCNTs, DWCNTs and MWCNTs can differ in
purity, length, and functionality. Anyway, all own a plethora of properties, such as high electrical
conductivity, high tensile strength, light weight [77-79], high biocompatibility[80]. All possess the
capability to load molecules for their transport and delivery, large surface area, chemical inertness.
All can be enriched with functional groups, and demonstrated good elasticity, thermal conductivity,
capability to expand, electron emission capacity, and high aspect ratio[77-79].

These properties added to peculiar composition and geometry make CNTs suitable for
numerous potential applications, including energy storage, biomedical uses, air and water filtration.
Also, CNTs could become molecular electronics, thermal materials, structural materials, electrical
conductors, fabrics and fibres, catalyst supports, conductive plastics, conductive adhesives, as well
as ceramics [77].

For this reason, scientists working in this sector are involved in efforts aimed at increasingly
lower the costs of CNTs production up to commercially viable levels, by scaling up their synthesis.

Interestingly, CNTs have great potential to be applied in nanomedicine for disease diagnosis
and drug targeting, as well as to transport various biomolecules such as proteins, DNA, RNA,
immune-active compounds, and lectins [81-83].
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CNTs are also extensively applied to develop electrochemical sensors, DNA based sensors, as
well as piezoelectric and gas sensor[77]. Additionally, opportunely structured CNTs, such as cationic
CNTs have been revealed to possess interesting antibacterial and antifungal activity [77]. Table A5 in
Appendix A, reproduced from our previous article [29]summarizes the several applications that
CNTs could have in the biomedical area. References in the Table do not belong to this work but are
those contained in Alfei and Schito, 2022[29]. We have decided for this solution, for the reasons
previously described.

3.1. Antimicrobial Properties of Carbon Nanotubes

It has been reported that CNTs and especially SWCNTs and MWCNTs possess excellent
antibacterial and antifungal activity. Several mechanisms have been suggested to justify the CNTs
toxicity against bacteria. Kang et al reported for the first time in 2007, that SWCNTs demonstrated
strong antibacterial activity against Escherichia coli, by cell membrane impairment via direct contact,
thus inhibiting the 80% of bacterial cells [26]. Another study by the same authors, using E. coli, on the
gene expression analysis, disclosed that the potency of antibacterial activity of CNTs mainly
depended on their size and that the a-specific disruption of bacterial membrane was the main
mechanism of their antibacterial effects [27]. In the same year, the same authors demonstrated, that
when exposed to MWCNTs, E. coli revealed significant oxidative stress (OS), complemented by cell
membranes disruption, cells lysis and release of intracellular contents[20]. Nagai and Toyokuni who
studied the differences and similarity between carbon nanotubes and asbestos fibres effects on cells
during mesothelial carcinogenesis also reported that the mechanism by which CNTs enter non-
phagocytic cells was mainly based on the impairment of cell membrane by direct pore formation on
their surface[84]. On the other hand, Kang et al. reported that the length of CNTs is pivotal for their
interactions with bacterial membrane, where shorter tubes showed higher toxicity against bacteria
[27]. Additionally, Aslan et al remarked that shorter SWCNTs were more toxic to target cell, due to
the higher density of open tube ends [85]. A similar observation was also reported by Johnson,
showing that nanotubes with smaller diameters manage to impair membranes of target cells via
easier interactions with their surface. Concerning more specifically the inhibition of some bacteria
and fungi, including E. coli, Bacillus subtilis, Staphylococcus aureus, Pseudomonas aeruginosa and Candida
albicans caused by exposure to SWNT, DWNT, and MWNT, it was demonstrated that their death was
induced by the accumulation of CNTs following their entrapment onto the microbial cell surface
[86,87]. Differently, Arias et al observed that SWCNTs functionalized with -OH and -COOH groups
used in buffered suspension caused Salmonella cells aggregation and the formation of SWCNTs-
pathogens aggregates with an increasing size depending on SWCNTSs concentrations [88]. Although
the authors admitted that additional mechanisms for toxicity of SWCNTs to bacterial cells could exist,
this was assumed to be the main one. The toxicity of SWCNTs to bacterial cells was also dependent
on buffer of suspensions[88]. Many studies have confirmed that SWCNTs are more toxic to different
pathogen than MWCNTs causing their membrane disruption[20,28]. Kang et al found that, while
SWCNTs kill most E. coli bacterial cells after one hour treatment, incubation with MWCNTSs leave
bacteria alive [20,27]. The authors also evidenced that E. coli exposed to SWCNTs displayed higher
level of stress-related genes compared to MWCNTs treatments. On the contrary, Young et al
demonstrated that the MWCNTs are more toxic than SWCNTs to E. coli (study not included in Table
5) [89]. Also, Saleemi et al, who have assessed the antimicrobial effects of DWCNTs and MWCNTs
against S. aureus, P. aeruginosa, Klebsiella pneumoniae, and C. albicans, demonstrated that non-
covalently dispersed MWCNTs exhibited higher antimicrobial activity than DWCNTs[90]. Despite
the contradictory reports, which need further investigations, CNT are very competitive compared to
other nanomaterials in inhibiting a broad range of microorganisms including both Gram-positive and
Gram-negative species and fungi, such as S. aureus, E. coli, Enterococcus faecalis, Lactobacillus
acidophilus, and Bifidobacterium adolescentis [20,26,28]. The following Table 1 collects some relevant
case studies reported over the years about the antimicrobial properties of not modified CNTs.
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Table 1. The antimicrobial performance of pristine carbon nanotubes in different studies.
Types of CNTs Synthesis method Concentration Species Main findings Refs.
SWCNTs CO disproportionation 5 ug/ml. E coli Releasing intracellular content due to irrecoverable outer membrane [26]
damage
SWCNTs CO disproportionation 5 ug/mL E. coli Microbial cells lost their cellular integrity [27]
f th ial cell in i hei
MWCNTSs CVD method 5 ug/mL E. coli Many of the bacterial cells remain intact and preserve their outer [20]
membrane
20,50, 100 L. acidophilus, E. coli Antimicrobial mechanism associated with length-dependent wrapping
SWCNTs/MWCNTs CVD method ’ /r,nL B. adolescentis, E. faecalis and diameter-dependent piercing upon microbial cell membrane [28]
He S. aureus damage and the release of intracellular contents
MWCNTs Nanocycle productions 1.5-100 mg/L E. coli Low microbial toxicity. [91]
E. coli, B. i . C
MWCNTs - - co s.ubtllzs 2-log cell density reduction in viability of pathogens [92]
P. aeruginosa
DWCNTs/MWCNTSs NE scientific productions 20/100 pg/mL S- aureus, P. acruginosa MWNTSs antimicrobial activity higher than DWNTs [90]
K. pneumoniae, C. albicans
44% of inactivated bacteria
Ts sh ignifi £f he inhibition of mi ial
MWCNTs Nanotech Labs productions 20 mg/20 mL P. fluorescens MWNTs showed a S icant effect on the In 11.)1t10n of microbia [93]
adhesion due to the electrochemical
Potential
SWCNTs - 5 ug/mL E. coli, B. subtilis No physical destruction was observed below 10 nN of applied force [87]
SWCNT/DWCNT MWCNT Electric arc discharge, and CCVD 100 pg/mL S - aureus, Microbial death induced l?y th(? aggregation of CNTs trapped on the [86]
P. aeruginosa, C. albicans microbial cell surface
SWCNTs/MWCNTs - 0.2 mg/mL E. coli Control bacteria grow by laser-activated CNTs [94]
50 to 250 . el
SWCNT-OHs - i Salmonella - 7log reduction in cell viability at 200-250 p [88]
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Several other studies investigating the antimicrobial properties of SWCNTs and MWCNTs have
been focused specifically on assessing the effect of their functionalization with different groups,
nanocomposites, antibodies etc. on their antimicrobial ability towards various bacterial and fungi
strains. Following is a brief description of the most relevant achievements.

3.1.1. Functionalized SWCNTs

CNTs can be functionalized by both covalent and non-covalent methods. The functionalization
of the surface of CNTs could have different goals, including the avoidance of desorption processes
and of undesired absorption of molecules from the biological media, as well as to enhance the
effectiveness of their antimicrobial activity[95-99]. Correlations between the toxicity to bacteria, and
the physicochemical properties or the agglomeration status of functionalized SWCNTs (f-SWCNTs)
were studied by Pasquini et al, discovering that no direct correlation was identified between the
bacterial cytotoxicity and thermal, physicochemical, and structural properties of f-SWCNTs[100]. On
the contrary, they found that the aggregation of nanoparticles had more incidence than the single
chemical and physical properties of functional groups, on the f-SWCNTs cytotoxicity[100]. Arias et
al. functionalized SWCNTs with different groups and tested them in suspension to evaluate the
possible increase of their interaction with pathogens and the effects on their antimicrobial activity
[88]. Specifically, the authors studied the effects of various surface functional groups, including -NHz,
-COOH, and -OH ones, on their antimicrobial effects against S. aureus, B. subtilis, and Salmonella
typhimurium. SWCNTs bearing cationic — NHz group inhibited bacterial growth only at high
concentrations. On the contrary, SWCNTs bearing anionic - COOH and neutral - OH groups reduced
viability of pathogens by 7 log CFU/g. To explain this fact authors assumed that the long carbon chain
used to attach the NH2 groups to SWCNTs surface impede to the cylindrical shape of SWCNTs to be
in close direct contact with microbial cell wall, thus probably reducing their inhibitory effects. On the
contrary, -COOH and — OH groups were derived directly from the surface of SWCNTs, thus allowing
the direct contact of bacteria with SWCNTs surface, thus sustaining and enhancing their
antimicrobial potency. Several authors have reported on the antimicrobial activity of silver
nanoparticles (AgNPs) and other metal oxides together with their inhibitory effects on the
infections[101]. Chaudhari et al observed that the antimicrobial properties of silver coated SWCNTs
on S. aureus, when applied in a skin model, can be modified with antimicrobial peptide (AMPs)[102].
In this regard, they observed that the proliferation of bacteria was reduced by 10> CFU/g by silver
coated functionalized CNT after skin treatment[102]. Generally, AgNPs bind and penetrate the
bacterial cell membrane causing cell death by altering the permeability of membrane and ROS
increase induction [103], while AMPs have shown antimicrobial effect on various fungi, bacteria, and
viruses by the same mechanisms[104]. Therefore, the synergistic effects of AgNPs with AMPs
increase the toxic effects of SWCNTs thus allowing the possible development of novel antimicrobial
therapies [102]. The same authors tested their functionalized SWCNTs against S. aureus, Streptococcus
pyogenes, Salmonella enterica serovar Typhimurium, and E. coli[105], finding that the conjugation led
to a strong synergistic antibacterial effect of TP359 with SWCNTs-adsorbed AgNPs. Kumar et al
reported the excellent antibacterial potency of SWCNTs enriched with AgNPs inserted in cotton
fabrics against S. aureus and E. coli[106]. Moreover, AgNPs embedded in silica-coated SWCNTs
substrate inactivated E. coli growth better, respect to AgNPs plasma-treated SWCNTSs substrates
[107]. Eco-designed biohybrids based on liposomes containing cholesterol, mint-nanosilver and
carbon nanotubes demonstrated antioxidant and antimicrobial properties against S. aureus, E. coli,
and E. faecalis[108]. Chang et al by a simple one-step procedure synthesized nanocomposites
encompassing CNTs, graphene oxide and AgNPs effective against E. coli and S. aureus, exhibiting
high disinfection property [109]. Further investigation proved that the nanocomposite of Chang and
colleagues were able to induce O2-based OS on bacteria, which damaged cell membrane integrity,
thus triggering cell death. SWCNTs coated with Ag-doped TiO:2 nanoparticles demonstrated strong
antibacterial activity against both E. coli and S. aureus, although S. aureus was more tolerant than E.
coli under illumination by UV light [95]. Park et al manufactured pegylated SWCNTs (pSWCNTs)
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covered AgNPs and their antibacterial effects were investigated on foodborne pathogenic
bacteria[110]. A significant reduction in proteins associated with bacterial biofilm formation and
quorum sensing, as well as of proteins necessary for the conservation of cellular structure were
observed, associated to a decrease in cell motility in foodborne pathogens remained alive. Also, by a
simple and low-cost one-pot synthetic procedure, Singh et al produced a SWCNTs/Ag/PPy based
nanocomposite which succeed in fully inhibiting the growth of S. aureus, P. aeruginosa, E. coli and B.
cereus completely within 24 h treatment [111]. A new antimicrobial nano system made of mesoporous
silica and AgNPs-coated SWCNTs (SWCNTs@mSiO:-TSD@Ag) which demonstrated strong
antimicrobial activity against multidrug resistant (MDR) bacterial strains, by impairing cell
membrane and releasing of Ag ions was projected by Zhu et al[112]. Yun et al manufactured CNTs-
Ag and GO-Ag demonstrating antibacterial effects against both Gram-positive and Gram-negative
species, even if the effects of CNTs-Ag was higher than that of GO-Ag nanocomposites[113].
Additionally, a carbon-Ag nanosized complex inhibited the microbial growth of methicillin-resistant
S. aureus, K. pneumoniae, Acinetobacter baumannii, Yersinia pestis and Burkholderia cepacian[114].
SWCNTs were also modified with natural enzymes, such as lysozyme (LSZ) succeeding in enhancing
their antibacterial impact against different bacterial species including S. aureus, and Micrococcus
lysodeikticus, by causing cell wall lysis via hydrolytic breck of the -1, 4 bonds in peptidoglycan [115-
117]. Chemical modifications of SWCNTs were mainly finalized to enhance their dissolution
properties and chemical compatibility. On the contrary, the functionalization of SWCNTs with
polymers, achieving deposited aggregates and membrane coatings, improved their dispersibility and
solubility and increased the interfacial interaction to polymeric matrices in their composites, thus
demonstrating high chemical stability and high toxicity towards the microbes. Differently from
pristine SWCNTs, polymer-modified SWCNTs are less expensive, provide an enlarged range of
mechanical, degradation, and structural properties, thus been suitable to develop ideal antimicrobial
nanomaterials. Several case studies have been available in literature reporting on the antibacterial
activity of these carbon-based nanocomposites. Aslan et al ideated SWCNTs with poly-(lactic-co-
glycolic acid) (PLGA) and explored their antibacterial effects against S. epidermidis and E. coli,
observing a 98% viability reduction and a significant decrease of the metabolic activity of the
bacteria[85]. On the other hand, the SWCNTs modified with polyvinyl-N-carbazole demonstrated a
90 and 94% inhibition of planktonic cells for B. subtilis and E. coli, respectively, while reduced their
biofilm formation [118]. Nanocomposite deriving by refashioning SWCNTs with poly-(L-glutamic
acid) and poly-(L-lysine) resulted in 90% inhibition rate of E. coli and S. epidermidis[119]. Goodwin et
al synthesized a SWCNTs-poly-(vinyl alcohol) nanosized composite which gradually inactivated P.
aeruginosa cells depending on increasing concentrations of SWCNTs [120]. SWCNTs reformulated
with porphyrin possessing appreciable antibacterial effects against S. aureus in the presence of visible
light using tungsten-halogen lamp were reported by Sah et al [121]. The activity of these materials
was based on a photochemical reaction which ultimately transferred an electron to the atmospheric
molecular oxygen to form ROS, which destructed the bacterial cell wall, thus driving to the bacterial
death [121]. Also, SWCNTs covalently bound with polyamide membranes showed a 66% inactivation
of bacteria, translating in a delay in membrane biofouling[122]. The well-known poly-(ethylene
glycol) (PEG) coating agents, recognised for its high hydrophilicity and biocompatibility was
attached in its linear and branched form by Cajero-Zul et al to the surface of CNTs, achieving a
nanoplatform suitable to manufacture medical devices [123]. Even if SWCNTs-copolymer of star-
shaped PEG and poly-(e caprolactone) (PCL) did not possess antimicrobial activity, demonstrated
thermal and mechanical characteristics superior of those of polymeric matrix. On the contrary, the
star-shaped PCL-PEG copolymer structure prevented bacterial growth [123].

3.1.2. Functionalized MWCNTs

MWCNTs with surface enriched with -COOH group caused a 30, 27, 20-40 and 15~50%
reduction in the viability of bacteria including B. subtilis, P. aeruginosa, E. coli, and S. aureus [124-126].
Chen et al showed that MWCNTs possessing -OH, or -COOH functional groups showed a significant
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dose-dependent antimicrobial effect on microbes such as E. coli, S. aureus, Enterococcus faecalis,
Lactobacillus acidophilus, and B. adolescentis [28]. Ding et al observed similar properties against Vibrio
parahaemolyticus[127], while Arias et al discovered that MWCNTs functionalized with -COOH, -NH,
and -OH did not exert appreciable antimicrobial effects with respect to analogous SWCNTSs[88].
Various studies evaluated the antimicrobial action of non-covalently dispersed DWCNTs and
MWCNTs against S. aureus, K. pneumoniae, P. aeruginosa, and C. albicans finding time- and
concentration-dependent mechanisms[90]. MWCNTs decorated with ethanolamine suppressed the
microorganism’s growth at a major extent than not-modified MWCNTs [128]. Another study showed
that MWCNTs modified with oxygen groups could increase the antimicrobial properties[129].
MWCNTs added with Ag NPs revealed significant antimicrobial performance as the SWCMTs
counterpart. Specifically silver/MWCNTs complex caused 94-99,57,100 and 70% inactivation of S.
epidermidis and E. coli, S. aureus, Sphingomonas spp. and Methylobacterium spp, as well as P. aeruginosa,
respectively  [126,130,131].  Silver-coated-MWCNTs complexed with amphiphilic poly-
(propyleneimine) (PPIs) dendrimers inactivated >90% of S. aureus, B. subtilis, and E. coli strains[124].
When silver/MWCNTs complex were functionalized with polymer colloids displayed strong
antimicrobial effect against S. aureus and E. coli[132]. Also, silver sulfide (Ag:S) quantum dots
associated to poly-(amidoamine) (PAMAMSs)-grafted MWCNTSs showed better antimicrobial activity
than cadmium sulphide quantum dots coated-MWCNTs resulting in a microbial growth inhibition
by 56, 98 and 79% when S. aureus, E. coli, and P. aeruginosa were exposed[126]. Aiming at more
favourable results, MWCNTs were also amalgamated with copper nanoparticles, thus decreasing the
bacteria viability by 75%[133], zinc oxide evidencing strong antimicrobial activity against E. coli[134],
titanium and gold observing remarkable microbial growth inhibition against B. subtilis, K.
pneumoniae, S. aureus, C. albicans, Streptococcus pneumoniae, Proteus wvulgaris, and Shigella
dysenteriae[135]. Moreover, titanium alloy-coated-MWCNTSs combined with rifampicin inhibited the
formation of biofilm for up to 5 days[136]. As in the case of SWCNTs, enzymes like chloroperoxidase
(CPO) and laccase were impaled on MWCNTs surface achieving nanocomplexes capable to reduce
viability of S. aureus and E. coli by 99%. It was observed that the laccase-MWCNTs were even capable
to reduce the microbial growth and spore formation of B. cereus and B. anthracis by > 99%[137].
Additionally, it was demonstrated that CPO in CPO-MWCNTs acted oxidating chloride into HOCI
by H20: in the acidic conditions, driving to the formation of singlet oxygen. It and HOCI functioned
as strong oxidants capable to inhibit, control, or reduce microbial growth of E. coli and S. aureus [137].
On the contrary, it was understood that the main antimicrobial agent in the laccase-methyl syringate
(MS) system was the hydroxyl radical produced mainly by the Haber-Weiss reaction starting from
H:0: and superoxide radical, which instigated detrimental and irreversible impairments in the
bacterial cells leading to their destruction[137]. When MWCNTs merged with polymers the
antimicrobial activity was maintained. The bacterial growth of E. coli, B. subtilis, and S. aureus was
inhibited by 87% and 97% using MWCNTs modified with amphiphilic PPIs dendrimer synthesized
by Murugan et al [124]. Similarly, Neelgund et al formulated MWCNTSs with an aromatic polyamide
dendrimer, which exerted good antimicrobial effects on P. aeruginosa (65.2%) and E. coli by inhibiting
their grow by 65 and 73%, respectively[125]. Also, MWCNTs functionalized with PAMAMs inhibited
the grow of several selected bacteria in a NTs concentration-dependent way [126], as also reported
by Goodwin et al for MWCNT-poly (vinyl alcohol) nanocomposites [120]. A current trend is
increasingly driving the interest of researcher toward the evaluation of the antimicrobial activity of
MWCNTs-based chitosan hydrogels, due to the biocompatibility of the hydrogel-based materials. In
this regard, a robust antimicrobial activity of MWCNTs-based chitosan hydrogels was confirmed
against S. aureus, E. coli, and C. tropicalis [138], while Mohamed et al informed that MWCNTs-based
chitosan possessed a broad-spectrum antimicrobial activity [139]. The following Tables 2 and 3 collect
schematically the most relevant case studies concerning the antimicrobial effects of modified
SWCNTs and MWCNTs here reported.
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Table 2. Overview on the antimicrobial activity of functionalized SWCNTs-based nanocomposites in different studies.
Material blend Concentration Species Main findings Refs
0 Lo SWCNTs-OH and -COOH showed higher microbial inhibition
WCNTs-OH, - H, -NH -2 L . B. Subtilis, S.
SWCNTs-OH, -COOH, 2 50-200 pg/m S. aureus, B. Subtilis, S. typhimurium rate (7-log reduction) than SWCNTs-NH: [88]
Ag-SWCNTs containing TP226, 5 Le/mL S aureus In skin models treated with silver-SWCNTs antimicrobial [102]
TP359, TP557 peptides He ' activity of only 1-log reduction was observed
SWCNTs functionalized with _ o - . .
DNA and LS7 ~25 mg/L S. aureus, M. lysodeikticus DNA- and LSZ-SWCNTs caused 84% microbial reduction [115]
SWCNTs-PLGA complexes <2% by weight E. coli, S. epidermidis SWCNTs-PLGA caused the 98% reduction of metabolic activity [85]
SWCNTs-PVK induced 90% and 94% of B. subtilis and E. coli
SWCNTs- PVK nanocomposite 3 wt.% E. coli, B. subtilis inhibition in the planktonic cells and showed a significant [118]
reduction of biofilm formation
SWCNTs-PGA/PLL
> / <2% by weight E. coli, S. epidermidis SWCNTs/PGA/PLL showed a 90% reduction of pathogens [85]
(layer-by-layer)
Oxidized SWCNTS'—PVOH) 0-10% (w/w) P. aeruginosa O—SWCNTS—PYOH grfadu:ally decreased V1ajb1hty of cells with [120]
nanocomposite increasing in nanotubes loading
T hvri T
SWCNTs/porphyrin composite 0.04 mg/mL. S aureus SWCNTs/porphyrin caused a visible light induced damage to the [121]
cell membrane
SWCNTS—PEG)/poly—'(e 0.5-1.0 wt.% P. qeruginosa, S. aureus SWCNT/copolymer complex caused lower bacteria inhibition [123]
caprolactone) composites than pure polymer complex
Ts-polvami e he mi . o
SWCNTs-polyamide 0102 mg/mL E coli Nanocomposite inactivated the microbial cells by 60% after 1 h of [121]
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LSZ = lysozyme; PLGA = poly-(lactic-co-glycolic acid); PVK = polyvinyl-N-carbazole; PGA = poly-(L-glutamic acid); PLL = poly-(L-lysin); PVOH = poly-(vinyl alcohol); PEG = poly-(ethylene

glycol).

Table 3. Overview on the antimicrobial activity of functionalized MWCNTs-based nanocomposites in different studies.
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Material blend Concentration Species Main findings Refs
50-200 g/mL S. aureus, B. s%tbtzlzs MWCNTs-OH and —FZC?OH f:hd n(?t ‘51gn1flcantly induce [88]
S. typhimurium antimicrobial activity
WCNTs- H 4 % inactivation f
25 pug/mL E. coli, B. subtilis, S. aureus MWCNTSs COO caus.ed 30, 40, 50% 1na<?t1vat10n or [124]
B. subtilis, E. coli, S. aureus, respectively
20 pg/mL. MWC;\ITS_CQOH c;;usel:fi 57, 34, 23% 1nacttl'va;10n for [125]
S. aureus, E. coli . aeruginosa, E. coli, S. aureus, respectively
P. aeruginosa . . . o
MWCNTs-OH, -COOH, -NH2 MWCNTs-COOH inactivated the bacterial cells by 27, 20, 15% for P.
20 mg/20 mL . . . [126]
aeruginosa, E. coli, S. aureus, respectively
E. coli, S. aureus, E. faecalis .
20, 50, 100 pig/mL L. acidophilus, B. MWENTs COOH and MWNTs OH induced [90]
. dose-dependent microbial inhibition
adolescentis
Time-dependent antimicrobial activity
1000 pg/mL V. parahaemolyticus CNTs did not pierce the cell membrane [140]
CNTs wrapped around the surface of pathogens
0-100 mg/mL Group A Streptococciis Carboxylated-MWCNTs ‘.Nlth a}ntlbodles mitigate soft tissue [141]
infections
Surfactant-functionalized MWCNTs ) . o . .
with SDBS, SC, SDS 20-100 pg/ml KS. aureus, P aecruglllzzf)sa Non-covalently dlspirsid Cl(;ITs 1n:111b1ted bﬁcte_rla by a time and [90]
TX-100, DTAB, CTAB, PVP . pneumoniae, C. albicans concentration-dependent mechanism
1.0, 0.5, 0.250.125 Functionalized-MWCNTs caused cell membrane rupture via direct
S. mutans [142]
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o
S
H
0.1, 0.5, 1 mg/mL Functionalized-MWCNTs penetrated.the bacterial cell membrane [143] _§
) due to electrostatic forces 2
E. coli 3
AgNPs-coated MWCNTs 2-30 wt% Cell membrane of bacteria damaged via direct contact [144] g
o
S. aureus, E. coli, S. &
agalactiae -
MWCNTs-lysine 0.01875-0.6 mg/mL S. typhimurium, S. Electrostatic adsorption [145] O
dysgalactiae =
K. pneumoniae o
-
WCNTs- i 7, 87% inactivation for S. <
MWCNTs-PPI 25 pg/mL E. coli, B. subtilis, S. aureus MWCNTs-nanocomposite caused 97, 87% inactivation for $ [124] m
aureus/B. subtilis, and E. coli, respectively s
=
O
MWCNTs-aromatic dendrimer 20 ug/mlL S. aureus, E. coli, P. MWCNTs-nanocomposite caused 36, 65, 73% inactivation for S. [125] ;
polyamide K& aeruginosa aureus, P. aeruginosa, E. coli, respectively o
@
o
. E. coli, P. WCNTs- i 4, 23% £ N
PAMAM-grafted MWCNTs 20 mg/20 mL S. aureus, : coli, MWCNTs rllanocompc?sne caused 60, 3 3 3% for [126] N
aeruginosa P. aeruginosa, E. coli, S. aureus, respectively =
2
(e]
1 ~ yas . . 1 =r
Oxidized MWCNTS/PAOH 0-10% (w/w) P. qeruginosa MWCNTs-poly (Ylnyl alFohol) reduce(?l bacteria viability by [120] N
nanocomposite increasing concentrations N
25, 50, 100 mg/40 mL S. aureus,.E. .colz, C. MWCI\.IT.s—chlto.san hydrogels exhibited hlgher antlmlcr.oblal [138]
tropicalis activity against S. aureus and C. tropicalis than E. coli.
MWCNTs-chitosan hydrogels E. coli, S. pneumoniae
0.01%, 0.1% and 0.2%  S. racemosum, C. albicans P. ~ MWOCNTs nanocomposite showed higher microbial inhibition rate [139]
(w/w) aeruginosa against Gram-positive bacteria

G. candidum, A. fumigatus

PPI = poly-(propyleneimine); PAMAM = poly(amidoamine); PVOH = poly-(vinyl alcohol); SDBS = sodium dodecylbenzene sulfonate; SC = sodium cholate; SDS = sodium dodecyl sulphate; TX-
100 = triton X-100 (TX-100); DTAB = dodecyltrimethylammonium bromide; CTAB = cetyltrimethylammonium bromide; PVP = polyvinylpyrrolidone.
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4. Impediments to the Extensive Application of CNTs: Toxicity Issues

From the invention of CNTs in 1991 [17], thinking about possible negative effects deriving from
their use and contact, on human, animals and environment health, was out of the researcher mind
and were not investigated[146]. This attitude was mostly due to the limited production processes
available at that time, which forced researchers to generate CNTs only on a laboratory level and at a
high cost[147]. Only from the beginning of the years 2000, when novel methods, such as CVD, made
their production possible on a massive scale, the impact of CNTs on health was progressively studied
through toxicological studies [148]. It was mainly their shape, like that of asbestos fibres, that
prompted the very first health warnings. In fact, asbestos’ fibres were already identified as material
causing inflammation and leading to lung cancer, which starts when macrophages cells try to absorb
the needle-like asbestos’ fibres, but fail because they are too long, thus causing the activation of the
so-called giant cells. The constant activation of these cells can drive to the establishment of a nodular
tissue (granuloma), which may translate into mesothelioma over a long latency period of thirty to
forty years. On the other hand, since a huge range of CNTs exists, their possible negative biological
effects depend mainly on their shape. To check this assumption, most studies included and include
experiments on cells and animal models, using rats or mice. Animals were exposed to CNTs, thus
inhaling them through the nose, or were subjected to fibres application directly to their lung or
thorax. The surface’ characteristics of CNTs also affect the possible biological outcomes deriving from
cells and animals’ exposure to these materials. An injection of 400 pg/mouse of water-soluble
SWCNTs has been shown to be quickly expelled through the kidneys with a half-life of 3 h. Similarly,
other researchers reported that hydroxylated SWCNTs, regardless of the form of administration,
were quickly removed from the body through the urine[149], thus establishing that the contact of
body with these non-bio persistent CNTs could be very short and not worrying[146].

4.1. Introduction to Environmental and Human Safety

Generally, the results from some reported case studies concerning the impact of exposure of
human and environment to CNTS are contradictory. Indeed, fruit fly larvae nourished with a CNTs-
rich diet developed normally[29], while, despite the fish foetus appeared normal, CNTs delayed
embryo development in zebrafish[150]. A few months during inflammation of lung like that caused
by asbestos’ fibres was perceived in mice exposed to CNTs[151]. Certain human tumour cells
proliferated more rapidly when exposed to CNTs[152]. CNTs-based solar cells need a cadmium-
telluride mixture coating, which is extremely toxic, thus impeding the widespread use of such solar
devices[152]. This establishes that frequently, coatings applied to the CNTs, rather than CNTs
themselves, are environmentally dangerous. A highly worrying concern about the massive use of
CNTs regards their slow biodegradation, which leads to the release of tubes in the environment, their
passage into our food supply, and from food, into our bodies, with consequences not fully clear until
now. It must however be considered, that CNTs application in electronics, unlikely could be very
risky, because of the small volumes involved. Collectively, more inspections and regulation measures
are necessary in this field, and it would be suggestable to treat CNTs as a new chemical material,
rather than as an allotrope of the inert carbon [152].

4.1.1. Other Hurdles Are Close to Solution

Although the potential of CNTs is huge, obstacles endure their production and application on a
large scale. First CNTs-based devices were manufactured at prohibitive costs for typical consumers
[83]. From years, both researchers in industry and in the academic laboratories, have and are making
efforts to develop automated systems for growing CNTs, endowed with uniform and predictable
properties, thus making possible reducing their unclear toxicity. Indeed, until they realize a method
of ideally structurally perfect CNTs production on huge scale, most of their possible applications will
remain in the research laboratory, and silicon will manage most technologies including the
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computing one [83]. Fortunately, nowadays, this era is closer than we might think. Very recently, a
carbon copilot (CARCO), an artificial intelligence (Al)-driven platform that integrates transformer-
based language models, robotic chemical vapor deposition (CVD), and data-driven machine learning
models, has been developed by Li et al[153]. Employing CARCO, the authors found a new titanium-
platinum bimetallic catalyst for high-density horizontally aligned carbon nanotube (HACNT) array
synthesis. This catalyst outperformed traditional ones and treasuring millions of virtual experiments,
an unprecedented 56% precision in synthesizing predetermined densities of HACNT arrays was
achieved [153].

4.2. In Vitro and In Vivo Studies

4.2.1. In Vitro Studies

Over the years, increasing in vitro investigations about the cytotoxicity and genotoxicity of CNTs
have been reported. Following is a collection of early studies developed in the years 2003-2011. The
cytotoxic effect of titanium oxide (TiOz) nanoparticles (NPs) and MWCNTs was studied in A549
human pneumocytes by Simon-Deckers et al, who evaluated cell viability and intracellular
accumulation of both nanomaterials and comparing results [154]. Both CNTs and TiO2 NPs were
capable to enter cells and pass in the cytoplasm. Anyway, TiO2 NPs showed lower toxicity. Moreover,
it was found that neither the presence of metallic impurities nor the length of CNTs influenced their
cytotoxicity[154]. The capability of CNTs to penetrate the cellular membrane of both NR8383 rat
macrophages and human pneumocytes A549, thus causing alteration of physiology and cellular
functions, was reported by Pulskamp et al [155]. Disfunctions derived from a dose-dependent
increase in intracellular reactive oxygen species (ROS) and from a decrease in the potential of the
mitochondrial membrane in both rat NR8383 cells and human A549 lung ones. Interesting, CNTs
deprived or with reduced metal content, due to purification work-up, demonstrated few or none of
these undesired effects [155]. Collectively, several researchers proposed that the main responsible of
negative biological effects of commercial CNTs could be the metals impurities. Moreover, it was
reported that the cytotoxic effects of CNTs could heavily depend on their different degrees of
agglomeration. Studies on human MSTO-211H cells revealed that the dispersion of CNTs in
surfactant was less toxic compared to agglomerated CNTs, especially when CNTs agglomerated in
string forms which are more voluminous, more rigid, and more solid [156]. In this regard, Montero
et al studied the possible per se toxicity of different surfactants finding that Pluronic F127 was the
less toxic [157]. MWCNTs as well as MWCNTs coated with Pluronic F127 were tested on human
keratinocytes evidencing that the uncoated MWCNTs were found to be more cytotoxic [157]. On
results from several studies which confirmed the capability of CNTs to cross cell membranes
[154,158], the intracellular distribution of modified SWCNTs was analysed in human fibroblasts 3T6
and murine 3T3 cells, by Pantarotto et al[158]. The results of this study demonstrated that
functionalized CNTs could cross the cytoplasmic membrane and accumulate in cytosol or reach the
nucleus, without toxicity for the cells up to 10 uM concentrations[158]. Pantarotto et al. and Manna
et al investigated the toxicity of SWCNTs in HaCaT, HeLa, H1299, and A549 cells at different
concentrations and exposure timings, finding a major loss of cell viability in keratinocytes (HaCaT),
probably due to the activation of keratinocyte-specific transcription factor NF-kB by increased
oxidative stress (OS) [158,159]. Anyway, Shvedova et al. have already explained that the unpleasant
consequences demonstrated by SWCNTs in HaCaT and bronchial epithelial (BEAS-2B) cells,
including alterations in cell ultrastructure and morphology, loss of cellular integrity and cellular
apoptosis, OS, and depletion of antioxidants in the cells is specifically based on the alteration of
certain genes following exposure to SWCNTSs. Additionally, the authors declared that exposure to
SWCNTs can trigger cutaneous and pulmonary toxicity [160]. Later, the same authors administered
mouse macrophages (RAW 264.7) with different concentrations of SWCNTs, finding that even well-
dispersed SWCNTs penetrated through alveolar epithelium, caused interstitial fibrosis and alveolar
wall thickening[161]. The production of TGF-f31 was triggered similarly to the effect of zymosan.
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Anyway, neither oxidative response nor nitric oxide production or cellular apoptosis was induced
by CNTs [161]. The uptake of SWCNTs enriched with fluorescein-isothiocyanate by lymphocytes and
macrophages reported by Dumortier et al [162], upon in vitro experiments, did not lead to any
changes in cell viability. These findings confirmed previous reports on in vitro cytotoxicity studies
using human dermal fibroblasts, exposed to modified SWCNTs, which demonstrated toxic effects
lower than those observed using not modified SWCNTs [163]. Unexpectedly, while streptavidin-
conjugated SWCNTs exhibited low toxicity in HL60 cells, the SWCNT-biotin—streptavidin complex
caused cell death [164]. However, despite generally the functionalization of SWCNTSs enhances their
potential by reducing their toxic effects, a general increase in toxicity was observed for the MWCNTs
bearing carbonyl (C=0), carboxyl (COOH), and/or hydroxyl (OH) groups [165]. Moreover, an indirect
cytotoxicity of CNTs was reported deriving from their capability to stimulate immune-mediated
cytotoxicity in various human cells, even at low concentration (0.001-0.1 mg/ml). In this regard, it
was reported that CNTs at lower concentrations may stimulate the secretion of cytokines with
consequent activation of lymphocytes and upregulation of the NF-kB expression in immune cells
[166]. The effect of SWCNTSs on human epidermal keratinocytes (HEK293T) was investigated by Cui
et al, using several techniques [167]. A dose- and time-dependent decrease in cell proliferation and
adhesive ability was observed, with formation of nodular structures, induction of G1 arrest and
apoptosis. SWCNTs (10-20 nm in diameter) showed higher toxicity than MWCNTs of same
dimensions, while fullerenes did not show any cytotoxicity, when they were administered to alveolar
macrophages in guinea pigs. These results suggested that the geometric structures of carbon
nanomaterials are discriminant for cytotoxicity [168]. Pacurari et al [169] demonstrated that SWCNTs
induced ROS generation, increased cell death, and enhanced DNA damage and H2AX
phosphorylation, due to their fibrous characteristics involved in ROS generation. The DNA damage
occurring upon exposure of lung V79 fibroblasts to acid-purified SWCNTs was confirmed by Kisin
et al [170]. Patapovich found that, while iron-rich SWCNTs activated the macrophages and catalysed
the transformation of extracellular O% into detrimental hydroxyl radicals, thus encouraging 1L-6
production, and causing OS and inflammation, the iron-deprived SWCNTs stimulated TGF-3
production, thus promoting apoptosis [171]. MWCNTs were found capable to cause the release of
proinflammatory cytokines (TNF-a) in rat peritoneal macrophages [172]. The cytotoxic effects of
MWCNTs in rat and mouse peritoneal macrophages (J774.1) was assessed by Muller et al and Hirano
et al. They found a higher cytotoxicity of CNTs respect to that of crocidolite in mouse macrophages,
due to the action of MWCNTs with MARCO (macrophage receptor with collagenous structure),
resulting in the disruption of plasma membrane[172,173]. Human embryonic kidney 293 cells (HEK-
293) exposed for prolonged times to high concentrations of MWCNTs showed reduced viability,
significant increase in IL-8 and altered expression of several proteins, supported by an increasing
penetration of MWCNTs via cell membrane, over time [174,175]. Also, MWCNTs induced
cytotoxicity through GSH depletion, ROS generation, OS, cell inflammation, membrane leakage, lipid
peroxidation, and protein release [176]. When human aortic endothelial cells were treated with CNTs,
an increase in the messenger RNA of MCP-1, VCAM-1 and IL-8 were observed[171], while when
human skin fibroblasts (HSF42) were exposed to MWCNTs and multi-walled carbon nano-onions
(MWCNO), inhibition of the cellular cycle and an increase in apoptosis and necrosis, were detected
[177]. Several intracellular signalling pathways were altered after exposure to CNTs, depending on
the material tested and the dose, establishing that MWCNTSs are more toxic than MWCNO, by an
interferon and p38/ERK-MAPK mediated toxicity. Soto et al, using chrysotile as a positive control,
explained that the cellular response to MWCNTs aggregates was like that observed for the chrysotile-
induced response [178]. Similarly, Murr et al showed that SWCNTs aggregates, two types of
MWCNTs aggregates and chrysotile aggregate provoked cell death starting at 2.5 pg/mL with similar
cytotoxic response in mouse alveolar macrophages [179]. Also, Bottini et al compared the time- and
dose-dependent toxicity to T-lymphocytes caused by not modified MWCNTs- and oxidized
MWCNTs finding that the latter induced significant apoptosis, being more toxic than hydrophobic
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pristine MWCNTs, which can result toxic only at high concentrations [180]. The studies reported on
cytotoxicity of CNTs are summarized in Table 4.

Table 4. In vitro cytotoxicity of CNTs as for early experiment of years 2003-2011.

Nanomaterials Cell lines Observation Refs
Metal oxide
nanoparticles and Ab49 Penetrate the cell [154]
SWCNTs
Rat macrophages Increase in intracellular reactive oxygen
CNTs (NR8383), A549 species [155]
CNTs MSTO-211H Agglomerated CN"ljs'shows greater [156]
cytotoxicity
MWCNTs HEK Decrease in cell viability and increase in IL-8 [157]
Functionalized SWCNTs Human f1br(?blasts 3T6 Pass through the c.ellular membrane and [181]
and murine 3T3 concentrate in the cytoplasm
SWCNTSs HaCaT, HelLa, H1299, Increase in oxidative s.tress .and inhibition of [182]
and A 549 cell proliferation
SWCNTs HaCaT Cell death, oxi<‘:1a.tive stre§s, and increase in [160]
lipid peroxides
SWCNTs HaCaT and BEAS-2B Loss of cellular mtegr}ty and cellular [171]
apoptosis
Lymphocytes and
SWCNTs Uptake of SWCNTs [162]
macrophages
MWCNTs HEK Cell-cycle inhibition [175]
. . Human dermal ..
Functionalized SWCNTSs fibroblasts Less toxicity [163]
SWCNTs-streptavidin HLEO Low toxicity [164]
complex
CNTs Lymphocytes Increase the secretion of cytokines [166]
SWCNTSs HEK293T Inhibition of cell proliferation and decrease [167]

in cell adhesive ability
SWCNTs showed higher toxicity than

SWCNTs and MWCNTs Alveolar macrophages MWCNTs [168]

Purified SWCNTs Lung fibroblast V79 DNA damage [170]

SWCNTs RAW 264.7 Production of TGF-p1 [161]

Phagocytosis of the SWCNTSs and

Iron-rich SWCNTs Macrophages conversion of extracellular O into hydroxyl [171]
radicals

Ground MWCNTSs Rat peritoneal Cytotox.1c1ty and overprodu.ctlon of [172]

macrophages proinflammatory cytokines
MWCNTs J774.1 Cytotoxic effects by the rupturing of plasma [173]
membrane
CNTs Human aortic Increase in the MCP-1, VCAM-1, and IL-8 [171]
endothelial cells

MWCNTs Alveolar macrophages Cell death [179]
Pristine MWCNTs and .

oxidized MWCNTSs T lymphocytes Apoptosis [180]

CNT = carbon nanotube; HEK = human epidermal keratinocyte; MWCNT = multi-walled carbon nanotube;
SWCNT = single-walled carbon nanotube.
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4.2.2. In Vivo Studies: Pulmonary Toxicity

Over the years, experts in the field have developed increasing specialization in devising
synthetic and characterization methods for obtaining improved CNTs in large scale. At the same
time, the application possibilities of CNTs have grown exponentially to the point of making more
studies on their possible cytotoxicity and genotoxicity imperative, also in vivo. The almost daily use
of CNTs in novel nanotubes-based products increased greatly the possibility of contact with humans,
animal and environment. CNTs can enter the body through various routes of exposure, including
derma, mouth and nose. Among the possible contact opportunities, CNTs can enter the respiratory
airways of the workers and accumulate in the lungs, first during manufacture. Also, since CNTs are
used as fillers in food packaging products, they can reach the gastrointestinal tract (GIT) of the
consumers. Several reports from in vivo studies on rodents have demonstrated that the ingestion of
SWCNTs and MWCNTs is toxic. On these results, the possibility that CNTs could be risky also to
humans has become an increasingly worrying reality and confirming or refuting it is a necessity.
Pulmonary toxicity of raw CNTs, containing iron impurities, acid-purified CNTs, and CarboLex
CNTs-rich in nickel and yttrium impurities, was investigated by Lam et al. They dispersed all
samples in serum and carbon black, or quartz particles were used as negative and positive control,
respectively [183]. The samples were administered intratracheally to mice at different concentrations.
After 7 days, in the mice group treated with CNTs, epithelioid granulomas and interstitial
inflammation was observed, in a dose-dependent way, which augmented after 90 days. Moreover,
peri-bronchial inflammation and necrosis were also discovered in the lungs of animals that were
treated with CNTs via alveolar septa, thus establishing that CNTs are more toxic than carbon black
and quartz, which led to negative health effects only in chronic inhalation exposures [183].
Pulmonary toxicity of pristine SWCNTs was assessed by Warheit et al, which used quartz particles
as positive control and carbonyl iron particles as negative control, using rodents as animal
model[184]. Rats were administered intratracheally with SWCNTs at 1 and 5 mg/kg. Upon
administration of the latter dose, 15% of rats died within 24 h, probably due to the mechanical
obstruction of the airways by the SWCNTs. Anyway, transient inflammatory and cell damage were
found in surviving animals, while multifocal granulomas, attributable to tissue reactions against
foreign body, were observed. These early findings confirmed the cytotoxic power of SWCNTs, while
demonstrated the huge necessity for more chronic study. Shvedova et al showed that pharyngeal
aspiration of SWCNTs induced anomalous pulmonary effects in C57BL/6 mice, that brought to acute
inflammation, rapid progressive fibrosis, granuloma and alveolar wall thickening in the lungs[161].
These pathological lesions were associated to functional respiratory deficiencies and decreased
bacterial clearance. To complete this worrying scenario, increased clinical markers values were
detected in bronchoalveolar lavage (BAL) fluid, which endorsed that the SWCNTSs were more toxic
than crystalline silica[161]. Even higher inflammatory response, OS, collagen deposition, and fibrosis
were observed in C57BL/6 mice, when SWCNTs were inhaled, rather than pharyngeal aspirated.
Anyway, pharyngeal aspiration of SWCNTs provoked faster atherosclerotic plaque formation in
ApoE mice[185]. Mutlu et al administered intratracheally raw aggregated, and highly dispersed
SWCNTs in 1% Pluronic F 108NF to mice, at a 40-pg dose, which was higher than the dose used by
Shvedova et al [161] to induce pulmonary fibrosis in mice[186]. Lung inflammation was induced by
aggregated SWCNTs in PBS, while highly dispersed SWCNTSs do not cause any adverse phenomena.
Muller et al reported the respiratory toxicity of both MWCNTs and ground MWCNTs suspended in
sterile saline (0.9% NaCl), which was observed after 2 months exposure, in form of pulmonary lesions
characterized by collagen-rich granulomas, dose-related pulmonary fibrosis and increased
production of TNF-a[172]. The dangerousness of the inflammatory effect produced by MWCNTSs was
anyway halved respect to asbestos and carbon black [172]. Mitchel et al reported that the exposure of
mice to MWCNTs at high dose caused immunosuppression after 14 days whole-body inhalation. On
the contrary, inflammation and granuloma formation was not observed, differently from what
previously reported[187]. Later, Muller et al administered intratracheally to rats (2 mg/rat) MWCNTs
in the forms of both tubes heated to 600°C and 2400°C and ground MWCNTs heated at 2400°C[188].
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Observations revealed that pulmonary toxicity of MWCNTs was less compared to those of ground
MWCNTs, thus indicating that the toxicity of the tubes mostly depends on the imperfect sites in their
carbon architecture. Differently, the group of Donaldson showed that the toxicity of ground
MWCNTs may depend either on their larger dispersion in the lungs and on the effects of the released
metals upon grinding[189]. Poland and his group reported that mice showed an asbestos-like
pathogenic behaviour, after exposition to long MWCNTs, which translated in inflammation and
granulomas formation. Such pathogenic scenario was also observed also in the mice administered
directly into the abdominal cavity with CNTs[190]. The additional exposure of lungs, with allergen-
based inflammation, to SWCNTs caused increased pulmonary toxicity characterized by increased
lung protein levels of T helper cytokines and chemokines, augmented the level of OS-related
biomarkers and accessory allergen-specific IgGl and IgE activity[191]. By light microscopic
examination technique, Kobayashi et al showed that MWCNT aggregates, accumulated in the lungs,
were phagocytized by alveolar macrophages and remained up to 6-months post-exposure[192].
Granulomatous lesions or collagen accumulations were observed only in animals exposed to highly
dispersed MWCNTs, through intratracheal administration, but not in those administered with
MWCNTs by inhalation, thus demonstrating that MWCNTs produce pulmonary lesions, based on
the route of administration and dose [193]. Also, Grubek-Jaworska et al showed that four different
commercial MWCNTs and SWCNTs, characterized by very low content of iron intratracheally
administered, caused pneumonia with an interstitial non-specific focal reaction in guinea pigs,
treated for 3 months[194]. Significantly increased concentrations of IL-8 in the bronchoalveolar lavage
(BAL) fluids and augmented macrophages and eosinophils were instead caused by other types of
CNTs. Additionally, carbon sediments were found mainly in the bronchioles, while the alveolar ducts
and the alveoli were free. No granulomas were detected in lungs, while CNTs aggregates, and
mechanical obstructions were found in certain airways of some animals. More recently, Francis et al
showed that the single exposure of rats to MWCNTs per se induced inflammation, epithelial cell
membrane damage, and cell lysis, confirmed by augmented inflammation markers concentrations,
including TNF-a, IL-4, LDH, WBC and increased ALP activity[195]. Histopathological experiments
revealed that dispersion of MWCNT in lungs caused fibrosis and granuloma. Since with large-scale
production of CNTs, the occupational and intentional exposure to the MWCNTs is exponentially
increasing over the years, it is mandatory to investigate their toxicity upon prolonged exposure
timings. For an easier understanding by the readers of the scenario of experiments carried out to
accredit the possible pulmonary toxicity of CTNs, the early pulmonary toxicity studies discussed in
this section on CNTs have been summarized in Table 5.

Table 5. In vivo case studies on pulmonary toxicity of CNTs.

Nanomaterials Animals Observation Reference
SWCNTs Mice Peri-bronchial inflammation and necrosis [183]
Pristine SWCNTs Rat Inflammation and multifocal granulomas [184]
SWCNTSs/SiO: Mice Granulomas and lung fibrosis [161]
MWCNTs Rat Pulmonary fibrosis [172]
SWCNTs Mice Inflammatory response, OS, collagen deposition [185]
MWCNTs Mice Inflammation and granulomas [190]
MWCNTs Rat Granuloma and collagen depositions [193]
MWCNTs/SWCNTs Guinea pigs Pneumonitis [194]
MWCNTs Rat Inflammation, granuloma, and lung fibrosis [195]

CNT = carbon nanotube; MWCNT = multi-walled carbon nanotube; SWCNT = single-walled carbon nanotube;

OS = oxidative stress.

CNTs Cytotoxic Effects to Other Tissues

Initial animal studies reported previously in this section evidenced that exposure of rodents to
different forms of CNTs can cause acute and chronic pulmonary inflammation, based on increasing
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OS and on the assumption of inflammatory effects of atherosclerosis and air pollution
[161,172,183,184]. On these results, it was presumed that the toxic effects of CNTs could affect also
other tissues. In this regard some authors such as Simenova and Erdely, and Li et al investigated the
cardiovascular toxicity of CNTs on rodents by different ways of administration. The studies revealed
that CNTs are capable to activate the blood cells via inflammatory markers release, that led to
cardiovascular adverse effects. Damage to the mitochondrial DNA of the aorta was observed in a
stress-dependent and dose-dependent mode. The effects caused by CNTs can dispose for
atherogenesis. An activated oxidative marker was found in the aorta, and cardiac tissues of mice with
high blood cholesterol levels exposed to SWCNTs, which also developed aortic DNA damage.
Atherosclerotic plaques on the surface of the aorta and increased atherosclerotic lesions in the
brachiocephalic arteries were observed in mice that had been exposed to SWCNTs, [171,185,196].
Pietroiusti et al, Philbrook et al, Bai et al, and Yoshida et al, studied the toxic effects of CNTs on the
reproductive and developmental system. It was reported that functionalized CNTs administered at
low dose were capable to trigger high resorption processes, progressive malformations in the
survived infant rodents and induced ROS generation in the placentas of exposed animals. Higher
percentage of resorptions, as well as huge morphological defects, and skeletal abnormalities in
foetuses, were discovered in Drosophila melanogaster and CD-1 mice exposed to functionalized CNTs.
CNTs accumulated in the testicles causing OS, tissue damage and alterations, which raised concerns
about possible adverse effects on male fertility [197-199]. A collection of more recent case studies on
the in vitro and in vivo CNTs toxicity has been reported in the following Table 6, while Table 7 collects
case studies on CMTs toxicity to various organs. Tables already contain detailed explanations of
observed outcomes, and do not need additional discussion.

Table 6. In vitro and in vivo studies to assess the possible cytotoxicity and genotoxicity by exposure to CNTs.

Theme of the study Tested cells Toxic Effects Findings Refs.
icity of HeL F7
Genotoxicity o e MC L. DNA damage, chromosomal aberrations, OS
MWCNTs Human respiratory Genotoxicity [200,201]
. 1 by exposure to CNTs
in human cells epithelial cell
Inhalation exposure to Pulmonar Inflammation, granuloma formation, lun
CNTs induces Mice ohany T ammaton g S [202203]
. toxicity fibrosis upon inhalation TLevels of cytokines
pulmonary toxicity
Skin exposure to CNTs Murine epidermal Dire.ct tc,kir.l exposure to CNT.s led to
cells (JB6 P+), and . irritation and inflammation
to assess . Dermal toxicity .. . L [204]
dermal toxicit immune-competent Penetration into deeper skin layers is still
Y hairless SKH-1 mice debated
Impact of CNTs on Lymphocytes, T N CNTs affgcted irnmur'1e respoTlses
. cells, monocytes and Immunotoxicity =~ Altered cytokine production and immune  [205,206]
immune system " i
dendritic cells cell functions
Cardiovascular effects Cardiovascular Inflammation- and OS-induced increased
of CNTs Mice .. blood pressure and [207]
. . toxicity . |
in animal models cardiovascular diseases
Liver Liver damage and alterations in liver
toxicity/biodistribution Mice Hepatoxicity v & v [208]
.. enzyme levels
of CNTs in mice
Renal toxicity of Human embryonic CNTs accumulation in the kidneys, renal
MWCNTS in rats kidney (HEK293) Renal toxicity . mﬂamr.natlo?, OS. [209]
cells Kidney functional impairment
0 induced by CNTs Alveolar os CNTs generate ROS, OS, cell and tissue [210]
macrophage (AM) damage.
In vit toxicity of M li 11
1 vitro neurotoxicity o ammatian ce Neurotoxicity Neuroinflammation and neurons damage [211]

CNTs

lines
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0S = Oxidative stress; ROS = reactive oxygen species; T indicated increased.
Table 7. A quick overview of CNTs' toxicity on various organs by in vivo and in vitro studies.
CNTs Tested cells Affected organ Results Refs.
Male Spragte Dramatic alterations of sympathetic and
MWCNTs prag Nervous system parasympathetic nervous [212]
Dawley rats \ .
system's equilibrium
MWCNTs Mice Nervous System Acute‘lunAg exposure to MWCNTS damaged BBB [213]
and BBB integrity, induced nerve inflammatory responses
CNTs Male NMRI mice Nervous system Behavioural toxicity with r?lamfestatlon of [(214]
sadness or anxiety
Toxicity to PC-12 cells
SWCNTs PCA2 cells Nervous system THarmful to differentiated PC-12 cells [213]
Pul T 1 1 1
SWCNTs Male C57BL/6 mice L uimonary CNTs mak'e people more vu .nerab eto 216]
immune system respiratory virus infections
Six-week-old Immune system CNTs affected development and reproduction
SWCNTs specific-pathogen- Reproductive and produced [217]
free ICR mice system immunological toxicity
BALB/c
macrophage cells ..
T I I * 21
SWCNTs J774A and BALB/c mmune system mmune toxicity [218]
mice
Concentration-dependent harmful of CNTs to
MWCNTs T lymphocytes Immune system human T cells [180]
6/8 weeks old
females of the CD1
i T h li
SWCNTSs outbred straxr'1 Embryos SWCNTs can cause harm to mammalian (197]
Mouse ES cell line embryos
D3
NIH3T3 cells
CNTs Kunming mice Embryos CNTs harmed foetuses, cause miscarriage, and (219]
were harmful to embryos
MWCNTs Zebrafish embryo Embryos Significant length-dependent development risk ~ [220]
Mouse embryonic
CNTs fibroblasts (MEFs) Embryos Induction of hereditary embryotoxicity [221]
and C57BL/6] mice
L ion of R f
O-SWCNTs Artemia salina Embryos arge amount generatlf)n of OS and deformed (222]
Artemia salina
CNTs Male BALB/c mice Genitals CNTs poison mice's reproductive organs. [223]
SWCNTs/MWCNTSs MeT-5A and BEAS Genome DNA damage in MeT-5A cells by both MWCNTSs [224]

2B cells

and SWCNTs

ROS = reactive oxygen species; T indicated increased, high, higher; * there was a negative correlation between
immune toxicity and SWCNT dispersion; O-SWCNTs = Oxidized SWCNTs.

5. Possible Strategies to Moderate CNTs’ Toxic Effects

CNTs cause a cascade of events that are noxious to human and animal body's tissues. In this
regard, Lettiero et al and Moghimi et al have reported that inhibitors of such events, achievable by
CNTs surface modifications and functionalization, could prevent the activation of the toxic system in
the body tissues [225,226]. Generally, PEG-modified SWCNTSs were not toxic and biocompatible to
mice, achieving the longest blood circulation in 1 day and being fully eliminated from the vital tissues
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of mice in about 2 months[227]. Longer circulation time, minor uptake in the reticule-endothelial

system, and reduced accumulation in the spleen and liver were observed for PEG-CNTs by Yang et

al[228]. Coating CNTs with Clq recombinant globular proteins and adding functional groups of

different types to their side walls are other methods to minimize CNTs toxicity [229,230]. Silva et al

reported that the onset of CNTs toxicity is strictly correlated with the route of administration [231].

CNTs administered by inhalation provided no sign of inflammation after 1 day, but inflammation

appeared after 21 days. On the contrary instilled CNTs caused inflammation after 1 day of exposure,

which disappeared after 21 days [231].

By adding catalytic horseradish peroxidase that promoted -COOH CNTs degradation in an
acidic medium led to no toxic or inflammatory effects on the lungs of mice used for toxicity

experiments.

Collectively, limiting the toxicity of CNTs remains a serious aspect of their safer use in various

applications. Table 8 collects some relevant strategies proposed over the years until now, to mitigate

the potential harmful effects which could derive by an extensive exposure to CNTs.

Table 8. Strategies to reduce CNTs toxicity.

Strategy Goal Modifying Agents/Methods Results Refs
TTumour targeting
1Di ion i Proteins, surfactants TTherapeutic benefits [232-
Modify CNTs ispersion in ' peutic 234]
. biological fluids 1 Toxicity
surface with - -
biocompatible Influenced cellular 1In vivo tumour targeting
. P uptake Folic acid T Therapeutic benefits [235]
materials or other . .
molecules 1Solubility  Toxicity
1 Toxicit i *
ey Polyacrylamide hydrogels™ ), o, ival of 1929 mouse fibroblast  [236]
Biomaterial, TiO2
TCNTs biocompatibility VIL-6, IL-8, IL-1B, TNFa, N-FkB
| Potential toxicity T Antioxidant enzyme catalase
Application of ~ Prevent direct contact . . IROS generation
1 ** 237
coatings to CNTs with Curcumin lysine Recovery of mitochondrial membrane 237]
biological systems potential
TCNTs solubility 1Cell death
Encapsulation of ¥Direct cells exposure
CNTs to CNTs Control of PEG (entrapping agent) PEGylation delayed oxaliplatin release
Using CNTs to CNTs release Oxaliplatin (elftﬁa & eg agent) rate [238]
entrap bioactive ICNTs impact on P pped ag 1Drug's anticancer effects on HT-29 cells
molecules tissues
1Specific surface area
Tailor the T Transmembrane mobility [239]
diameter size and {Toxicological impact N.A.  Toxicity
length of CNTs IHarm to lysosomes for large-diameters [240]
MWCNTSs
Chemical/electrochemical
oxidation [241]
. Remove metal . . .
Optimization of impurities High chlorine partial pressure
purification p . [242] 1Lower harmful effects [244]
Remove residual . . . .
processes catalvsts Microwave-assisted digestion
y [243]
Incandescent annealing[244]
Engineering Proper ventilation/respirator
v
controls Suitable }Inhalation exposure P . p y IRisk of respiratory toxicity N.R.
protection
PPE
Co- Prevention of the oxidative damage
administration of IPotential OS Quercetin lInflammatory effects s [245]
CNTs with I Cellular damage Y
.. Hmmuno-toxic effects
antioxidants

* Encapsulation agent for CNTs-COOH; ** used to coat MWCNTSs; N.A. = not applicable; N.R. = not reported;

lindicates minor reduction, lower, decreased, decrease; Tindicates improved, increase, increased, major; PPE =

personal protective equipment; OS = oxidative stress.
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Proper modification of the surface of CNTs with biocompatible materials or selected molecules
can enhance their dispersion in biological fluids and reduce toxicity. Functionalization can also
influence cellular uptake and interactions [246,247]. One of the main causes of the hazardous effects
of CNTs on the human and animal body is their poor water solubility. This is a problem that may be
solved by CNTs surface modification[248,249]. A current trend followed by scientists in the sector
consists of searching for biocompatible substances that may be smeared with CNTs to improve their
characteristics [250]. Much research has been done on the detrimental effects of CNTs on pulmonary
systems, with confirming results on A549 cells [251,252]. By covering MWCNTs with curcumin, their
propensity to induce OS, inflammation, and cell death was significantly reduced[253]. Wu et al
enriched MWCNTs-COOH and pegylated MWCNTs with oxaliplatin, a cisplatin derived
chemotherapeutic, by both their surface functionalization with the drug and its encapsulation in
CNTs cavities[238]. The authors demonstrated that, in an aqueous environment, the entrapped
oxaliplatin could easily exit MWCNT-COOH and MWCNT-polyethylene glycol (PEG) and that
Pegylated MWCNTs were capable of an oxaliplatin controlled release, thus augmenting its
therapeutic effects.

Shorter and well-dispersed CNTs with a high specific surface area and robust transmembrane
mobility showed lower toxicity compared to longer aggregates[239]. These substances can harm
proteins and cellular components, leading to macrophage malfunction or even death [214].
Sohaebuddin et al demonstrated that, MWCNTs with large diameters provided minimal harm to
lysosomes, while those with tiny diameters might create membrane instability[240]. Highly pure
CNTs not containing residual metals or catalysts induce lower harmful effects[244]. Considerable
progress has been achieved in the purification of CNTs[254]. Also, CNTs with structures that favour
biodegradation over time could reduce their persistence in the circulation, thus reducing tissue
toxicity[255]. Concerning CNTs-based delivery systems, the choice of alternative administration
routes, including topical or transdermal ones, can minimalize the direct exposure of sensitive organs
or tissues to CNTs, thus reducing their systemic harmful impact.

Quercetin has good bioavailability and possesses formidable analgesic, antioxidant, anti-
inflammatory, and anti-atherosclerotic properties [256]. Additionally, quercetin reduces reactive
oxygen species (ROS) generation and increases the antioxidant enzymes activity [257]. It could be
exploited as adjuvant to prevent the oxidative damage, inflammatory, and immune-toxic effects of
MWCNTSs[245].

5.1. Future Perspective and Preventive Actions

Despite the several strategies developed so far to limit the toxic outcomes of extensive use of
CNTs to humans and environment, it is mandatory to conduct a preventive behaviour to limit the
large diffusion of their possible cytotoxic impacts. Biocompatibility assays using appropriate in vitro
and in vivo models are always necessary before a CNT widespread use. Knowing the individual
biological responses to different types of CNTs is critical to assess their specific risk[258]. Although a
more specific regulation is urgently needed for these nonpareil nanomaterials, adhere to existing
regulations and guidelines on nanomaterial safety is obligatory. A responsible development and use
of CNTs could be assured only by ensuring compliance with regulatory standards[259]. Education
training for workers, who produce, handle, and apply CNTs, thus making them aware of potential
risks which could derived by CNTs identified until now and implementing proper safety protocols
can help to minimize harmless exposure. Concerning the environment, monitoring programs to
evaluate the dispersion and potential impact of CNTs in workplaces and surrounding environments,
can help in updating risk management strategies. The invention and development of
environmentally friendly or "green" synthesis procedures for creating CNTs, as alternative options
to the in use complicated machineries, could reduce the usage of dangerous chemicals and toxic
precursors and can lead to CNTs with fewer impurities and lower toxicity. Duraia et al recently
proposed a straightforward, simple method to generate CNTs on graphitic layers using corn
seeds[260]. Alternative nanomaterials to CNTs with similar functionalities, but lower toxicity risks
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should be considered. It is the case of graphene, which could be less hazardous than CNTs[261].
Indeed, being graphene more robust than CNTs to immune cell destruction, thus limiting the possible
release of hazardous compounds deriving from such degradation, it could be a promising option to
CNTs. Particularly, graphene oxide (GO) was less vulnerable to macrophage destruction than
SWCNTs. Unfortunately, efficient standardized techniques to assess the toxicity of these
nanomaterials are still troubled with difficulties and restrictions [262]. A permanent research and
collaboration between scientists, engineers, and regulators are pivotal to develop safe routines for
CNT production and use in various industries.

6. Regulatory Considerations

The National Institute for Occupational Safety and Health (NIOSH) is the most important federal
agency in the United States, which makes research and offers supervision on the occupational safety
and on the consequences for human health, which could derive from the extensive applications of
and exposure to nanomaterials. Studies have revealed that nanoparticles (NPs) may put a greater
health risk than bulk materials, due to their grater surface area/unit mass ratio [29]. In 2013, NIOSH
published a Current Intelligence Bulletin, detailing the potential hazards of CNTs and recommended
the exposure limit for CNTs and nanosized fibres [263]. Subsequently, on October 2016, SWCNTs
have been registered within the European Union's Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) regulations, as compounds to be studied concerning their possible
dangerous effects. As direct consequence, the commercialization of SWCNT in UE was permitted up
to 10 metric tons. REACH has a centralized database that records all chemicals produced or imported
into the EU in quantities of one ton per year or more per supplier or importer. A chemical safety
report must be submitted to REACH when the quantity of its production is ten tonnes or more.
REACH has been frequently complained about not having taken in sufficient account the nano-
specific characteristics of materials, but only the amount of their production. Fundamentally,
substances of a specific interest may be subjected to REACH restrictions. If such restraints can be
fulfilled by the European Chemicals Agency (ECHA), a thorough comment and consultation
procedure must be carried out, and the approval of the Member States” committee must be pursued
for that substance. A Candidate List of Very High Concern Substances (SVHC) containing almost 40
substances was compiled in 2010 by ECHA, but no compound was a nanomaterial. This was mainly
due to the high thresholds of production quantity for nanomaterials—1 ton per year or more to
impose their registration and 10 tonnes per year or more to make necessary to submit chemical safety
report. Chemical Regulation in the EU and the US (TSCA; Toxic Substances Control Act) used the
chemical composition of a material to define regulation measure, without considering particle size or
nano-specific features. The problem of controlling carbon-based products has become particularly
apparent, especially with the advent of their large-scale production. In REACH, carbon was initially
considered no issue (“minimum risk owing to its intrinsic features”). This status of immunity was
eliminated at the end of the year 2008, when a clear differentiation was made between carbon and
carbon in its nano-scale forms. In this regard, C60-fullerene got a distinct CAS (Chemical Abstracts
Service) registration number according to the worldwide norms of chemical denomination in relation
to carbon, carbon black and graphite, since these materials, despite their same molecular character,
necessitate to be dissociated from each other. (Nano)tubes, that would have a diameter smaller than
1 nm and a length exceeding 100 nm, were not considered as nanomaterials until 2011 in EU. To
address this potential omission, Recommendation 2011/696/EU included in the definition both
fullerenes, graphene flakes and single wall carbon nanotubes, with one or more external dimensions
below 1 nm, as nanomaterials [264]. Unlike the EU, the US introduced CNTs under the Toxic
Substances Control Act to strict notification requirements in October 2010. Their production, import
or usage (also as a continuation of ongoing activity) shall be notified to the authority, which will
decide whether to import or process the substance within 90 days. The only exclusion was agreed to
CNTs stalwartly integrated into a matrix. Concerning health and safety at the job, in 2011, the
European Agency of Safety at Work (EU-OSHA) compiled a literature review in the field of CNTs,
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dealing with occupational exposure, toxicology and protective measures in the work environment
[265]. It was also a compilation of advice and guidelines for technical occupational safety and
personal protective equipment. The toxicological data available for SWCNTs and MWCNTs have
also been summarized[265]. The purpose of the overview was to provide the Swedish Work
Environment Authority with information and basis for various types of measures[265]. In the United
Kingdom —the Health and Safety Executive (HSE), referred to the “10 Recommendations” to be
considered for health and safety purposes at the job, published by the Royal Society and the Royal
Academy of Engineering, 25 years earlier on the application of nanotechnologies. Based on these
rules, the HSE advised on precautionary measures and risk avoidance practises. In 2009, HSE
considered CNTs as “extremely concerned substances”. The British Standards Institution (BSI)
suggested an exposure limit of 0.01 fibres/mL, even if investigations to monitor this limit test were
time-consuming[266]. In the US, the National Institute for Occupational Safety and Health (NIOSH)
recommended an occupational exposure limit of less than 7 pg CNTs per m?of air [266], being this
exposure limit the smallest concentration that can be correctly measured[267]. On the other hand, the
exposure limit for 5 mg/m? of airborne graphite dust set by the EU Occupational Safety and Health
Administration (EU-OSHA) is about 1000 times higher [266]. It should also be stressed, that dust
particles are bigger and therefore heavier. Anyway, despite only a few types of CNTs may be utilized,
the precautionary principles should provide indications for health, safety and risk limitation to be
applied to all types of CNT-based existing products. Indeed, since the CNT handling cannot be fully
prevented, it should be guaranteed a high standard of safety and control, as well [268].

6.1. Authors Considerations and Future Perspectives

Although the determination of a correct occupational limit for CNTs exposure is mainly
contingent to exposure data and measurement technology, the US limits concentrations dictated for
CNTs are considered by NIOSH high-risk to develop adverse effects on respiratory health. In this
context, the promotion of research in this area is essential and mandatory. Also, measures to limit
hazardous by CNTs need improvement, and measures to maintain airborne CNTs to a minimum
level and below the limits of exposure should be developed. Studies have demonstrated that high
concentrations of needle-shaped, long, thin and bio-persistent CNTs have a serious adverse effect on
respiratory tract. In this context, the mechanisms of action and the dose-effect relationship for a as
high as possible number of CNTs types need to be clarified, to be capable to compile a dangerous
chart. Also, the life cycle of CNTs in the environment has not still thoroughly assessed, and
argumentative information on CNT ecotoxicity and credible exposure data are limited and needs
improvement to better assess their environmental risk. Although a sort of legislation on hazardous
chemicals and regulations on occupational health and safety exists, it still does not offer specific
requirements for handling CNTs. Even though specifications of REACH on the volume-thresholds
for registration (1 JT) and for the obligatory of a chemical safety report (10 JT) exist, they have been
set at levels that do not include all CNT manufacturers and do not consider CNT-specific features.
Although efforts are proceeding at international levels in occupational health and safety to set limits
for occupational airborne exposure to CNTs, specific regulation are still not adopted. Analytical and
detection methods need improvements through further research and development. Lawmakers,
regulators, or environmental activists’ interest in nanomaterials has incessantly increased over the
years and the interrogation about the correct nanotechnology regulations is a daily challenge. The
incessant development of nanomaterials and daily application of nanotechnology has led to rigid
regulatory standards in both animal and human manufacturing and utilization. The U.S.
Environmental Protection Agency (EPA) reported that CNTs encompass substantial regulatory
concern regarding toxicity and environmental safety[266]. The US National Environmental Policy
Act (NEPA) has published a series of rules, regarding the main factors for controlling nanomaterials,
including quality control and manufacturing and product safety evaluation, like toxicity, clearance,
biodistribution and metabolism.
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7. Conclusions

In this article, the main knowledge and findings gathered so far about CNTs, have been
reviewed, finding that these tube-like nanomaterials made only of carbon atoms or functionalized
carbonaceous tubes possess nonpareil properties which enable them to be applied in several sectors
with excellent results and fantastic improvements. A particular attention has also been paid to their
antimicrobial effects and toxic aspects towards human, animal and environment. These were
confirmed by several case studies reporting in vitro and in vivo experiments developed over the
years, which were inserted in our reader-friendly Tables. By a survey on Scopus database, we have
evidenced that the interest of researcher for CNTs in the years 2010-2025 has remained constant, with
peaks of publications in 2016 and 2017. A feature probably due to the passage to CNTs larger scale
production due to the development of more efficient production procedures that have been discussed
in the text. Our specific research about their biomedical applications has revealed that both variant
of CNTs, referred to as SWCNTs and MWCNTs find application in numerous areas of nanomedicine.
Also, concerning the more restricted field of their applicability as antimicrobial agents, our study
have highlighted that these carbon-based nanomaterials (CNMs) are very promising as novel
antimicrobial agents, due to their extensively reported detrimental effects against both Gram-
positive, Gram-negative bacteria, fungi and biofilm. For their inhibiting effects on biofilm and
excellent mechanical properties, CNTs could represent new option ingredients for orthopaedical
implant construction. Unfortunately, early and recent investigations have unveiled that CNTs could
be toxic to human, animal and environment, mainly due to their surface structure and residual
impurities, depending on concentration and exposure timings. Although initially, their possible
toxicity was disregarded because they are made mainly of harmless carbon, investigations prompted
by the similarity of CNTs fibres with those of asbestos evidenced that they can be remarkably toxic
and genotoxic to several cells, organs and animal models. As asbestos, the higher toxicity has resulted
to be the pulmonary one, which is particularly worrying for CNTs manufacturers who are long-time
exposed to them and at risk of inhaling their fibres. Toxicity to cardiovascular system, as well as
immune and reproductive systems, embryos and neurotoxicity have also been reported. Fortunately,
several strategies, which have been discussed here, have been already developed to limit CNTs toxic
effects, but more and incessant studies should be implemented to make their production and
employment safer. This study has also evidenced that despite the significant advancements in terms
of regulations concerning CNTs production, possible applications and about health and safety at the
production sites, several unsolved regulatory issues survive, which need urgent solutions. The
incessant development of nanomaterials and CNTs and their daily application has led to rigid
regulatory standards in both animal and human manufacturing and utilization. Anyway, substantial
regulatory concern regarding toxicity and environmental safety remain. Surely, better quality
estimations and improved manufacturing techniques, as well as incessant product safety evaluations,
including toxicity, clearance, biodistribution and metabolism, can help in CNTs inspection. However,
it must be recognized that CNTs, despite their still not clear toxicity and insufficient regulation, are
ubiquitously exploitable for improving the quality of human life. In this regard, we hope that this
review could stimulate further research on these materials aimed to allow their safer high-scale
production and utilization.
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Table A1l. Key properties and potential uses of CNTs, as well as the residual current hurdles which limit CNTs

extensive applications.

Key Properties

Potential uses Current hurdles

Size [61]

Electronic heterogeneity
[76]
Crystallographic defects
Stone-Wales defects

Nano-electronics [64]

J <100 nm
Thickness = 1-2 nm
Ideally infinite length

Conductors (SWCNTs)

Electrical and electrochemical properties

 Electrical conductivity
Constant resistively [63]
Electrons emission capacity

Thermal Properties

Supferconductors Not tunable conductivity
Semi-conductors !
Supercapacitors
Interconnects 4 Controllable orientation
Chips manufacture [65] 4 Organized
Conductivity-enhancing configuration

components
{f Variation in size and

{ Heat conductivity
Expansion

Optics and photonics density [76]

Mechanical properties

Light-emitting diodes
(LEDs) [66,67] 2

{f Tensile strength
{Elastic modulus

Photodetectors [68]2
Export restrictions

Optical Properties

Bolometers [69] 2

Absorption properties

Photoluminescence (fluorescence)

Raman spectroscopy properties

Optoelectronic memory
devices [70]2

Others

Easily modifiable structure

Batteries [71]

Presence of functional groups

Chemical inertness

Supercapacitors production
Ultra-thin flexible batteries
Implantable medical devices

Easily optimizable solubility and dispersion

Cleaning up polluted
environments

Water filtration
Alir filters, such as
smokestacks [72]
Others [76]
Transistors production
[73,74]
Energy production
Solar cells [75]

Environmental concerns

Light weight

Energy Storage

T Biocompatibility

CNT based fibres and fabrics

Capability of molecules immobilization

CNT based ceramics

Transport of protein, DNA, RNA

Large surface area

Entrenched dominance

High capability of absorbing chemicals from their

surroundings

Sources of light
of other material

! Conductive capacity of CNTs depends on the chirality degree, i.e. the twist degree and dimension of the

diameter of the actual nanotube; 2SWCNTs; { = high, wide; §.= scarcely.
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Table A2. The three most used methods to synthetize CNTs.

Method Process Type Products Purity Conditions Yields (%) Advantages Disadvantages

SWCNTs short tubes

The carbon in the ©=0.6-1.4 nm Argon/N2

Arc discharge negative electrode sublimates MWCNTs short tubes 500 torr Fow structural defects Leneth <50 um

(AC) due to the high discharge Inner J=1-3 nm T<4,000 °C gH =T K

temperatures (T) Outer ¥=10 nm 20-100%

Medium purity

Graphite samples are vaporized in
areactor at T by a pulsed

SWCNTs 5-20 um

500-1000°C at { energy

Laser ablation laser in presence of an inert gas ©@=1-2 nm laser beam Controllable & by the © Expensive than
(LA) CNTs grow up on the cooler MWCNTs 25-1000°C reaction temperature AC,CVD
reactor’s surfaces as the Low purity <70%
vaporized carbon condenses
{ Economic and simple than
AD and LA
Layered metal catalyst particles are SWCNTs long tubes Synthesis at § temperature I Crystallinity than
. . Low pressure
Chemical Vapor heated in a reactor where a process J=0.6-4 nm inner gas (argon) and AP that by
Deposition gas and a MWCNTs long tubes & & t Yield and purity than AD AD and LA
. 500-1200°C
(CVD) carbon-containing gas J=10-240 nm 60-90°% and LA Removal of the
- (o]

are bled into

Medium-High purity

Versatile in the control of
CNTs structure/architecture
Suitable for scale up

catalyst support

© Denotes high, higher, increase, major; § denotes low, lower, decrease, minor; AP = ambient pressure.
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Table A3. Physical limits of CNTs produced so far.
Physical property Largest Smallest Ref.
. 0.30 nm (MWCNT) !
D R. 14
lameter N 0.43 nm (SWCNT) [148]
. [149]
Length 0.5m?2 Cycloparaphenylenes (2.49 A)3 [150]
Density 1.6 g/cm* N.R. [151,152]

! Armchair structure; 2[149]; 3[150]; * ohmic conductivity, lowest resistance of 22 k Q.

Table A4. Possible associations between the different known allotropes of carbon and particular morphologies

of CNTs.
Assoc1atlor.15 Type of interaction Possible products Applications/Properties Refs
Morphologies Arrangement
Metallic
CNTs/CNTs* Junctions s CNTs/semiconducting ~ omponent of NTs-based )55 5, 1)
electronic circuits
CNTs
Energy storage
Supercapacitors
Field emission
Transistors
CNTs/GF* Junctions Pillared GF (3D-CNTs) High-performance catalysis [158-161]
Photovoltaics
Biomedical devices
Implants
Sensors
2 CNTs/fullerenes* Covalent Bond Fullerene-like nanobuds Field emitters [162]
Heating devices
CNT/fullerenes* Entrapment Carbon peapods (CPPs) Irradiating devices [163-166]
Oscillators
CNTs twisted into a # magnetic moment
Doughnut shape** toroid Nano tori (NTRs) . [167,168]
{ stability
(Annulus shape).
{t Surface area 3D-
GFs integrated framework
GE/MWONTs” MWCNTs GFCNTs {Total charge capacity per [169,170]
unit of nominal area
Stacking
sii;?;:;l microstf:;z?se of GF Cup-(sctgccklfgsC)NTs Semiconductors [171]

GF = graphene; * Associations; ** particular morphologies; { denotes high, higher, increase, major; 4 denotes

low, lower, decrease, minor.

Table A5. Main biomedical application of CNTs.

Y
Applications Principle Detection Target R(:;r
Made of AuNPs + MWCNTs .
Mannan-Os Adducts Dopamine 2015091
Made of glassy carbon electrodes Amino acids and
Electrochemicalmodified with MWCNTs and CuMPs 2016 [10]
Sensors . . glucose
Sensors dispersed in PEIs
Based on MWCNTs Clostridium tetani 2016 [11]

Based on AgNPs/ Bi NPs/MWCNTs

nafion modified Lead and Cadmium 2020 [12]
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Based on carbon sensor fabricated
with coalesced Ru-TiO2 NPs and Cetrizine 2019 [13]
MWCNTs
Based on glassy carbon sensor
modified with MWCNT in pH 9.0 Methdilazine 2019 [14]
PBS
Based on (Ru-TiO2) NPs and Flufenamic acid (FFA) 2019 [15]
MWCNTs Mefenamic acid (MFA)
B Bi- T PE
ased on BEMWENTMCPEat o b0 4 g ca) 2020 [16]
physiological pH
Function
Based on MWCNTs on PDMS as NR. 2017 [17]
substrate
Based on graphene, CNTs and NR. 2018 [18]

graphene-CNTs composite

Based on MWCNT on PDMS as
substrate
Piezoelectric

For developing robotic

hands (rehabilitation)

for tissue
characterization

Strain detecting needle 2019 [19]

sensors

Based on MWCNTs on thermoplastic
urethane as substrate

Sensors integrated in

gloves and bandages

for assessing specific
human functions

2019 [20]

To measure pressure

Based on MWCNTs on PDMS directly without the
. 2019 [21]
substrate use of deformation
materials.
Detection Target
Based on a resonant electromagnetic ~ Volatile Organic
L . 2019 [22]
transducer in microstrip technology Compounds (VOCs)
Based on dye functionalized matrix =~ Sulphur dioxide and
Gas sensors anchored onto MWCNTs ammonia chlorine 2018 [23]
Based on WxOy nano-bricks and )
MWCNTSs Ammonia gas 2019 [24]
Transported Drugs
Based on MWCNT and pH Doxorubicin (DOX) to
responsive gel of chitosan-coated U-87 Glioblastoma 2019 [25]
magnetic nanocomposites cells
Based on stimuli responsive CNTs
using Ag nanowires to stimulate the Cisplatin 2017 [26]
Drug Targeting drug release from the core of NTs
Based on electro responsive polymer-
MWCNT hybrid hydrogel Sucrose 2013 [27]
Based on MWCNTs biodegradable,
biocompatible nanocomposite Diclofenac sodium 2016 [28]
hydrogel
. . Based on MTX-loaded MWCNTs .
Cancer diagnosis and . . Methotrexate to in
releasing drugs by enzymatic 2010 [29]

treatment
cleavage

vitro breast cells
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Based on DOX loaded dendrimer
modified MWCNTs releasing drugs DOX 2013 [30]
at low pH

Apoptotic siRNA
against polo-like
kinase (siPLK1) in 2015 [31]
calu6 tumour

Based on cationic MWCNTs-NH3p
for direct intertumoral injections

xenografts
Target
bacteria/Applications
Enterococcus faecalis
Based on chitosan/MWCNTs Staphylococcus
nanocomposites epidermidis [32-38]

Escherichia coli
Antibacterial Based on FesOs/SWCNTs E. coli 2018 [39]
agents Based on Ag—Fe30s/SWCNTs N.R. 2018 [40]
Based on CDX/Ag/MWCNTs N.R. 2014 [41]
Based on MWCNTs containing NR. 2015 [42]

carboxylic functions

Staphylococcus aureus, 2018,2012
E. coli [43,44]

Treatment of drinking

water through removal

Based on PA/graphene/CNTs

Based on MWCNTs . o 2011 [45]
and inactivation of
virus and bacteria
E. coli, Klebsiella
prneumonia
Based on MWCNTs functionalized Pseudo;na(;;ajnﬁlr;gmosa
with mono-, di-, and tri- ) ) . 2014 [46]
. typhimurium, Bacillus
ethanolamine o
subtilis

S. aureus, Bacillus cereus
Streptococcus pneumonia

Based on dispersion SWCNTs/TABM

E. coli, S. 19 [47
derivative with carboxy groups coli, S. aureus 20191471

Target fungi
Aspergillus niger,
Based on chitosan/MWCNTs Candida trobicalis 2000 [48]
C. neoformans

A. niger, C. albicans, A.
fumigatus,
Penicillium chrysogenum
Saccharomyces
cerevisiae, Fusarium
culmorum
Microsporum canis,
Trichophyton
mentagrophytes T.
rubrum, P. lilacinum

Antifungal agents

Based on functionalized CNTs 2013 [49]

Based on dispersion SWCNTs/TABM

. albi 2019 [47
derivative with carboxy groups C. albicans 019147]

AuNPs = silver nanoparticles (AuNPs); CuMPs = copper microparticles; PEIs = polyethylenimine; Bi = bismuth;
Ru-TiO:2 = ruthenium-doped titanium dioxide; PBS = phosphate buffer solution; Bi-MWCNT/MCPE = BiNPs
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decorated MWCNTSs modified carbon paste electrode; PDMS = polydimethylsiloxane; WxOy = tungsten oxide;
MTX = methotrexate; DOX = doxorubicin; FesOs = iron oxide; CDX = cyclodextrin; PA = polyaniline; TABM =
tetra-arylbimesityl.
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