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Abstract: The open border between non-living and living matter, suggested by increasingly emerging
fields of nanoscience interfaced to biological systems, requires a detailed knowledge of nanomaterials
properties. An account of the wide spectrum of phenomena, belonging to physical chemistry of
interfaces, materials science, solid state physics at the nanoscale and bioelectrochemistry, thus is
acquainted for a comprehensive application of carbon nanotubes interphased with neuron cells. This
review points out a number of conceptual tools to further address the ongoing advances in coupling
neuronal networks with (carbon) nanotube meshworks, and to deepen the basic issues that govern
a biological cell or tissue interacting with a nanomaterial. Emphasis is given here to the properties
and roles of carbon nanotube systems at relevant spatiotemporal scales of individual molecules,
junctions and molecular layers, as well as to the point of view of a condensed matter or materials
scientist. Carbon nanotube interactions with blood-brain barrier, drug delivery, biocompatibility and
functionalization issues are also regarded.

Keywords: carbon nanotubes; neuronal cells; charge transport; percolation; nanobiotechnology; drug
delivery

Contents
1 Introduction 2
1.1 General Remarks . . . ... ... ... .. ... 2
1.2 Phenomenological Considerations . . . ... ... ........ ... ... .. ...... 2
2 Molecular Chirality, Adhesion and Cell Mechanics 5
3 Dispersion, Deposition, Deformation of Carbon Nanotubes 8
4 Percolation, Mass Concentration and Geometrical Effects 10
5 Thermal Conduction of Nanotubes and Thermodynamics of Cells 15
6 Electron Conduction and Solid State Physics of "Pin Nanoelectrodes’ 16
6.1 Introductory Considerations . . . . . .. .. ... .. .. .. .. 16
6.2 Individual Single-Wall Nanotubes . . . . ... ... ... ... .. .. .. .. .... 18

Submitted to , pages 1 -89


http://www.mdpi.com
https://orcid.org/0000-0000-000-000X

Version December 7, 2022 submitted to 2 of 89

6.3 Individual Multi-Wall Nanotubes . . . . . . ... ... .. ... .. ... ... .. ..... 19
6.4 Junction Effects . . . . . . . . . e 21
6.5 Many-Nanotube Systems . . . .. ................. .. .. ... .. ... 25
7 Ionic Conduction and Electrochemistry of Nanoelectrodes and Nanocapacitors 28
7.1 Electrochemical Charge Transfers . . . . . ... ... ... ... ... .. .. .. .. .... 29
7.2 Carbon NanotubeSystems . . . . . ... ... .. ... ... .. ... .. ... 33
7.3 Physical Chemistry Considerations . . . . ... .............. .. .. .. .... 36
8 Blood-brain Barrier, Functionalization and Biocompatibility 39
8.1 Blood-brain Barrier . . . . . ... ... .. 39
8.2 Bbb Crossing Phenomenology of Nanoparticles and Carbon Nanotubes . . . ... ... 40
8.3 General on Cytotoxicity Effects . . . .. ... ... .. . o o oo o 44
8.4 Functionalization and Biofunctionalization . . .. ... ... .. ... ... ........ 46
8.5 Morphological Notes . . . . . .. .. ... .. .. 50
9 Drug Delivery to Neurons 56
9.1 Applications . . . . ... ... 59
9.2 Further on Cytotoxicity and Drug Delivery . . . ... ... ... . ... ... .. ..... 61
10 Conclusive Remarks 62
References 62

1. Introduction

1.1. General Remarks

Literature on carbon nanotubes is immense, both in terms of fundamental features and prospective
applications. With such a level of differentiation and specialization, however, it may be tough for
the interested researcher who does not work in fields complementary to her/his expertise to have
such a broad spectrum of phenomenologies at hand. This may be probably the case of the biologist
or neuroscientist approaching complex issues in nanophysics and nanochemistry, who discovers in
carbon nanotubes (and alike systems) a great resource to deepen and innovate the study of living
matter, up to foster the advances in molecular medicine, surgery and pharmaceutics we all hope for.
The present review thus wishes to draw a synoptic picture of carbon nanotube properties that may
have potential impact to life sciences, especially neurosciences, and which are often treated separately.
Through a specific context, i.e. the interaction between neurons and carbon nanotubes (NCN), a wide
spectrum of phenomenologies, from condensed matter physics to drug delivery, will be explored in the
hope of redesigning and stimulating a more quantitative framework for a cross-disciplinary research.
In addition to a comprehensive overview of various aspects here concerned, the reader will perhaps
be more stimulated to formulate questions than answers, to look for more pieces to be added than to
extract. However, this is precisely one of this review’s main objectives: to hint insights and a number
of tools for a broader and more detailed mechanistic analysis which, then, normally represents the
starting point for an effective approach to more complex issues (like e.g. the dynamical organization of
cellular networks, morphological problems, etc.).

1.2. Phenomenological Considerations

The nervous system is built up by nervous tissues, formed in turn by nerve cells (neurons and
neuroglial cells). Structure and function of neurons are basically the same in all animal species, i.e.
they comprise a soma (cell body), axon and dendrites (neurites), receive and elaborate nerve signals
(action potentials) that are then transmitted to other neurons [1]. Functional recovery of neurons and
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neuroregeneration (i.e. repair and restoration of neurons destroyed in neurodegenerative disorders)
need axonal regrowth and enhancing the ability of neurons to transmit nerve signals (e.g. by means
of functional synapses). This may be either obtained intrinsically or extrinsically, i.e. by endowing
neuron cells with a higher growth capability or embedding them into a stimulating environment [2].
With the advent of nanomaterials as carbon nanotubes, there appeared the intriguing prospect of
regulating neuronal phenomena via the design of new cellular environment at the nanometer scale,
and it was discovered that carbon-derived nanostructures can own a role in neuro-regeneration and
neurite outgrowth. An initial groundbreaking observation, more than twenty years ago, was that
neurons seeded on carbon nanotube substrates were not only surviving but growing and enhancing
their axonal processes [3].

Since then, a number of interactions or coupling mechanisms in neuron/carbon nanotube (NCN)
interphases! were reported to establish in various systems (see e.g. [4-6]). Nowadays carbon nanotubes
are believed to mimic the neural-tissue nanotopography (Fig. 1) and/or conductivity, and are regarded
as a promising one-dimensional nanomaterials class in neuroengineering approaches to managing
neurological disorders [7,8]. From a mechanistic-molecular point of view, however, this research

Figure 1. Formation of tunneling-nanotube structures between neurons (1) and astrocytes (a). Shown
from a scratch time (A) are a number of frames depicting their formation (arrows). Neurons display
tubular extensions before tunneling and after their breakage (arrowheads). Tunneling structures spread
depolarization signals and set up an electrical coupling between astrocytes and neurons (adapted from
ref. [9]). Scale bar = 20 um.

certainly needs to receive more attention. A quantitative knowledge of these mechanisms may not only
open up applications in biomedicine and nanobiotechnology, but will shed further light on the complex
domain where physics and chemistry meet biology at the nanoscale. In an established phenomenology,
which can now be deemed as prototypical (see e.g. [4,10]), hippocampal cells were grown in-vitro on
carbon nanotube films,? which were stably deposited on glass substrates, and their biological activity
was studied by means of electrophysiology experiments. By statistically comparing such responses
with those originating from identical cells, but cultured on glass substrates alone (unperturbed 'control’
cultures), the activity of neurons interplaying with nanotubes turned out to be notably improved.
The couple of quantities, both measured in individual cells and whose behavior best summarizes

1 The word “interphase’ is overall preferred in the following to “interface’, as the latter more suits hard particles whose
charge distribution is strictly confined in two dimensions. The presence of soft living matter may better comply here with a
three-dimensional phase description.

Or ‘meshworks’, ‘'mats’, layers.
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this achievement, were the frequency of spontaneous activity and the afterdepolarization (potential)
of a biological membrane. In the first case, where each neuron reflected the activity of neighbour
cells, the response gives indications on the overall network performance. This frequency counts
how many action potentials or post-synaptic currents are recorded in unit time, and can be detected
by current or voltage clamp techniques. In the second case, where cells were (pharmacologically)
isolated from the network, the influence of the neighboring meshwork could better emerge and be
characterized. Specifically, in investigating on how the coupling with nanotubes might alter the control
polarization state, a membrane afterdepolarization process, further exciting the neuronal activity,
was brought to light as well. Cultured neurons on carbon nanotubes then were reported to almost
double the probability of synapse development, with a remarkable connectivity increment bringing
to a steep increase of neuronal postsynaptic currents [11-13]. Today it seems also to be established
that NCN interactions influence neurons at single-cell levels, enhancing (GABAergic/Glutamatergic)
synaptogenesis and heterogeneous short-term synaptic plasticity [5,14].

Confirmations of a positive feedback between nanoparticles and cell activity can be extensively found
in the bio-inspired literature, where pristine or functionalized nanotubes were also used as signal
recording systems (microtransducers) for the electrical activity of neuronal networks in-vitro [15],
as micro fiber-shaped neural probes [16], neuromorphic devices (e.g. synaptic network thin-film
transistors) [17], in electrochemical sensing of neurological drugs and neurotransmitters [18-20], in
nanobioelectronic and biosensor applications [21,22], also in combination with charge-coatings [23],
metal-sputtered graphene hybrid sheets [24], metallocene-based compounds [25], fibers [26], collagen
[27], redox and conducting polymers [28]. Carbon nanotubes, also in combination with conducting
polymers were also suggested to form superior molecular materials for improving neural electrodes,
bioactivity recording and stimulation (both extracellular/intracellular) [29,30], owing particularly
to their long-term behavior [31], low impedance and high charge-storage capacity [32]. Obviously,
carbon nanomaterials as carbon nanotubes or graphene do not represent the only promising materials
class. For instance, in-vivo interactions of cnidaria Hydra vulgaris with semiconducting (CdSe/CdS)
quantum nanorods can produce too an elicited tentacle-writhing response, governed by Ca?* ions [33].
It was ascribed to unique shape-tunable electrical features of quantum nanorods, each carrying a large
dipole moment and near-field perturbing the membrane conductance, with consequent firing of action
potentials (see Fig. 2).

Figure 2. Scheme of membrane conductance change by means of dipole moment effects of nanorods
(here d ~ dozens of nm).

Another interesting materials class is given by the piezoelectric Boron Nitride Nanotubes (BNNSs).
They were incubated with neuronal (PC12) cells upon ultrasounds (i.e mechanical stress), and the
consequent polarization of nanotubes (length = 200 — 600 nm, diameter ~ 50 nm) delivered electrical
stimulus to the cells (sprouting 30% more than in control states after a 9-days exposure) [34]. To identify



Version December 7, 2022 submitted to 5 of 89

some crucial points of this research, some queries may be usefully formulated from a quantitative
point of view. What are the mechanistic reading keys for understanding the activity of carbon
nanotubes on neurons, like the excitation and propagation of signals, ionic conductivity changes, and
intercellular signaling via synaptic transmission ? Which forms of non-living matter are able to elicit
similar effects, and on what basis ? Then, how does the biological response vary with molecular or
meshwork physical/chemical parameters ? Said differently, which physico-mathematical variables
may reproducibly affect it, and what are their fundamental equations ? Lastly, may nanomaterials
such as carbon nanotubes be deemed as foreign ‘accessories’ of a neuronal cell or do they rather
stand for active ‘prolongations’ of it ? Answering these points in detail requires a deep knowledge
of biomaterials properties from the point of view of disciplines such as inorganic and organic
physical chemistry, biophysics, materials science, polymer physics, hard and soft condensed matter.
Clearly, beyond experimental issues are their theoretical counterparts, either involving classical or

Figure 3. Pictorial illustration of a cell sensitive to network connectivity onto a substrate. Random and
separated nanorod monolayer (left), structured and connected nanorod network (right).

quantum-semiclassical aspects, and aiming at first-principles NCN descriptions. The next paragraphs
thus will face the potential impact that several physical and chemical features may have on this
broad bio-based work, hopefully convincing the audience of how this framework may be further
extraordinarily rich, and yet in need of more exact analysis and cross-disciplinary ideas.

2. Molecular Chirality, Adhesion and Cell Mechanics

Cell adhesion is very important in tissue growth, organization and morphogenesis. As an
example, neuronal differentiation is affected by the amount and subcellular distribution of integrin
clusters (i.e. regulating adhesion). Any material employed in electrophysiology experiments should
be biocompatible, adhering enough to cells and triggering the delivery of electrical stimuli to get or
modulate the biological activity. Nanomaterials toxicity has been scrutinized for several years (see
e.g. [35-43] and references therein). Toxicology response in-vitro is usually reduced by decreasing the
metal content upon chemical purification or by ad hoc-surface functionalization, somehow loosening
the cell/nanotube contact and sometimes inducing neuronal differentiation [39,44]. Functionalized
multi-walled carbon nanotubes were found nontoxic e.g. to PC-12 (pheochromocytoma) neuron
cells [45]. Carboxylation, in particular, proved to be effective to prevent microvascular brain cells
from an increase of endothelial permeability [46], while dual covalent/noncovalent single-walled
functionalization routes were useful to get multifunctional tools for cellular delivery [47]. In all
generality, results indicate that carbon nanotubes, whether they are single-walled, multi-walled,
assembled into composite bioscaffolds or with nanofibers, may be used as substrates to support
neurite outgrowth and synaptic function [48-53], branching and intricate connections between
neurites, dendrites and astrocytes [43], to improve recovery and promote excitability of dissociated
neonatal neurons (see Fig. 4) [54], to enhance neurotrophin release [55], stem cell neurogenesis and
differentiation [56-59], surface wettability and cell adhesion at early stages [60], may be used as a
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new type of actin altering agent [61] and, in the form of a highly conductive few-walled matrix, to
boost neural maturation mechanisms [62]. A main downside of their usage as inherent medication in

Figure 4. SEM images of neurites from neurons isolated from the neonatal rat spinal cord and grown
on a multi-walled carbon nanotube layer. Numerous tight contacts (red arrows) establish between
nanotubes and neuronal membranes (adapted from ref. [54]).

neurology diseases especially resides in the competing effects of brain degradation and excretion, to be
tailored with care according to the targeted in-vivo application [63]. More details on carbon nanotube
toxicity versus biocompatibility are supplied in Section 8.

Among the features regulating cellular recognition, activation and adhesion (such as wettability,
topographic structures, surface chemistry), chirality is known to cover a particular role. Many
biological processes are very sensitive to molecular chirality, the study of chiral interactions between
cells and substrates having already been advanced for some time [64]. Surface chirality is supposed to
be recognized by cells through their high chiral selectivity to certain biomolecules and biopolymers
[65]. Single-walled nanotubes with lower chiral indices seem to develop a significant adhesion to lipid
bilayers and make use of different time-evolving processes to ease internalization in the membrane (see
Fig. 4) [66]. Ammonium-functionalized multi-walled nanotubes were observed to be internalised in
both phagocytic and non-phagocytic cells on the basis of two mechanisms. Individually, via membrane
wrapping or direct membrane translocation, in clusters, within vesicular compartments [67]. Cell
adhesion is also enhanced by applying electrical fields larger than ~ 1 V/cm, taking into account that
it gets fully depleted at ~ 5 V/cm [68]. In NCN, while ad-hoc functionalizations of nanotubes may
improve the compatibility of carbon nanotubes with chiral molecules [69], the extraordinary properties
they display are deeply affected by their "helicity’,> which stands for a terse summary of molecular
diameter, torsion and wrapping [70,71]. Among the three main families of (single-walled) nanotubes,
armchair (1, n), zig-zag (n,0) and "chiral", only the third possesses non-superimposable mirror images
(left- and right-handed helical stereoisomers [72]). Changing the nanotube helicity can modify some
stereospecific cell interaction and, for example, the electrical behavior. To which quantitative extent
such two responses, for neuronal adhesion and electrical activity, could be separated or standing for
an unique effect represents an open question that is interesting on its own right.

On the other hand, adhesion of filaments to soft living matter is not only governed by biology and
chemical treatments, but mechanics and geometric patterning too. A variational criterion for the
total energy functional can be therefore set and solved for the most significant quantities met in the
mechanics of interfaces, as bending rigidity, curvature, surface tension, and various contact potentials
[73]. The roughness of nanotube surfaces then may certainly have an impact on the neuron-nanotube
adhesion [74,75] and on the electrochemical time/frequency response [26]. From the biological point

3 Often and improperly called ‘chirality’. This and other similar words, like ‘chiral vector” or ‘chiral index’, in carbon nanotube

chemistry are not strictly connected with the exact chirality definition of stereochemistry.
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of view, the effect of curvature might also be studied by means of Hodgkin-Huxley’s equation, and
any related model relying on the “ionic hypothesis’ [76]. The specific metric tensor form, as it comes
from Laplace’s operator in a curvilinear coordinate frame, may alter accordingly the electrokinetic
process. Obviously, there is no compelling reason for a continuous extension of a model, from a flat to
a curved space, to continue to hold. Moreover, Hodgkin-Huxley’s models were questioned over the
years to be not universal [77].
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Figure 5. Molecular dynamics calculations of the axial coordinate of the bottommost carbon atom in
nanotubes with different chiralities (adapted from ref. [66]).

Lastly, mechanical effects in biological membranes are anything but negligible. Further experiments on
neuronal cells could elucidate the roles played by curvature and deformation. The former, for example,
was established to be important for the propagation of action potentials from ventricular myocytes
(in extended cardiac tissues) [78] and for a prolonged access duration in intracellular recording [79].
Signal velocity and duration turned out to be respectively inhibited and enhanced by increasing
the wave path curvature [80]. In addition, non-linear current-voltage characteristics are found in
cellular structures under an applied load (> 5uN, v = 2 V) [81]. There are ion channels known to be
stretch-activated [82], while an electromechanical transduction mechanism was put forward in some
types of cells [83], where membrane stretch and curvature strain modify the ion channel transmission.
Afterdepolarization potentials, on the basis of cell specificity and morphology, then would affect
the curvature strain, as it is explained by a sort of ferroelectric coupling, still related to molecular
chirality. Carbon nanotube meshwork and neural network can also be conceived as two membranes
mutually adhering to each other, one biological liquid-like, one other solid-like, provided that the
substrate material reasonably allows for this description (as it holds e.g. for a graphene sheet [84]).
Note that, when molecular units on the substrate penetrate inside a cell, a mechanical interaction state
will be established with microtubules, neurofilaments and filamentous-actin molecules, overlapping a
wealthy of time-dependent interactions among bundles of biological filaments [9,85-89] and giving
rise in general to a three-fold interphase, such as membrane/liquid solution/carbon nanotube,* each
displaying their own characteristic spatiotemporal scales.

In summary, influences of chirality, adhesion and cell mechanics are still to be scrutinized. Particularly,
chiral properties of nanotubes, and /or other molecules with given stereochemistry, may be conceived
as ’chirality carriers’. Changing adhesive and mechanical features can affect the signal transmission

4 Ignoring the distinction into extracellular and cytoplasmic intracellular solutions.
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and interactions among the involved phases. An example may be coupling neurons and nanotubes
over the length scale pointed out by some curvature value, either belonging to the biological interphase
or some ad-hoc substrate surface.

3. Dispersion, Deposition, Deformation of Carbon Nanotubes

The starting materials processing and the final biological response may be tough to be related
with accuracy, a reason lying in the carbon nanotube dispersion and deposition routes. First of
all, significant batch-to-batch variations in length, width and number of walls may occur amongst
distinct nanotube preparations, as it is tough to control all the parameters [90]. Then, the substrate
morphology can be rather diversified, according to the implied interaction strength. For example,
single tubes may give rise to equilibrium structures that are locally isotropic, or locally anisotropic
but globally isotropic, forming equilibrium isotropic bundle networks or out-of-equilibrium fractal
distributions. The deposition process may therefore yield an heterogeneous stress distribution at the
nanotube/substrate interface, with possible local perturbations to the cellular coupling.

Deforming a metallic nanotube may also induce, reversibly, electrical conductivity changes [91], as
it perturbs the electron band structure on the basis of the chiral vector state [92]. In addition, carbon
nanotubes can behave as electromechanical actuators (Fig. 6) [93]. This coupling is rather different

Figure 6. Scheme of a cantilever actuator based on two single-walled nanotube strips (shaded) and
operated in aqueous Na™Cl~. Ions depicted in nanotube sheets stand for double layer ions at the
nanotube bundle surfaces, compensated by the injected charges. When a voltage is applied, the actuator
displaces to the left or right (adapted from ref. [93]).

from that encountered in conventional piezoelectric materials, and is ascribed to phonon frequency
shifts upon charge injection [94]. In NCN experiments, where nanotubes adhere to the substrate, such
an effect may be compromised. Notwithstanding, as electromechanical processes form a relevant part
of cell functioning (see also e.g. "ferroelectricity” and "flexoelectric’ phenomena), it looks promising for
designing some new work.

It is worthwhile to remember that a number of neuroscientists conjectured the occurrence of mechanical
perturbations traveling along axonal fibers [95,96]. In brief, nerve fibers and cells would swell
when action potentials are fired. This insight was supported by several phenomenologies, like
dislocations, mechanical and temperature responses, which turn out to be in-phase with the spiked
potentials. Temperature, particularly, would undergo an initial increase followed by a cooling,
suggesting a mechanism of pulse generation accompanied by an in-phase isentropic transformation.
The experimental signature of this occurrence was ascribed to turbidity, fluorescence and birifrangence
changes [97], none of them however being contemplated by any basic or modified Hodgkin-Huxley’s
electrophysiological model. We will get back to such thermodynamic aspects again. Finally, a
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non-thermal mechanism of weak microwave field impact on a nerve fiber was proposed to occur in
the frequency range (0.03 — 0.3) THz [98,99]. Pronounced resonances, related to ultrasonic membrane
vibrations, would establish upon interaction with electromagnetic radiation, and it would be interested
to test the role that carbon nanotubes may take in the general context of THz excitation in biological
membranes (see e.g. a Frolich-like condensation recently conjectured in lysozyme protein crystals
[100]).

Stepping back to materials processing, the relations among structural properties and stress states in
thin films, evaporated under high-vacuum conditions, is an old issue of surface and vacuum sciences.
Film morphology is controlled traditionally by changing substrate temperature, deposition rate, and
the concentrations of residual gases and impurities. Alongside, mechanical stresses are affected by
capillary stresses, domain walls, and adjoining particle forces [101]. To get precise relations among
processing, nanostructure and the final biological response, it will first be opportune to identify the
nanotube features that may be reasonably regarded as invariant, from their as-prepared synthesis (by
arc discharge, chemical vapor deposition, template methods and laser ablation of graphite, among
others, at different processing conditions such as pressure, temperature, chemical environment) [102]
to the film formation, and then proceed with characterizing the meshworks sent to neurophysiology
experiments.

The study of the liquid dispersion, which nanotubes are suspended in and substrates are covered
by, also deserves some attention, as another objective is working with homogeneous mats. This
is a challenging task, sometimes remedied by clothing nanotubes with conducting polymers [103].
Dispersions of carbon nanotubes can be approached by rod-like solution thermodynamics [104] and
were suggested being analogous to polymer solutions [105], though application of well-established
prompting interesting yet non-trivial analogies with macromolecular theories (of stiff filaments)
seems to be far immediate [106]. The high anisotropy and aspect ratio, in fact, impact their diffusive
behavior without compromising their motion in a crowded medium. Single-walled molecules (of
length ~ 3 — 15 nm, diameter ~ 0.7 — 1.2 nm) displayed a movement analogous to reptation [de
Gennes] in concentrated gels [107], while nanotubes long (0.5-1) ym with diameters (1°5) nm diffused
rather efficiently within the brain extracellular space, pointing out more or less directly the relevance
of quantities typically met in the study of polymer solutions and gels, as viscosity coefficients and
particle-matrix interactions [108]. Jointly to strong intertube van der Waals’s attraction forces [109] that
follow from nanometer-sized diameters at mesoscopic length scales, suspensions of rods show a variety
of interaction phenomena, specific to anisotropic particles [110,111]. In tissue cultures like bronchial
epithelial and fibroblast cell lines, hydrophobicity turns out to be the main factor affecting aggregation
of as-prepared and purified multi-walled carbon nanotubes, while ionic strength would mainly control
the dispersability of carboxylated tube molecules, with augmented negative surface charge [112].
Along this line, an interesting analysis would be on the relation between nanotube number density
of functional surface groups and the dispersability® of carbon nanotubes in a number of dispersants.
Reactions like 1,3-dipolar cycloaddition [113] (see Fig. 29) or the organic covalent 4-methoxyphenyl
substitution [44] may provide with a suitable framework to express fundamental quantities, e.g.
Flory’s and Huggins’s parameter, as a function of the mean chemical functionalisation per tube.
An effective dispersion study can be conducted by rheology experiments, quite familiar in colloid
science, on viscoelastic properties at different solid fractions in both steady and dynamic-oscillatory
modes. We mean here measurements of shear stress and viscosity at variable shear rates [114] and,
when more molecular details are necessary, of complex viscosity, storage and loss moduli against
the controlled-strain frequency [115]. Preparing samples of reproducible and variable homogeneity
may clearly benefit from techniques such as electrophoretic deposition, regarded to be one of the
most promising [116]. Other remarks may come from the contact, total or partial, of nanotubes with

5 Not seldom confused with the solubility concept.
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(extracellular and cytoplasm) electrolyte solutions, as set by the experiments in-vitro. Adsorption
phenomena can exploited in fact to change the mechanical features of adsorbants, as it happens for
example when oxygen is adsorbed onto graphene, modifying its bending rigidity and possibly its
adhesion properties [117]. Charging a metal electrode creates a surface stress that is linearly scaling
with charge density, tensile or compressive states being predicted respectively for negative or positive
charging. Dispersant reagents adsorbed on the nanotube surface can also modify its cellular interplay,
especially by means of oxidative stress [118].

Finally, to face a discussion of issues in the surface and interface science of clean and adsorbate-covered
nanotube systems [119] falls outside the aims of this review. Adsorbate-induced processes at solid-gas
or solid-electrolyte interfaces are traditional subjects of thermodynamics (see Guggenheim’s and
Gibbs’s approaches [120]), yet the measurements of interfacial quantities continue to pose challenging
issues. A feasible proposal would be carrying out a mechanical mat description in three main
circumstances, after its deposition on the glass substrate, when it is in contact with the extracellular
solution alone, and just before the electrophysiology experiments, in contact with the biological phase
as well.

To recapitulate, the work described in this section addresses possible modifications that nanotube
films undergo upon the processing of materials and sample preparations. The type of carbon nanotube
suspension (e.g. individual or cluster molecules) and their surface group functionalizations (e.g.
with large or small molecular weights) are expected to play an important role to set the dominant
mechanisms affecting cellular uptakes. Furthermore, nothing could rule out beforehand a NCN
interaction of mechanical nature, resulting into a coupling of the ion channel charge injection with an
electromechanical perturbation of the carbon phase.

4. Percolation, Mass Concentration and Geometrical Effects

Substrates in NCN experiments were densely covered by carbon nanotubes [4,5,10,121-124].
With increasing concentration of the initial dispersions, mats get thicker and thicker, their mean
height starting to exceed the mean nanotube diameter from some density threshold onwards. Unless
to work far below this value, an account of film thickness effects should be therefore in order. A
second observation on the films normally used in NCN interphases is to consider them (well)
above the so-called electrical ‘percolation point’ (see Fig. 7) [125,126]. This threshold generally

A
x(p)

P,

0 - . 0 T T >

p d) 1

Figure 7. Scheme of relevant quantities in a percolation process. On the left, generic plot of percolation
probability (Ps) as a function of site occupancy (p) and system size (N). On the right, mean cluster size
(x) versus p (adapted from ref. [127]).

denotes the concentration value that, for a given lattice symmetry and occupancy mechanism (site
or bond percolation, for instance), identifies the minimum loading of material needed to generate
the first connected path, or “infinite’ cluster, spanning a representative volume element. In any
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medium coalescing into a continuous network, electrical percolation is in essence a geometric
phenomenon. Otherwise, one should regard the prevailing transport processes (e.g. electron tunneling).
Junction resistance, between electrical units, is of a certain importance as well. If it is much larger
than the resistance of conducting units, as expected in a nanotube layer, then working above the
percolation threshold equally entails an aleatory distribution of energy barriers for charge transfer.
In electrophysiology experiments, however, carbon nanotubes can form interfaces with cellular
liquids and interphases with biological matter, both producing different effects on the electrical
and dielectric properties. In general, while contact resistivity at the interface certainly decreases the
electrical conductivity, a high interfacial resistivity inhibits tunneling between adjacent units, leading to
low-loss percolative networks [128]. At any rate, the roles of bathing electrolyte solution and neuronal
membrane on the charge transmission should be inquired. This will be mainly discussed in the next
sections, devoted to electron and electrochemical processes. In the following, the expected percolation
phenomena will geometrically be examined.

Basic concepts of percolation theory are highly general and applicable to numerous physical situations,
both static and dynamic [127,129], either in a scalar or vector formulation. They are fruitful to model any
mechanism of electrical conduction (ionic, for instance [130]), network connectivity (rheological [131],
elastic [132]) and to be widened to eventually take multiphasic media (as carbon nanotubes-polymer
composites [133]) into account. This would be the case, for example, of a macromolecular compound
or a filler, physically covering the substrates or chemically linked to carbon molecules. Clearly, every
time a percolation threshold may play some role, to determine it can prevent the experimenters from
material wastes. Reducing the nanotube density could improve biocompatibility, also related to a
substrate concentration threshold for apoptosis [134].

In the present case, an “electrotonic” hypothesis was introduced to explain the afterdepolarization
process in cell membranes cultured on nanotube mats [4], where it was put forward that tight contacts
among nanotubes and cell membranes are electrically shortcutting proximal and distal neuronal
compartments. This insight can be formulated, yet heuristically, when films and bundles of nanotubes
pinching the neuronal membrane are dense enough. Neurons, in that case, would convey a fraction of
electrostatic energy of biological origin to be reutilised by the cell, coupling soma to dendritic trees
by triggering , a voltage perturbation backpropagating action potentials with electrogenesis of Ca>"
ions into dendrites [135]. The electrical current evoked consequently would then propagate to the
soma, depolarizing the membrane and initiating multiple action potentials. Remind that dendrites
express different species of voltage-gated ion channels, many of which being variably distributed
along the membrane [136]. Backpropagation is governed, along with dendritic excitability, by ion
channels (namely, Na*t, Ca?*, K*) and their interplay [137]. It is a neuroregenerative regulator implied
in synaptic feedback and fine-tuning phenomena, in the release of Ca?"—dependent messengers, in
single-cell excitability and spike-time-dependent plasticity. Neurons firing high-frequency action
potentials upon NCN interactions seem to be more inclined to back-propagate (e.g. [13,138] and
references therein). On this basis, an investigation of the network in light of percolation theory would
be promising for a complementary understanding of what is behind NCN interactions.

First of all, one cannot say in advance that the film percolation point necessarily coincides with some
electrotonic threshold (if any). We should not forget that, apart from cellular liquids, the system as
a whole is basically binary and potentially interdependent [139], with three-fold connectivity paths
(neuron-neuron, nanotube-nanotube and neuron-nanotube). While electrical phenomena in such
domains proceed at different time scales (conduction velocity of action potentials [76], |v,| ~ (1 — 100)
m s~ !, Fermi’s velocity of electron conduction [140], |vp| ~ 10® m s~1), neuronal dynamics is believed
to show correlations over multiple time scales, even in response to stationary or fluctuating signals
[141]. In a single neuron, highly cooperative transitions between small numbers of ion channels
are able to elicit an action potential [142]. Now it is still to be established whether some further
scale, specific to the neuron/nanotube interaction, may or may not arise and require a connected (or
percolating) network. Neurons could sensitively respond, in a restricted or the entire concentration
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range, to any variation in the amount of nanomaterials interphased with them both intracellularly and
extracellularly, where spike and signal amplitudes range respectively within tens of mV and from a
few tens to few hundreds of 'V [143,144].

Let us introduce to this end two ideal limits, a nanorod-like (conductivity) and a neuron-like
(connectivity) regimes, respectively (Fig. 8) It may be that, to attain a significant NCN coupling,
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Figure 8. Sketch of neuron-like (¢x) and nanorod-like (¢cnt) limiting regimes. Solid fraction values (¢)
are of nanotube molecules (bold wavy lines). All schemes in this paper are not to scale.

a dense film is required, forming an electrical network at or slightly above its percolation point.
Otherwise, in the second limit, the interacting carbon molecules would more resemble the further
elements of a sort of electrically reinforced neuron cell. In it interesting, at this point, to remind
that connectedness and conductivity do not represent the same quantity. Dead ends of a percolation
cluster only contribute to geometrical connectivity, but do not carry electrical current (or heat, for
instance). This implies, near the threshold, that the connectivity rise is quite steep while the one for
electrical conductivity is smoother. There is another critical point in a rod network, still to be recalled
in this discussion, near which the mean cluster size can remain finite. It is the 'rigidity percolation
threshold’, describing the transition from a flexible to a rigid state. In a two-dimensional random
network of infinitely rigid rods, and connected by free joints, it stands basically for a first-order phase
transition [145]. This critical behavior is more relevant to the elastic theory of a disordered material,
however, it may serve us to suggest an intermediate connectivity state, lying between nanorod-like and
neuron-like regimes. In summary it is studying this ‘binary percolation’, and not a bare percolation of
nanotubes, which may finally elucidate (or disprove) the validity of the former electrotonic hypothesis.
About how to get such thresholds, the most realistic approaches are undoubtedly experimental.
Substrates should be formed at variable densities, then be characterized to check up if percolation is
or is not reached throughout the mat, and be finally addressed to the electrophysiology experiments
for deducing the amount of nanotubes at which the biological response is first elicited. To this
purpose, various measurements can be generally available, such as dc conductance, complex dielectric
constant, magnetoresistance, noise power [146]. The electrical conductivity of carbon nanotube-loaded
electrospun scaffolds, based on thermoplastic urethane and interfaced with rat mesenchymal stem
cells, was showed to follow a percolation model with threshold ~ 2.5 wt.% of multi-walled molecules,
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suggesting tunneling and conduction mechanisms both to develop below and above the threshold
[58]. Theoretically speaking, the most general framework which working in would be the (continuum)
percolation of rods. A deeper inspection of cluster and pair connectedness concepts led to a formalism
that, on taking advantage of the liquid state theory, benefited with precision and predictability [147].
A result that deserves to be recalled is the expression for the critical density of a dispersion of rods
which, in three [two] dimensions, turns out to be proportional to the reciprocal of the mean "excluded
volume’ ['excluded area’] about one particle, say [148]:

pe(r L) o Voo [oe(L) o Ay ] (1)

r and L denoting respectively the rod radius and length. It is noteworthy that for sticks, in the "slender
rod” limit (infinite aspect ratio, a = L/r — o0) and at lowest density orders, the proportionality law
becomes an equality.

Notwithstanding, excluded volumes (and areas) are not dimensional invariants, but depend on the rod
orientation, or randomness (g = siny, with 7 being the angle about the axes of rods). Orientational
state and aspect ratio determine the percolating cluster, at a critical volume fraction (¢, = p¢V;0q) that
is either expected to decrease with increasing a [149] or g. For a network of single-walled tubes with
a ~ 103, it turns out O(¢.) ~ 1072 [150]. The joint variation of 2 and g can let the critical fraction of a
rod system span a wide range of values [151], this strong sensitivity of ¢. being expected in a nanotube
network as well. With bundles, generally possessing a smaller aspect ratio than individual rods’,
thresholds should generally increase. Another relation which is not universal is that for the attraction
strength and percolation volume fraction. An example just comes from an aqueous dispersion of carbon
nanotubes stabilized with surfactant (i.e. the anionic sodium dodecyl sulfate). Unlike the excluded
volume rule, where Ve should decrease with particle alignment, an increase of intertube attraction
turned out to lower the threshold (see Fig. 9) [152]. This effect was ascribed to be a consequence of

Figure 9. Sketch of percolating nanotube networks, with dark rods forming continuous conductive
paths through the sample. On the left, with weak interactions and/or small aspect ratio, the network
may be regarded as random. On the right, stronger attractive forces and/or larger aspect ratios make
the nanotubes align and lower the percolation threshold (adapted from ref. [152]). More generally,
however, the sense of threshold change depends on the particle connectedness, dimensionality and the
proximity to criticality [153].

depletion forces, yielding a counterexample that shows the previous equation to be incomplete. To
remedy this, one may work in proximity to the critical temperature and, in particular, at the distance
where any particle pair can be actually considered as “connected’ [153].

These predictions were confirmed for a number of systems and variables, such as fibers with high
aspect ratio, as a function of waviness (see Fig. 10) and 'core softness’, quantifying the particle
interpenetration [154,155]. For carbon nanotubes in polymeric and colloid media, the critical volume
fraction turns out to be highly influenced by the intertube attraction and the amount of longer rods, but
is slightly increasing with (a finite) bending flexibility or tortuosity [156]. Length of metal nanowires
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Figure 10. Percolation point with fibers of constant length and aspect ratio (L = 0.2, 2 = 10) at
increasing waviness. Threshold is inversely proportional to the excluded volume times a constant that
increases with waviness (adapted from ref. [155]).

affect as well the electrical conductance and mechanical stress of their percolating networks [157].
It is instructive noting that, from a geometric analysis of piles of frictional straight cylinders, the
coordination number z vs a increases limitedly (in z ~ 6 — 10) and quite insensitively to friction [158].
In cases like that, the ‘random contact model” affords a useful estimation:

2/¢ = Vex/ Viod * ¢7 ! @)

Recall that the electrical conductivity of a composite material is usually lower with wavy than straight
tubes [159], while polydispersing the nanotube length should lower the percolation threshold, as
longer rods are weighed more than those shorter [156].

We expect a useful applicability of such concepts to the NCN coupling context too, and to benefit
from them for a correct data extrapolation. Nonetheless, a couple of remarks are in order. A first is
on the space dimensionality that, to be strict with theoretical predictions, may neither be regarded
two nor three. A strong dependence on the ratio between nanotube thickness and size may therefore
take place. Other sources of non-negligible finite-size or spurious corrections are surely coming up
from processing history and sample preparation. There is also a surface contribution to percolation,
but it should return a scaling correction as well. When bulk and surface percolate simultaneously,
the influence of surface sites becomes negligible with increasing distance of the surface ports (e.g.
electrodes) [160]. Last but not least, evaluating a volume or surface fraction (ratio of occupied to
unoccupied sites) in such nanometric coverages may bring to further uncertainties that matter a lot in
a statistical error analysis.

Another point deserving attention is the geometric characteristics of carbon nanotubes, as nanoparticle
geometry can affect cell differentiation [161] and the interaction with biological systems on its own right
[162]. Single carbon nanotube molecules are (quasi) one-dimensional, their aspect ratios can be as large
asloga ~ (4 —5), and may develop a fractal morphology under strong enough out-of-equilibrium
conditions. The local structures they give rise are geometrically ‘lighter” and thus less invasive than
other nanorods, a feature that should not be overlooked in a biological interphase [163]. Besides,
the percolation threshold of a fractal aggregate is much lower than in a three-dimensional particle
distribution, globally decreasing the loading of the carbon phase along membranes. That remembered,



Version December 7, 2022 submitted to 15 of 89

the main geometric quantities of nanotubes remain the diameter and length, each being characterized
by the necessary statistical moments (e.g. expectation value and variance, if statistics is Gaussian).
Their change would modify at once various mat properties but, again, it cannot be said that no further
effect, specific to geometry, shape and nanostructure, will come into play. As in any process having
a strong stochastic nature, nanostructural fluctuations should themselves be examined along the
substrate, where meshwork length scales affect the correlation lengths for the nanotube-mediated
biological events.

But percolation phenomena are not limited to nanotube meshworks alone. Abrupt connectivity
transitions, in response to overall electrical stimuli, were also detected in neuronal networks. The
formation of giant percolating clusters was described by a scaling law for the size versus synaptic
strength, the critical exponent of which being independent of culture details. It turned out that an
analysis of percolation points allows to assign a measure of connectivity to hippocampal and cortical
neuron cultures [164]. A critical state also emerged from monitoring a simulated neural network
growth process at a constant density of cells [165]. Such suggestions may further enforce the conviction
to inquiry the “criticality-continuity” duality in the NCN coupling. A well-posed framework would
be resorting to an overall unique medium, and defining a common volume fraction for a binary
(percolation) mechanism. Though we cannot know yet about the feasibility of such an objective, it may
be instructive to exemplify it through the percolation scheme classically occurring in a substitutional
alloy [166].

In conclusion, a full analysis of connectivity phenomena in light of classical percolation theory would
be mandatory to look into NCN interactions. Studying the interplay of geometry, concentration effects
and cluster statistics will be promising to better clarify the role of network complexity, and what
perturbations at the level of neuronal phase may sulffice to get a significant response.

5. Thermal Conduction of Nanotubes and Thermodynamics of Cells

Thermal response of membrane capacitance seems to exhibit intriguing effects, such as
membranal dimensional changes and thermally mediated displacement currents [167]. In principle,
thermodynamic and heat transport properties (for a general review see e.g. [168]) might be of secondary
importance here, as physiological work conditions needed by neuronal cells severely restricts the
allowed temperature range. We will thereby limit ourselves to a concise discussion of some of the
most general frameworks. The large values of thermal conductivity that a carbon nanotube can
take on may find a principal explanation in the ballistic heat transport regime which occurs, apart
from some restrictions, over rather large length scales [169]. Experimental and theoretical studies of
carbon nanotubes with different characteristics assigned to their thermal conductivity a number of
values with orders of magnitude ranging in (10? — 10*) W (m K)~! [170,171].* We do not focus here
on heat conduction in nanotubes, but generally remember that two kinds of interaction should be
accounted for, the electron-phonon, where electron scattering and energy bands play a central role,
and phonon-phonon, which prevails in semiconducting species at room temperatures [172]. Obviously,
changing the substrate material can alter remarkably the phonon properties and cutoff frequency,
bringing about some thermal effect [173]. Nanotube-nanotube and nanotube-substrate conductivities
may have competing roles in thermal transport and, just at the film percolation point, their relation
may undergo a significant change [174].

It is quite difficult predicting about the likelihood of such perturbations, whether and how they can
be more or less central in NCN interphases. We earlier commented on a possible electromechanical
coupling of nanotubes with cells while an action potential is fired, and here the attention is turned
to thermoelectric cross-terms [175], local electron and ionic heating processes [176], which may also

6 Typical theoretical values at room temperature are 6600 W (m K)~1 and 3000 W (m K)~? for single-walled and multi-walled

nanotubes, respectively.
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produce a non-negligible feedback among thermal and electrical features at the nanoscale. Nevertheless,
the thermoelectric power of intrinsic/undoped tubes is ideally zero. This is due to equal and
opposite hole and electron contributions, for having non-vanishing Seebeck’s coefficients should
require somehow an electron-hole symmetry breaking [177] (by resorting e.g. to chemical dopants).
Local temperature variations can affect the energetics of membrane proteins, inducing geometrical and
activation energy changes. For example, the sensitivity of A-type K* channels and voltage-gated Na*
channels to cooling temperatures imply somatosensory neuron excitability [178]. The fact that the ionic
hypothesis alone appears to be insufficient for a satisfactory understanding of nerve pulse propagation
then raised the interest into thermodynamic aspects [179], where entropy, energy and ad-hoc criticality
concepts suggest novel descriptions of neural network activity [180]. A thermodynamic account of
the role covered by membrane lipids better explains how an action potential is elicited, with concepts
like local nerve cooling (during induction), geometric swelling, reversible heat production and zero
heat release (during propagation) coming into play. The effect of molecular effusion was evaluated
numerically, and regarded to be dominant in the entire thermal exchange [181]. Molecular migrations
across axon nanochannels, driven by a filtering process of water molecules and metal cations, would
rearrange the implied velocity distributions, with a consequent thermal energy exchange. The related
temperature difference turned out approximately to be (0.02 — 0.03) mK, in fair agreement with the
orders of magnitude extrapolated from several experiments.

To sum up, despite thermal behaviors might be of secondary importance at the outset, their
investigation can be helpful to let the nature of other mechanisms emerge (for instance, electrical).
Moreover, use of carbon nanotubes may be promising to look further into several aspects of cell
thermodynamics. They could act as ‘thermoelectric amplifiers” or ‘probes’, which not only alter the
electrical connectivity of neurons, but effectively transport thermodynamic and thermomechanical
states across the neuronal network.

6. Electron Conduction and Solid State Physics of 'Pin Nanoelectrodes’

6.1. Introductory Considerations

Consider Fig. (11a-c), illustrating for simplicity two general configurations of NCN electrical
couplings between soma and dendritic trees. In the first (2a), nanotubes or their bundles get into
the cell, for the three phases in which the system is divided, soft biological, carbon-based and liquid
solutions, all come into contact in a couple of points connected by nanotubes. In the second, soft and
hard phases are pulled apart by the extracellular liquid diffusing in between, partly (2b) when the
membrane is only anchored at one end of the nanotube bundle, or totally (2c), when membrane and
nanotubes remain physically separated. In Fig. (11c), triple contact regions or points vanish, only
the nanotube/liquid interface and neuron/liquid interphase lying by. Evidently, when nanotubes
pinch or penetrate into a cell, they can both reach the cytoplasm solution and remain inside or strictly
adhere to the membrane, in the liphophilic region, giving rise to a soft/hard interphase. Needless to
say that all these situations will tend to coexist and mix their effects, having each a given likelihood to
occur. Notwithstanding, one can make a first simplification into a couple of separate frameworks, one
electronic and the other electrochemical, the latter regulating electron transfers in solution and, as such,
being of a greater generality for the NCN interphase. Out of equilibrium thermodynamic equations for
membrane electrodiffusion get modified by the presence of nanotubes. To ascertain if quantities such
as ion transport and solvent transference numbers get sensitively varied by the presence of nanotubes,
an analysis of force-flux relationships is needed [182]. The assumption of linearity will plausibly rest
on small enough Gibbs’s free energy perturbations [183].

The first case (Fig. 11a) yields a more direct NCN coupling and, as tubes pinch or penetrate cells,
any bioelectrical signal will fast run along the connected molecular paths, to come back into a more
direct contact with the neuronal network. This will also take place in proximity of cells, where
nanotube clusters can accumulate charge at the interface with the bathing extracellular solution. At
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Figure 11. Soma-dendrite coupling mechanism of nanotubes functioning as (a-b) pin-nanoelectrodes
and (c) nanocapacitors embedding a cellular bath. This scheme is also representative of reverted
one-end configurations, anchored to dendrites alone.

any rate, as electron conduction is much faster than ion’s, the nanotube film will crudely act in the first
configuration (2a) as a sort of equipotential line, quickly shortcutting the portion of neuronal network
that is reached by it. This view would find a simple interpretation in terms of current electrophysiology
experiments, bringing the existence of backpropagating potentials to light: An ad-hoc microelectrode
injects electrical energy, suitably applied to those regions of the cell believed to trigger or elicit the
response [184]. For an action potential to backpropagate into dendritic trees, it is necessary to initiate
them somewhere in the region proximal to cell’s body. Backpropagating signals then may be amplified
by a process that is timely pairing with excitatory post-synaptic potentials, returning a somatic
afterdepolarization increase [185]. According to this interpretation, the carbon-based film would stand
for a matrix of nanoelectrodes, making and iterating artificially a large number of electrophysiology
stimuli.

To prove that this configuration is a primary cause for the present NCN interaction, a couple of
strategies may be adopted. First of all, other nanorod or particle species should be checked, provided
they are electrically active and similarly able to enter the biological membrane. A comparison among
nanomaterials (i.e. solid-state properties of molecular building blocks, geometry and topology of
nanostructure) then will allow to conclude about the strict necessity to work with ‘pin nanoelectrodes’,
endowed with a minimum penetration power inside the cells. If this were not the case, nothing
may guarantee that the detected biological enhancement is circumscribed to some nanoscale effect,
neither to the rod-like shape nor to the extraordinary electronic properties of carbon nanotubes. Any
conducting form of matter, directly attachable to neuron cells, would be instead a promising candidate
for a meaningful check. Think, for instance, of conducting polymers [186], vertical nanowire electrode
arrays [187], nanoparticles with needle-like ends, hybrid materials made of array of molecular units
attached to a planar lattice, just as carbon molecules of a graphene sheet [188,189]. We should care, of
course, of circumventing any interference with percolation effects, the easiest way to do that just being
to start from mats prepared well above the critical volume fraction. What could not be prevented,
however, is the coincidental electrochemistry contribution from the solid /liquid interface. Another
important aim is to confirm that pin-like nanoelectrodes provide with a larger coupling than the
electrochemical one. Alongside, when cells are punctured or pinched, investigating on topological and
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geometric particle features (e.g. average dimensions and shape) will supply further indications on
toxicity, i.e. if and how it may be or may be not geometry- or topology-dependent.

6.2. Individual Single-Wall Nanotubes

We focus here on a few- and many-carbon nanotube systems, that is junctions and networks,
passing through an account of electrical features of single molecules. Individual properties do not
form in this context an independent subject of research, but may be important in view to control the
samples from a nanometric/molecular level.

Two are the main families of tubes, with smaller (d ~ 0.4 — 2 nm; single-wall) and larger (d ~ 2 — 100
nm; multi-wall) diameters depending on the number of molecular walls or shells they consist of,
while their length can measure up to several hundreds of ym. They are composed by rolled up
graphene sheets, thus can assume the shape of a single-walled cylinder, or multi-walled co-axial
cylinders. A single-walled molecule, with chiral vector (1, m), can be metallic when n —m € 3N,
including a subclass of semiconducting tubes with narrow band energy gaps (Eg o 1/d?), otherwise it
is semiconducting, with moderate energy gaps (Eg « 1/d) [190]. Central to such numerical rules is
clearly the electron structure, especially, the density of energy states v = v(E) in graphene sheets, from
which these tubular shapes come geometrically by a wrapping operation. As usual in one-dimensional
structures, v shows singularities of the van Hove’s type, where the density of states ~ differential
conductance ~ 1/+/E. At Fermi’s energy (E = Er) it vanishes in semiconducting tubes but remains
finite in metal samples [191]. In particular, metallic single-walled molecules display a long electron
elastic mean free paths (> 1 ym), identifying quasi-ideal one-dimensional systems, where charge and
spin transport is highly affected by electron-electron interactions in a special liquid-like state of matter,
bearing the name of J.M. Luttinger [192]. Armchair nanotubes (1 = m), for instance, are truly metallic
and excellent realizations of ‘'quantum-ballistic wires’. In a bundle of metal single-walled molecules,
instead, their van der Waals’ interactions can bring to a pseudogap (~ 0.1 eV in (10,10) armchairs)
at Fermi’s level, responsible for a semimetal behavior [193]. To measure the intrinsic resistance of
such systems, however, may not be free from shortcomings or misinterpretations. Establishing more
contacts than tube ends can strongly interfere with its one-dimensional nature, and the analysis of
individual molecules could mix up to a certain extent with junction phenomena.

In NCN interphases, carbon nanotubes do not embed an electrically neutral environment. Cells
produce transient and stationary fields, which get somehow to nanotubes in the form of action
(V) and rest membrane (E;;) potentials. electrical and magnetic fields can be rather influential on
nanotube electron structures [194], where band gap opening and closing, for example, are predicted
in zig-zag molecules (see Fig. 12) [195]. They can modify the intensity, position and number of
prominent peaks in the density of states [196]. In double-wall nanotubes, which are the smallest
multi-walled structure, external fields can remarkably alter the electronic properties [197] while
single-walled metal-semiconductor junctions appear to be sensitive to positive longitudinal electrical
fields, producing electron delocalization and interfacial charge accumulation [198]. It is concluded
that transverse fields of ~ (0.1 —0.2) V nm~! may sulffice to significantly increase the density of
electron states at E ~ Er, enhancing the junction conductance. Despite biological potentials are rather
weak as well (|E;| = 45 —90 mV, 6V, ~ 100 mV in amplitude) [199], a discussion of their effect is
anyway in order. What would be interesting to figure out is whether a biologically-driven modulation
of carbon nanotube properties may occur during the cell functioning (e.g. a ‘switch’-like behavior).
A directional analysis of electrical fields and signals in NCN systems would be tough, but action
potentials and their reverse backpropagations point out a preferred direction on their own right. Note
that the electrophysical behavior of nerve membranes was already confronted to electrical diodes, with
which they seem to share a number of trends [200]. An analysis of data below the percolation point
will be helpful to test the electrical contributions, to the NCN interaction, which may locally depend
on network or meshwork orientation.

If all chiral vectors of a distribution of single-walled molecules were equiprobable, the average fractions
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Figure 12. Band structures (left) and density of states (right) of a [10,10] armchair nanotube (|E| <
2.5 eV). Here e denotes the transverse electrical field intensity and ka is the wavenumber (adapted
from ref. [153]).

of its metallic and semiconducting units would tend to 3 and %, respectively [201]. The effect of their
local fluctuations should clearly become more appreciable when the substrate coverage is low or
reduced below the percolation point. On the other hand, an investigation of neuronal activity as
a function of the electrical character of (single-wall) nanotubes would undoubtedly deserve some
attention, especially to focus on the roles of Eg and other energy band properties. A reasonable way to
do that is adopting the tube diameter as an independent variable in electrophysiology experiments.
Changing d generally affects the energy spacing between van Hove’s singularities. In particular,
for a semiconducting molecule it turns out E; ~ (0.88/d) eV [202]. Remember that electronic and
electrical properties can be related through the connection between density of states and differential
conductance.

Unveiling the relations among neuronal or cell features and solid state tools like electron structures
in carbon nanotubes or other nanoparticles is an intriguing program that is still in its infancy, whose
significance is yet to be fully unravelled. While an ionic/electron coupling may be expected to hold in
NCN interactions, mediated by the electrochemical species diffusing in the liquid phase, an interesting
prospect would be the search for new hypothesis in neuro- and nano-sciences of a more theoretical
nature, as they may benefit from combining different theoretical cores together (i.e. ionic hypothesis,
quasi-particles and energy band models).

6.3. Individual Multi-Wall Nanotubes

Multi-walled molecules are formed by coaxial nanotubes, cylindric shells or layers, whose spacing
(=~ 0.34 nm) follows from the graphite interlayer distance (= 0.335 nm) [201]. These structures are
‘chirally irregular’, in that the sequence of tubes, from the innermost one to that outermost, exhibit
different chiral vectors and thence different electrical features. No chiral angle correlation was also
found along the constituent tubes of double-walled molecules [203]. Walls give rise to a non-trivial



Version December 7, 2022 submitted to 20 of 89

interacting system, where intertube coupling tends to remarkably alter the band structure and to
strengthen with decreasing d [204]. The density of states was suggested not to be additive in the
wall number, the transport properties of any single layer being dissimilar from those of identical
single-walled nanotubes [205]. The electrical conduction of double-wall molecules thus was proposed
to sensitively depend on the layers’ character, whether metal or semiconductor, and on their interwall
spacing, as it affects the overlap of orbitals (2p,) perpendicular to wall surfaces [206]. On decreasing
such a separation, density functional techniques predict the occurrence of semiconductor <> metal
phase transitions. This may be equally achieved by chemical means, e.g. by heavily exposing initially
metallic multi-walled molecules to oxygen [207]. As Luttinger’s model does not suffice as well to a
complete description, other frameworks were offered as alternatives, like environmental quantum
fluctuation [208] and Egger-Gogolin’s [209] theories. Multi-walled architectures can benefit at times
from one-dimensional reductions, for example, a set of independent graphene sheets [191].

Carbon nanotubes with diameter of (5725) nm can bear high electric current densities, (107 — 109) A
cm~2), with no evident destruction in their structure [210,211]. In a first basic view, the mechanism
of electron conduction in a nanotube may be described to vary from a ballistic-like (I/d > 1;
one-dimensional) to a diffusive-like (I/d < 1; two-dimensional) regime on the basis of the ratio
between tube diameter and (elastic) mean free path (I). It can then be ballistic (I /Iy > 1) or diffusive
(I/1p < 1) with respect to phase breaking, where I, is the phase coherence length [212]. In ballistic
transport, normally realized when temperature is low, defect density and size are small, electrons can
flow with a few scattering collisions over a length scale of up to ~ 10 ym, while in diffusive conductors
they move at the expense of many scattering events. It follows that, on connecting a diffusive wire
to a couple of electrodes, the resistance is proportional to its length (L). For a perfectly ballistic wire,
it would be independent instead of wire length and equate 1/ (kGy), where k gives the number of
conduction channels and Gy is an intrinsic (quantum-like) conductance. For a single-walled tube k = 2
and Gy = ¢?/(7h) is the conductance quantum unit (¢ = electron charge). In multi-walled tubes,
channels are forming a network of parallel circuits, separated by energy barriers throughout the whole
molecular domain [213]. Fig. (13) illustrates the diffusion coefficient in typical conduction regimes at a
long time scale, specialized to a [10, 10] metallic nanotube.
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Figure 13. Diffusion coefficient versus time in ballistic (left), diffusive (middle; ¢, = elastic mean free
path) and localized regimes (adapted from ref. [172]).

On adopting such a scheme, two hints may be pursued in the study of NCN interphases. A first would
be inquiring if neuronal interphases can recognize different phenomenologies of charge transport
in nanotubes, still for instance as a function of d. We remind to this aim that electron currents in a
multi-walled molecule, with a contact on the outer wall, may not necessarily flow into the outermost
shell [205], as previous Aharonov-Bohm experiments put forward [210,214]. Significant contributions
may also come from intershell tunneling among the innermost layers [215], a phenomenon that may
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itself promote a NCN interaction. A second hint is to study the NCN coupling dependence on L. In
the framework of interconnect applications, it was suggested that multi-wall systems exhibit a critical
length (L, ~ 7 um) below /above which the conductivity would decrease/increase with increasing d
[216]. This effect should be more pronounced for L > L., when nanotubes approach the larger length
scales of a neuronal network, favoring ampler shortcuts within it.

To sum up, because of a more controllable phenomenology and molecular disorder, single-walled
nanotubes should be preferred in principle to multi-walled. This may be especially helpful at the
outset of a chemical physics research, e.g. on a quantitative characterization of spatiotemporal scales
and concentration regimes.

6.4. Junction Effects

Generally, interfacing nerve cells with nanomaterials is affected by the resistance of cell-solid
junctions and the spectrum of thermally-induced voltage fluctuations [217]. Metal and semiconducting
tubes then can be used to create intramolecular (multiterminal) junctions, comprising molecules of
distinct chirality but equivalent diameters [218]. There can be various configurations (pictorially, L,
T, Y, X, ..., up to multibranched, ring-like, tetrahedral, octahedral, icosahedral, and so on), providing
with the basis for the study of a few (branched) nanotube-systems (see Fig. (14)). In NCN interphases,

Figure 14. Different configurations of multiterminal intramolecular junctions in carbon nanotubes:
Y-shaped (a), T-shaped (b), X-shaped (c), multibranched (d), ring-like and (e) network junction in three
dimensions (adapted from ref. [218]).

transmission electron microscopy analyses are helpful to ascertain whether and which intramolecular
configurations are formed preferentially onto the substrates. Furthermore, nanotube-based junctions
may be also intermolecular, giving rise to contact resistances between nanotubes and/or between
a nanotube and the electrical terminal acting as the current source, such as a metal electrode, a cell
soma or axon. Wishing to improve the sample homogeneity and exploit the properties of branched
systems, multiterminal configurations may be obtained by welding the joint nanotube surface area
at high temperature, for example, by electron or ion beam irradiation. Their phenomenology should
better emerge from an analysis of biological responses with dilute or semidilute substrate coverages.
Nanotubes in a given configuration can be generally modeled as a nanodevice with fixed number
of terminals, each identifying a conductance Gy for the kinetic process k — h. In two single-walled
nanotubes in cross-configuration, for instance, G gives the conductance for electron transmission
from tube 1 to 2, whose junction behaves as a gate for electrical transport. It is interesting to observe that
its maximum value was predicted to be one unit of the conductance quantum, Gy ~ 1/(12.9 kQ2), in
agreement with experimental data on crossed nanotubes (1/Gy < 16.8 k(Y at T = 4.2 K) [219]. However,
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theoretical predictions and experimental data on contact resistances often show large discrepancies, the
main reason behind being ascribed to diverse contributions taking part in such phenomena. The total
resistance, R = Rg + Rs + Ry;, comprises not only an intrinsic length-independent part, Ry = G, 12
(=~ 6.45 kQ)), but two additional terms that arise from linking the (one-dimensional) conductor with
external contacts [191]. The first, R; ~ (L/I)Ry, is of Ohmic nature and set by the ratio between the
mean free paths for electron scattering and tube length. Similar laws formally hold for other free path
dependencies (e.g. inelastic) [220] or situations (low-bias interconnect resistance) [221]. The second
(Ry) is the material contact resistance, quite delicate to be addressed. Particularly, an analysis of
the crossover regime between Coulomb’s blockade and the nearly perfect contacts seems to be not
straightforward at all [222]. In electrophysiology experiments, with "pin nanorods’, R, is supposed to
embody a contribution from the biological tissue, which can be interesting for ascertaining if and how
it can be reduced.

Another point to remark is how a crossed junction may depend on the intrinsic electrical characteristics
of individual molecules. With single-walled tubes, kept at room temperatures, it turns out in several
cases [223] that metal-metal and semiconductor-semiconductor junctions have rather large linear
conductances, Gy, ~ (0.05 —0.15) Gp and Ggs > 0.01 Gy. Semiconductor-metal junctions behave
as Schottky diodes of the p-type, with Gs, ~ (0.3 —0.4) - 1073 Gy. Contacting single-walled
semiconducting molecules are often of p-type, their processed solutions acting excellently as a
p-type/ambipolar material, also for their ability to conform over arbitrary non-planar interfaces [224].
Semiconducting carbon nanotubes can work as Schottky barrier transistors, with metal-nanotube
barrier height that is tunable by the metal work function [225]. These findings suggest that crossed
single-walled junctions may be exploited to obtain quantitative information on the electrical nature
of their units. From a molecular point of view, junction resistances get strongly dependent on
nanostructure at the contact zone, changing by several orders of magnitude with manipulations
or movements at the atomic scale [226]. Optimal electron transport is thus predicted when tubes
are in atomic scale registry (like in a stacking of graphite layers), where modest pressures are able
to remarkably enhance the electron transfer. Negative differential resistances would also arise from
contacts of the end-end type, prompting applications as amplifiers, switches and memory devices.
In armchair-based crossed junctions, intertube conductance versus the applied force (F;) seems to
behave approximately as a convex function, decaying from ~ 0.2 Gy to a minimum of ~ 0.1 Gy at
F, ~ (10 — 15) nN [227]. Vice versa, the intratube conductance appears to be concave with a maximum
rising from zero at = 0.18 Gy to a value slightly above ~ 0.2 Gy. Based on such first-principle
calculations, small pressures may be applied to test which conduction mechanism is predominant in
the meshwork and to modulate conductance in NCN systems.

Configuration changes can modify the working characteristics. Single-walled Y junctions, for instance,
were suggested to behave as ambipolar devices, whereas in the same conditions those of crossed-type
would rather be unipolar [228]. About the mechanism of charge injection, both configurations would
show the existence of a threshold temperature for the transition from electron tunneling to thermionic
emission. When energy barriers (~ 110 meV for the Y-type and ~ (150 — 230) meV for the crossed-type)
are overcome nearly above T =~ 100 K, the dominant conduction process is expected to be thermionic
emission. Below this threshold value, electron tunneling prevails, at least until the tunnel resistance gets
large enough (>> Ry) to cause Coulomb’s blockade [229]. Thermionic properties are sensitive to several
factors, such as dopants [230], and were also studied in multi-walled molecules [231]. This is to say
that, if a similar threshold phenomenon were applying as well to NCN systems, the percolation picture
would change more in favor of thermodynamic aspects. Actually, to well discriminate thermionic
emission from (thermally assisted) tunneling would demand a thorough discussion of electrical
properties and material-specific parameters, as it is shown by an analysis of metal charge injection into
a low-dimensional semiconductor [232]. A temperature-dependent "zero-bias” anomaly also arises in
single-walled cross configurations from an intertube electrostatic barrier lying along the tube, or at
the interface with electrodes. This feature, visible from plotting the differential conductance against
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voltage dI; /dV; vs Vq, may be gradually suppressed by a temperature increase, or by increasing the
electrical current flowing across the second tube [233].

Extrinsic properties of nanotubes seem to matter more in multi-wall than single-walled systems.
For instance, the room temperature (zero-bias) conductance of nanotube/metal electrode would be
dominated by the resistance of contact regions, set essentially by the length of nanotube portions that
are covered by the electrode [234]. Similarly, the rectifying behavior found in multi-walled Y-junctions
(see Fig. 15) would be not an intrinsic characteristics of molecular branching, but a property of the
nanotube/metal interface [235]. Wishing to check up the effects of the main nanotube features (e.g.
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Figure 15. Electron transmission between any two terminals of the nanotube-terminated (a, top)
and metal-terminated (a, bottom) symmetric Y-junction of three [10, 0] nanotubes (adapted from ref.
[235]). The same calculations were performed for a perfect [10, 0] semiconducting nanotube (b, top and
bottom).

chiral vector, diameter, defect concentration, bending), one should conclude again that an analysis with
single-walled molecules is preferable, at least at the outset of an investigation. In this line, experiments
on the NCN interphase may furnish information on the relative weight of intrinsic and extrinsic factors,
keeping in mind that, unlike the single-walled, multi-walled nanotubes are normally diffusive or
quasi-ballistic conductors.

The notions of tunneling density of states and the related tunneling conductance here may be equally
noteworthy. They provide with the ground for a comparison of Luttinger’s liquid theory, well matching
single-walled tubes, with competing models that can predict the power law ~ V1*# (and identically in
T) for the tunneling density of states in multi-wall systems [236]. Tunneling conductance is vanishing as
energy decreases (zero bias anomaly) with an exponent that, besides the number of walls, is influenced
by the zone which electrons tunnel through, whether at the middle of tubes or their ends. This behavior
can be reproduced from an environmental Coulomb’s blockade, multi-walled nanotubes acting as
effective LC transmission lines in series with the junction (1 < E [meV] < 100) [237]. A similar problem
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seems to be issued by thick single-walled bundles, whose zero-bias anomaly is well interpreted both
in terms of Luttinger’s theory and transport properties of barriers at the nanotube/metal contact
interface [238]. In metal impurities lying at a junction, electrons are described by Fermi’s liquid theory.
Performing electrophysiology experiments in which nanotubes are kept at different dc voltages may
thus inquiry into the relevance of tunneling conductance changes. Such an investigation can promptly
be extended to account for ac potentials in the frequency domain. In general, dielectric spectra of
multi-walled molecules (up to 0.1 MHz) should exhibit a couple of separated modes [239]. The slower
ones (dozens of Hz) reveals the space charge polarization at the interface with the electrode, and couple
the electrical field component in phase with the measurement. Those faster (some or dozens of kHz)
reflects permanent and induced orientational polarization states, coupling the oscillating field in the
complex rotating measurement frame. In the higher frequency domain both single- and multi-walled
tubes showed, independently of their length, an intrinsic resonance state (f; ~ 37.6 kHz) that points
out an important oscillatory regime [240]. The resonance amplitude would be sensitive to temperature
variations, progressively approaching zero on increasing T (from ~ 248 to 298 K), representative of a
thermally activated impedance. Furthermore, from the response of metal-nanotube contacts, a negative
capacitance (4.46 < —C [pF] < 5.15) turned out in the range 0.1 < f [kHz] < 8- 103. This last aspect,
potentially relevant also in electrochemistry, should not be underestimated. Figuring out a regime
where nanoparticles behave as active electrical components can be of a certain importance. This would
set a suggestive analogy just with neurons which, despite by different working principles, encompass
both active and passive behaviors too.

Before turning to an analysis of networks and films, some notes on the relation between chemistry of
carbon nanotubes and their band structure are being briefly recalled. Chemical modifications are used
to get robust changes of electronic (and electrochemical) properties, like in intercalation/encapsulation
[241] doping [242], adsorption [243] and functionalization [244] or modification reactions [245]. Usually,
one recalculates Fermi’s energy, density of states and work function, verifying the conductance
perturbation and if a phase transition (e.g. semiconductor-metal) has occurred. Related to these points
is the influence of structural defects [246,247], usually more located at the ends than walls [248], which
supply scattering centers for electron transport and reduce the conductance by means of a smaller
mean free path. Each of these transformations allow for a modulation of energy band properties, with
interesting prospects to link solid state physics to neurosciences. This, clearly, would not be limited to
electrical conductances alone. Seebeck’s coefficient, for example, stems from Mott’s relation as [249]:
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the derivative of density of states equating zero for a pure/intrinsic metallic nanotube, and being
sensitive to the presence of dopants and impurities.

Another process to be recalled here, both with respect to electronic and electrochemical properties,
is adsorption from (aqueous) solution. Physical or chemical interactions of tube walls with water
molecules, whether solvated or not, and metal ions (e.g. Na™ [250]) can affect the electronic features to
an extent depending on helicity and nanostructural details. For example, to explain the enhancement
of field emission current in zig-zag structures [251], chemisorption of H,O molecules was studied
at the open ends of (5,5) and (9,0) nanotubes. The outcomes contemplated two positive Fermi’s
energy shifts, )Ef (5,5) ~ 0.12 eV and JEfr (9,0) ~ 0.17 eV, but a local increase of v near E = Ef only
occurred in the second case [252]. It should also be reminded that thin layers of high-purity metallic
single-walled molecules display an extremely stable conductivity, owing likely to a locally constant
density of states [253]. Sensitivity of electrical conductance to molecular adsorption increased with
addition of semiconducting tubes.
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6.5. Many-Nanotube Systems

In the outline of percolation phenomena, the role of the (insulating) medium was not regarded.
Measurements, in fact, were performed with contacting particles and electrified interfaces that are
not in vacuum or air, but in (aqueous electrolyte) solution. Whatever the electron mechanism is, the
cellular liquid will be involved directly into an interface charge transfer [254]. The picture to work with
better emerges from discussing electrochemistry in light of electron properties (see next section), but
some considerations may be usefully anticipated. From the theory of scanning tunneling microscopy,
it turns out that the orientation polarizability of a solvent results into non-negligible effects [255].
Liquid molecules exert a random barrier on charge transfer, giving rise to a stochastic dynamics with a
much longer time scale than the electronic’s, and ultimately promoting the tunneling current. Since,
in comparison with vacuum, a host dielectric medium usually lowers the work function, thermionic
emission from a metal/semiconductor will follow as a rule a similar qualitative trend [256]. The
presence of membrane fields across interfaces with charge fluctuations in solution then should further
interact with electron transmission, including the potential drop caused by the electrical double layer in
Helmbholtz’s plane and Gouy’s region. On the other hand, the phenomenologies displayed by quantum
conductors in electrolyte solution and by nanoscale electron transfers deserve to be remarked. For
instance, a process of quantum interference was advanced to explain the conductance decrease of (Ni)
nanobridges in solution [257]. It may be striking to realize that addition of electrolytes has not only a
positive (‘effective medium’) effect on the electrical conduction. At the nanoscale, it would imply a
‘compression’ of Fermi’s surface, augmenting the electron backscattering across nanojunctions.
Many-nanotube systems here represent a last analysis step. Increasing the nanotube density (p), or the
film thickness (s) if they do not form a pair of independent variables, will presumably suppress or make
individual nanotube features less detectable, particularly if samples are inspected by macroscopic
measurements. Needless to say, however, that nanotubes and their clusters will not cease to locally
interact with neurons or finite regions of cell cultures. In general, borrowing some fundamental
assumptions from the scaling theory, e.g. from polymer science [258], there will be a set of characteristic
lengths:

gk = Ck (d/LrS/p/T/V/m) (4)

by which the main quantities describing the electrical conduction in a rod-like network can be expressed
and may vary with nanostructural, thermodynamic, and further interaction parameters. As a function
of density, for example, one would expect a value above which the phenomenon gets mainly affected
by properties of individual tubes (or their bundles), leaving the scaling regime behind, & # i (p). Itis
clear that increasing a characteristic length does not bring necessarily to an enhanced spatial order in
the network. For instance, interjunction distance and mesh correlation length stand, in principle, for
distinct statistical concepts. Furthermore, strong dependencies {; = {;(s) may also be indicative of
poor intertube or interbundle contacts, which are often unavoidable in real systems.

electrical conduction in single-walled networks was studied as a function of thickness and temperature,
assuming the ideal 1 : 2 proportion between metallic and semiconducting units [259], meaning
that the first percolation clusters will be mainly semiconducting, while metallic tubes behave as
interconnects. With increasing density of nanotubes, the effect of interfacial and junction Schottky’s
barriers is superimposed to the formation of metallic paths, giving rise to a higher Ohmic character
of the mat. This picture, which may equally hold in NCN systems, led in brief to the following
conclusions. At a fixed temperature value, in the range 0 < T [K] < 300, conductivity (¢) increases
with s (i.e. with the net metal content). Conversely, ¢ increases with T, a larger conductivity
reduction being measured with decreasing T as films get thinner and thinner. This behavior is
well approximated by Mott’s variable-range-hopping equation, where ¢ is coupled with T via the
hopping conduction dimensionality [260]. A similar conclusion was also drawn upon comparing
the charge transports in (i) transparent conducting films made by single-walled molecules, (ii) the
conducting polymer poly(3,4-ethylenedioxythiopene):polystyrene sulfonate (PEDOT:PSS) and (iii)
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indium tin oxide (ITO) [261,262]. The latter displays metallic behavior, with monotonically increasing
R =R(T)in100 < T [K] < 300, and is the inorganic compound unsuccessfully coupled in [4] to the
neuronal network. The nanotube sheet resistance was about sixty times larger than in indium tin
oxide samples, showing a monotonically decreasing R = R(T) and hopping transport, a feature of
disordered electron systems. Finally, a phase diagram for the electronic behavior of mixed nanotube
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Figure 16. Electronic phase diagram for a metallic-semiconducting carbon nanotube system. Density
(y-axis) is normalized to the percolation threshold. Green, light blue and dark blue areas stand for
different types of carbon nanotube network field effect transistor(CNTN-FET), the last two being
blocked by Schottky barriers. In the inset the conductance behavior through points A — E, at three
times the concentration threshold, is depicted (adapted from ref. [263]).

network is depicted in Fig. (16).

In the thickest freestanding films tested in [259], the behavior o = o (T) suggests a thermally-assisted
electron tunneling by thin metallic barriers. At higher temperatures, the augmenting charge
carrier-phonon backscattering causes a conductivity decrease and a peak, i.e. 0* = o(T*). In the
thinnest layers, the I vs V plot showed to be nonlinear at low temperatures (T = 4.3 K), resembling
individual semiconducting single-walled molecules and allowing current modulations by a gate
voltage. With increasing temperatures such nonlinearities tend to disappear, being slightly retained
at the room value (T = 291 K). This implies, upon alike assumptions, that electrical features of thin
single-walled layers can be regarded as nearly Ohmic. Despite the carbon nanotube mats interphased
with neurons are either contacting with a liquid or a soft biological phase, such an approximation may
be anyway relevant to describe the behavior at the largest length scales.

In the frequency domain, the difference between ac and dc conductances of single-walled nanotube
networks is found to increase according to the ‘extended pair approximation”:

G(f) — Go o (f/fo)" 5)

fo being the onset frequency (v < 1) [264]. This conclusion does not apply to the THz domain, where
conductivity was found to diminish with increasing frequency (f > 1 THz) [265]. The typical relation
met in disordered solids [266], fo = Gy, then is verified over a wide experimental range. Conductance
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increases are regulated by the onset frequency, and it cannot be ruled out that processing history
and purification of nanotubes may strongly affect it, as it seems to happen elsewhere [267] with
G(f) = Go (at f = 10 GHz). According to a scaling approach, based on Einstein’s law for the random
motion of charge carries, it reads fy o £ =2, where the proportionality constant stands for a diffusion
coefficient and / is the average size of conductive domains in the film. The use of Brownian motion
and polymer laws [268,269] is a realistic possibility, to be checked up in modelling NCN interactions
as well. Provided the quantities defining criticality are posed consistently, notions like scaling or
universality may offer important simplifications and be able to capture a wide phenomenology. Finally,
the dc conductance in submonolayers turned out to be a nonlinear increasing function of the electrical
field. Another factor expected to sensitively increase the dc conductivity is the bundle aspect ratio. In
single-walled networks, with given mean bundle length (Lp) and diameter (dp), one has:

o ~ Lidy" (6)

being p ~ 1.46 and 0 < q < 2 [270]. It does not astonish the two scaling exponents are generally not
coincident, for their aspect ratio alone is not sufficient to represent conductivity.

In multi-walled molecules, high aspect ratio-electrodes enhance stimulation efficiency and higher
signal-to-noise ratio (S/N) [271]. The mechanism of electrical conduction in such systems, which better
resemble a disordered composite material than a classical network, received different interpretations.
Among the models found in the literature, we remember again Luttinger’s liquid theory, Gg ~ T*
(v ~ 0.36 — 0.95) [272], the one-dimensional disordered wire behavior:

Go ~ exp(—1/VT) @)
1 being an order parameter [273], and an activation mechanism of Arrhenius’s type:
Gy ~ exp(—AE/T) (8)

with AE = 0.7 eV [274]. Notwithstanding, a nonmetallic/ metallic transition was proposed to hold in
aligned multi-walled layers for the conductivity component that is parallel to the tube axis (at T ~ 280
K) [275]. This is simply to highlight the gain in operational simplicity and efficiency of samples, which
may be achieved by increasing the molecular orientational order along the substrate, ensuring a better
exposure/anchorage of neurons to the nanotube surface/pin-like nanoelectrodes. On the other hand,
the effect of geometrical order onto the NCN coupling seems to be more articulated and deserving
to receive further quantitative assessments. While major neurites of motor neurons eventually grow

Figure 17. Magnification from top of neurons grown up in the vicinity of vertically aligned nanotube
structures (adapted from ref. [276]).
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parallel with aligned carbon nanotubes [74], and cortical neurons attach preferentially on the sidewalls
of high aspect ratio nanotube structures than over the tips (see Fig. 17), the latter turn out to be more
colonised in randomly oriented nanotube clusters than in pillar structures [276].

To conclude this subsection, the electronic properties of carbon nanotubes, mainly considered here
as 'pin nanoelectrodes’, were discussed in view of inquiring into the effects of individual molecules,
junctions and molecular layers on the overall charge transport in NCN interphases. A challenging yet
relevant goal would be to introduce language and tools of condensed matter (electron band structure
and quasi-particles, just to make an example) at an ever deeper level, turning biological issues into
theoretical physics and chemistry relationships.

7. Ionic Conduction and Electrochemistry of Nanoelectrodes and Nanocapacitors

Let’s come to the last framework here completing the basis for a quantitative account of
NCN interactions. As being in the presence of a liquid phase and electrified interfaces, both
electron and ion transfers need an opportune electrochemistry analysis. If nanorods are spaced
out enough from the biological matter, an electrochemical model may be afforded independently of
the mechanical/adhesive coupling with cells (Fig. 11c). Otherwise the intermediate situation in which
they mostly connect cells at one end, should be dealt with (Fig. 11b). As a prototype situation to
detect electrochemical contributions to the NCN coupling, one can operate with mats mechanically
uncoupled from neurons, the carbon-based molecules acting as nanoelectrodes kept at a variable
potential and nanometric separation distances from the cell culture. As for pin-like nanoelectrodes, the
molecular film may act here as an electrochemical probe with strong electrocatalytic activity [277], by
e.g. increasing admittance, attracting/repelling interfacial ions (capacitive perturbation), inducing
electron transfer kinetics and charge transfer through oxidation/reduction at the electrode [278,279],
and sensing influences like (periodic) forcing [280] or noise [281].

Carbon nanotubes should not be regarded totally equivalent to glassy carbon electrodes, as they
identify electrochemical devices on their own right [282], and an in-depth description of a meshwork
interplaying electrochemically with a neuron network remains a tough task. A point to be introduced
is how an electrical charge distributes along a nanotube. Charged individual molecules have been
studied by means of classical electrostatics, and it turned out that their charge distribution strongly
accumulates at their ends, with values depending on the position along the nanotube (length) axis
[94]. Such behaviors, which may find an explanation in terms of non-trivial changes of energy levels
induced by charging, were either reproduced in infinite or semi-infinite electrical fields [283] (see Fig.
18) and by neutral molecules as well, with slightly negatively charged ends [284]. Intensity of the
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Figure 18. Effects of length (on the left, in an infinite electrical field) and radius (on the right, in a
semi-infinite field) on the charge distribution in a single-walled nanotube (adapted from ref. [283]).

charge distribution along the nanotube is globally decreasing with increasing length and, when end
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charges are expressed in unit of average atom charge, it was seen that they increase (logarithmically)
with L. Charge accumulations were also found in compressed states of cellular assemblies [81], in
a number of interfaces (p — n and n — i junctions, metal/nanotube Schottky barriers) [285] and in
strongly localized interfacial transfers [286]. These predictions would suggest to model the overall
charging process in NCN interphases as it were (ideally) characterized by a two-fold stochastic process,
both comprising an ensemble of (almost) uniform density functions (p;) and of pointwise charge
distributions (gx), more concentrated at extremities and junctions. Secondly, one may also include
cross-interaction terms. Stochastic properties would both be defined in time and space, modulated by
the fields that follow through the neuronal functioning. In this line, an interesting aim to pursue by a
mean-field approach would be reducing the meshwork to an equivalent nanotube cluster with given
charge density, conductivity and topology, and studying the resultant NCN coupling.

7.1. Electrochemical Charge Transfers

When nanotubes embed an electrolyte solution, an electrochemical double layer establish at
the solid /liquid interface. To examine it in detail is part of electrochemistry at semiconductor and
metal electrodes [287], a classification certainly matching nanotubes as well. Here only follow some
fundamental notes on it, bearing in mind that a mere electrochemical analysis of nanotubes may not
suffice for a proper electrochemistry characterization of the biological NCN interphase. electrical
charging is supplied by a voltage of biological origin, reaching the nanoelectrode (previous schemes in
Figs. 11a-b) and continuously evolving, from the rest membrane to action potentials and vice versa.
Nearby the surface, for instance of a metal nanoelectrode in aqueous solution, the liquid phase is
structured into three layers, delimited by two Helmholtz’s, inner (iH) and outer (0H), planes. The
outer plane demarcates Stern’s ‘compact’ layer, close to the surface, comprising polar and oriented
solvent molecules, as well as molecules and/or ions which undergo selective adsorption. The first
monomolecular adsorption layer is lying at a distance r = r;;; from the surface (typically, r;g ~ 0.2 nm).
The maximum charge density is stored at the outer plane, at v’ = r,;y > r;, identifying the distance of
the closest approach to the surface of mobile counterions in solvated states (r,;y ~ (0.3 —0.5) nm). They
spread up towards the unperturbed bulk phase through the third 'diffuse’ (or Gouy-Chapman) double
layer, hosting an ion excess of the same sign. The thickness of Gouy’s region delimits the layer structure
atr" =r; = roy + Ad and depends on the ion concentration (Ad ~ (10 — 100) nm, in low concentrated
aqueous solutions). With increasing concentration the diffuse double layer becomes increasingly
thinner, until it gets circumscribed by the outer Helmholtz plane (r; ~ 7,y). An analysis of Gouy’s
region thus is more important in the dilute regime. In a limiting case, from Gouy-Chapman’s theory,
high enough values of the electrical potential can maintain a constant counterion surface concentration
(contact value theorem) [288]. Another interfacial excess charge then can distribute from the surface
to the solid bulk, creating a diffuse layer of electrons or holes (up to r"”" ~ —d). Similarly to Gouy’s
region, the thickness of this ‘space charge layer’ is more pronounced in semiconductors (dsc ~ (0.1 —1)
um), for low electron and hole concentrations), where it is expected to augment the sensitivity of surface
carriers to the applied potential, and becomes negligible in metal electrodes (ds. < monoatomic layer
thickness). In principle, space charge, compact and diffuse layers contribute to the total (or apparent)
interfacial capacitance by a connection in series of three separate capacitors. In the complementary case
(Fig. 11c), electrical charging arises from two main stages, i.e. dissociation/ionization of surface groups
and ion adsorption (binding) from solution onto an uncharged surface [288,289]. A phenomenon of ion
exchange then takes place whenever anions/cations are adsorbed onto cationic/anionic sites. These
processes separate the surface from counter charges and, analogously to the previous case, a double
layer region forms. The counterion cloud, in rapid thermal motion at the solid /liquid interface, will
spread in space with decreasing concentration to balance the surface charge and screen the electrical
field in solution. The length over which significant deviations from charge neutrality can occur is often
identified with Debye’s screening radius, predicting the diffuse double layer size from the solution
dielectric constant and salt concentration (typically, /p ~ 1 nm — 1 ym). Counterions may also be
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adsorbed into Stern’s layer, and take place in a structure with own dielectric properties.
A first consequence of the double layer picture, to be recalled here, is about the electrical conductivity
of a particle in an electrolyte solution, which is set by the sum of internal and surface conductivities.
The second term, accounting for the interfacial excess conductivity from moving counterions in
the double layer, in turn represents the sum of the diffuse zone contribution and Stern’s layer
conductance. Although this portion of liquid is practically stagnant, ions were proved to move
inside it by diffusion and electromigration [290]. In the context of NCN interactions, to assume the
separation of bulk from interfacial terms may also be helpful to further clarify where the enhancement
of biological activity is mostly developing or originating from, whether in cellular membranes or some
interphase domain. When nanotubes interact with neurons, charge accumulation phenomena may
render the interfacial region inhomogeneous and require (at least) a two-dimensional description.
Action potentials would elicit a longitudinal perturbation, altering the charge density along the tube
axis, e.g. 6p; = 0p;(z,r). These areas may identify possible preferential sites for the NCN coupling,
concentrating the electrostatic energy that is made available by the double layer capacitance. A way
may be paved by suitable chemical modifications of the substrate or nanotube meshwork, bridging the
latter with cells through the most active sites (for example, by ad-hoc functionalization routes).
In general, two are the central contributions to an electrochemical charge transfer [291]. An electrical
current originating from oxidation/reduction of some chemical substance at an electrode is named
Faradaic, and accompanied by matter transformation. Otherwise, non-Faradaic currents are those
arising, out of chemical reactions, from charging/discharging of the double layer, with given
capacitance Cy. In Helmholtz-Perrin’s description [292], this brings to a parallel plate capacitor, with
specific Cy /A ~ €/1,4 ~ (0.1 — 0.3) Fm~2 (A is layer’s area) [293], but more accurate expressions
may be obviously afforded upon a thorough characterization of the counterion profile (namely, ¢p)
[294]. Faradaic processes are highly surface-specific, but their basic principles follow at once from solid
state physics. The current in fact is anodic [cathodic] when Er < Ey [E; < Ef], where Fermi’s energy
refers to the electrode, Efy and Ej denote respectively the energies of the highest occupied (HOMO)
and lowest unoccupied orbitals (LUMO) of a redox molecule (in solution). Electrode and solution in
this way undergo an equilibration of their energy levels. Interactions of charged nanotubes with ions
and solvent molecules may obviously alter the electron density of states (E;, and Epy) while, for each
electrolyte, van Hove’s singularities are attained (in single-walled tubes) at different applied potentials
[295]. The relative position of Fermi’s level, as compared to another band edge, yields an acceptable
criterion in standard three-dimensional cases, but it is not completely clear if it can match molecular or
one-dimensional systems. A lower dimensionality lies itself at the basis of a capacitance of quantum
origin, as it emerges from charging a single-walled nanotube. Large energy spacings between adjacent
states imply that a fraction of the electrical potential, applied over the nanotube/solution interface,
will take the form of a chemical potential drop [296]. This resembles a space charge layer-induced band
which is bending at a semiconductor surface, similarly producing a chemical potential variation (see
Fig. 19). One is therefore led to introduce a Faradaic-like term, strongly dependent on the electron band
structure, and expressible like a quantum capacitance (C;) in series with the geometric/electrostatic
one (Cy;), with total value:

cl=ct+cy )

Two limiting regimes are promptly recovered, classical (C ~ C; < Cy), as for instance in usual metal
electrodes, and quantum (Cy; > C; &~ C). However, discussing the orders of magnitude of C; and Cy
requires some care. In general, C; (= ¢?v) should increase with the density of states, thence with any
related quantity (e.g. wall number). Single-wall and multi-wall systems may show situations in which
the prevailing term is, respectively, 1/C, or 1/Cy;. For isolated single-walled molecules, typical values
are C; ~ 1 fF ym~! and Cy ~ 10 fF yum~! [296], but it turned also out that C; ~ (0.01 —0.1) fF ym™1
[297], the discrepancy being ascribed to strong electron correlations. Furthermore, a double-walled
molecule modeled as a quantum capacitor would exhibit a large bias dependence and an enhanced
capacitance value due to a quantum-mechanical spill of the charge density accumulated at the walls
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Figure 19. Interplay of double-layer charging, redox reactions and quantum capacitance in

single-walled carbon nanotubes (adapted from ref. [296]).

[298]. Overall, the electric capacitance of nanotube arrays can be 10 times higher than noble-metal
microelectrodes, and may even take larger values upon ad-hoc functionalization (e.g. 40 — 100 times
higher with polypyrrole, PPy, at least with a 20-fold decrease in impedance) [171,299]. In our case,
for a local NCN description, it can be opportune to work in an intermediate semiclassical regime,
where both capacitive elements are implied. This was partly done already by a quantum/semiclassical
model, employing a thermodynamic uncertainty relation for a cell [300]. The duration of a biological
signal was regarded as the average lifetime of a decaying state (or population of states) and the carbon
phase effect as a linewidth broadening, propounding a quantitative explanation of the frequency
enhancement for the spontaneous activity of neuronal cultures interfaced with carbon nanotubes
(Fig. 20). The importance of thermodynamic uncertainty relations, to study current fluctuation
constraints in steady states which are arbitrarily far from equilibrium, was progressively scrutinized
until recently [301], and is awaiting more established applications to life sciences as well. There may

an / Ty

Figure 20. Cell frequency enhancement by a carbon nanotube phase (CNT) as a bandwidth broadening
(P denotes power = energy/time. Adapted from ref. [300]).



Version December 7, 2022 submitted to 32 of 89

also be the intriguing possibility to work with C; < 0, and find negative capacitances to be a signature
or requirement of certain biological electrochemistry processes. This regime, corresponding to very
high charge accumulations, was proposed to happen in gated nanotubes with reduced carrier density
[302].

Besides the double-layer picture, Faradaic pseudocapacitance reactions may obviously take place.
The electrochemistry of carbon nanotubes, as well as its dependence on fundamental quantities
(such as pH), is tough however to be treated in a systematic way, and is dramatically affected by
chemical and structural details. In general, it is dominated by double-layer charging, with residual
contributions from surface oxides [303], and is sensitive to electrolytes [304], transition metal complexes
[305], functional groups (like oxygen-containing) and impurities [306]. Thermal annealing should
increase hydrophobicity and favor the release of electroactive groups, thus reducing the electrochemical
reactivity [307]. In aqueous media, the potential range set by the evolution of molecular hydrogen and
oxygen is expected to fix another constraint [308]. When the environment, for instance, is alkaline and
a cathodic current is applied, water should reduce at the carbon nanotube/electrolyte interface, with
formation of hydrogen adatoms [309]. They were conjectured to recombine into molecular hydrogen
stored at the tube surface [310], but this conclusion was afterwards criticized [311]. A dual oxidation
mechanism with molecular oxygen was also proposed to occur in acid environment (O, /HO) [308].
It is interesting to note that, in a redox chemistry study of nanotube-mediated reactions, physically
distinct multi-walled molecules seemed to be incapable of exchanging electrons [312]. An investigation
of this phenomenon in NCN interphases may contribute to decouple the electron and electrochemical
scales for charge transfer.

Faradaic processes can be enhanced by covalent or physical modifications of the nanotube surface, or by
altering the ionic environment, but this could raise biocompatibility issues or undesired neuronal effects.
Treatments, normally useful in carbon-based materials [313], such as oxidation reactions increasing the
surface functionality, the creation of conducting polymer interfaces, and intercalation of electroactive
compounds (e.g. transition metal oxides), may be totally unsuitable here. Cell physiology is affected
by the chemical composition and purity degree of carbon nanotubes, as it turns out for amorphous
carbon or catalytic metal impurities [314]. On the other hand, oxidative thresholds for electrochemical
potentials, above which the electrical conductance of single-walled molecules vanishes [304], were
derived for different electrolytes. Alongside, the saline bath can’t be altered arbitrarily. Within the
limits and variations dictated by neuronal cultures, an investigation on the electrochemical potential,
even for slight electrolyte concentration and composition changes, may be a further step to be made in
the characterization of NCN interphases, especially as a function of nanotube diameter or chirality.
Because E; = E¢(d) is a decreasing function, the reduction/oxidation of molecules with larger d should
be promoted. Fermi’s levels, in turn, can be tuned by (donor/acceptor) counterions of different redox
potentials and detected by in situ Raman scattering [315], the energy shift being proportional to the
electrode potential (AEF < 1eV V1) [316]. The C-C bond length elongates/shortens upon transferring
an amount of extra-electron/holes to a carbon atom (in 7t orbitals), yielding an actuation process in
which charge injection and strain rates may be strictly related and tailored e.g. by electrochemical
doping. In carbon nanotube systems, charging and actuating can couple in fact on the ms scale [317].
Aligned multi-walled molecules, for instance, were proven to work as an electrochemical actuator
ina2 M Na'Cl™ solution. Employing a 2 V square wave excitation, they actuate up to 10 Hz with
a strain reduction of ~ 0.15 % [318]. Carbon nanotube cellular structures in a dilute acid electrolyte
solution displayed a high electrostriction-induced actuation even with no mechanical load [319]. At
any rate, tuning of Fermi’s energy by electrolyte solution gating is itself an interesting issue to link
band structure properties to the electrochemistry of NCN coupling. To this aim, it may be useful to
remind that Raman responses from metallic tubes were more sensitive to electrode potential changes
than from semiconducting ones [320].

Associated to the overall charging there is clearly an equivalent circuit that, because of the complex
physical nature of electrified interfaces, is often dealt with as a distributed parameter system. Double
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layer charge separations are described by a capacitance (C) in parallel to a leakage resistance (Rr)
responsible for the self-discharge. They are both in series to the electrolyte solution resistance (Rs),
which stands basically for a heat loss term to be evaluated between the nanoelectrode position and
infinity. An equivalent inductance may also be found in series with the former elements [313]. The
Faradaic Rr component should vary with the nanotube surface density of electroactive functional
groups, and governs the self-discharge, with time constant ~ RrC. Charge and discharge relaxation
times follow instead from the spreading resistance (~ R;C). Faradaic processes then requires the
insertion of pseudocapacitances (Cy), in series with Rp, while a film deposited on nanoelectrodes
can be represented, as a further element in series, by another parallel RC circuit [321]. Examples
of pseudocapacitive materials are ZnO-MnQO;, ZnCo,04 and polyaniline, which were implemented
successfully in the form of nanorods array and nanowires, respectively [322]. Warburg’s impedances
[323] can also be employed, in series with Rf, to model concentration polarization and passive coating
(in surface films) and finite ion diffusion (in saline baths). A more thorough analysis of semiconductor
electrodes with given surface state distribution then leads to an equivalent representation in terms
of compact layer and space charge capacitances, surface site capacitance and charging/discharging
resistance [324]. To represent the NCN interaction by an equivalent scheme similarly requires the
formulation of an equivalent cell model. While this was partly done from a neurophysiology point of
view [4,122,123], one of the most complete interpretation scheme certainly remains the electrochemical.
We also note that the two circuits could be not independent, for instance, the neuronal field may couple
or modulate the nanotube capacitance. In an adhesion model for cell-solid junctions, for example, cell
interactions in tissues turned out to be dominated by an extracellular region, displaying the electrical
properties of the bulk solution [325]. In another model membrane, the resistance (R;;) as a function of
bathing electrolyte concentration (c+) then obeyed [326]:

<dlan> <1 (10)

dh‘le:

A review of electric circuit-equivalent models for interfacing cultured neurons to microtransducers
may be found in [15]. At any rate, unless enough realistic information be provided, it may be useful
perhaps to recall that the search for an equivalent circuit may result into an ill-posed inverse problem,
able to furnish a description but not necessarily a physical or chemical explanation. As a basic
electrophysiology example, it was prompted that any resistive coupling between biomembranes and
(single-walled) nanotubes could be qualitatively indistinguishable from coupling nanotubes to the
patch pipette through the patchseal path to ground [123].

7.2. Carbon Nanotube Systems

In turning the attention onto the characteristics of carbon nanotube systems, recall that
not only single-walled [327] but multi-walled molecules too [328] were used individually as
nano/micro-electrodes or coating materials for them. By means of a suitable materials processing (e.g.
deposition, functionalization, coating routes), it was reported they are better than Au or standard TiN
electrodes. Their impedance, at a physiologically relevant spiking frequency of neurons (~ 1 kHz), does
not change meaningfully in time and, overall, their behavior in saline is stable. Variations in capacity
and electron transfer resistance may be produced by salt residues accumulated on the electrodes
during the experiment. Noise was lowered from (16.1 +7.8) uV in planar Au electrodes to (2.61 £ 0.51)
#V in carbon nanotube’s, with an enhancement of S/N ratio > 6 [329]. In functionalised nanotubes
investigated by voltammetric techniques [330], the redox behavior of multi-walled molecules dispersed
in solution resulted into single-electron transfers, a quantum charging phenomenon. If voltammetry
is not enough effective, resorting to spectroelectrochemistry can usually provide with a wider
electrochemical characterization [282]. We also remind that (carboxyl-functionalized) carbon nanotubes,
likely due to their large electrochemically accessible surface area (e.g. (70071000) m? g~ 1) [331] and
oxygen containing surface groups, were unveiled to trigger electron transfer reactions and important
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negative shifts (< —0.05 V) of the anodic potential of compounds such as ascorbic acid, epinephrine,
dopamine [332,333], enabling a selective sensing of electroactive neurochemicals [278]. From a
morphological viewpoint, (individual) multi-walled nanotubes can show edge-plane defect sites,
consisting of graphite sheets terminating at the tube surface, which were suggested to be responsible
for much of their electrochemical behavior [334]. Once again, despite larger wall numbers might better
improve the neuronal activity, this wealthy of phenomena still enforces the conviction of giving the
priority to a quantitative-mechanistic research based on single-walled molecules. At the larger scales
of a nanotube film, multi-walled molecules may have a small specific surface area, thence a small
specific capacitance (e.g ~ 180 m?¢~! and ~ 15 Fg~1) [335]. The relation between such two quantities
is constrained by the pore fraction that is actually accessible to electrolytes, and should not be linear.
To increase the capacitance, pores should be large enough (in aqueous electrolyte solutions, ~ 0.5 nm)
but, at the same time, reasonably small to keep the surface area as large as possible. A process
which would vary instead the electrostatic boundary conditions is the (aqueous) electrolyte diffusion
inside hollow (single-walled) cavities, which is normally believed to need large defect sites at the
walls, or nanotubes with caps removed. However, this point turns out to be non-trivial and required
to be addressed for the specific molecules in use, for instance by ultraviolet/visible/near-infrared
(UV-Vis-NIR) and Raman spectroscopy [336,337] (see Fig. 21). We remind that simple ions, like Na™*
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Figure 21. UV-Vis-NIR absorption spectra of single-walled nanotubes synthesized by gas-phase
catalysis [338] and treated in oxygen atmosphere (550 C for 5 min) for removing caps at tube tips
and open holes at defect sites of tube walls (adapted from ref. [336]). Broken lines are the nanotube
spectra treated with water, 0.2 N KCl and 0.2 N K,SOy, dried at room temperature. Solid lines show
the absorption spectra after a further drying process (200 C in vacuum for 1 ).

and Cl~, both intercalated in carbon and boron nitride nanotubes, were considered to solvate at a
distance in polarizable nanodroplets [339]. Also, the end charge redistribution in an open tube should
be more pronounced than in a closed one [283,284].

The choice of length and time scales to be focused on in a stochastic study obviously remains a primary
aim. If measurements were performed at a scale that is too distal/proximal to the coupling events,
then experimental responses could be featureless. To enter a more microscopic domain, yet exploiting
macroscopic experiments, an inquiry at least into concentration and percolation effects should be in
order. In fact, electrochemistry of individual semiconducting and metallic single-walled nanotubes
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turned out to be almost identical [327]. Their high-density networks, consisting of a mixture of both
species, mostly behaves as they were thin metal films [340]. This conclusion was independent of
the redox couple potential and only required a fractional surface coverage ¢ ~ 10~2. Furthermore,
in aqueous electrolyte solutions, their voltammetry and capacitance were only varying a little with
charge, hydrophobicity, anion or cation molar mass changes [341]. pH and concentration did not
produce as well noteworthy capacitance variations. It was also deduced that ion diffusion into pores
was not a rate-limiting step for double layer charge separations. Unless of involving very short time
scales, it would be governed by the charging/discharging time constant, bringing to a rather fast
process. On the other hand, changing film morphology turned out to be more effective. A comparison
between aligned and entangled networks (Fig. 22) ascertained that a higher geometrical order can
enhance the electrochemical response [342]. The interplay of nanostructure and morphology may be
equally important for establishing the roles of pore size and conductivity path distributions in films
with given orientational degree. Still, at the level of molecular layers, a broad investigation conducted
on fifteen different materials led to conclude that electrochemistry of carbon nanotubes would be
solely determined by the electrostatic charging of double layers and redox reactions of impurities [311].
This may suggest to conduct experiments on the NCN interphase at different substrate morphology
and purity degree, to attempt a separate analysis of Faradaic versus non-Faradaic contributions to
electrophysiology results. Titration techniques will be helpful, to this end, to determine the partition
into acid and basic sites [343].
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Figure 22. Comparison scheme for ion diffusion in aligned array (ACNTA) and entangled (ECNT)
electrodes of carbon nanotubes in ionic liquid electrolyte (PTFE = polytetrafluoroethylene binder, 10%
wt. Adapted from ref. [342]).

More generally, the influence of the charge amount (reversibly) stored by nanotubes should be dealt
with, either as an initial condition, when they only come in contact with cellular solutions, or during
the electrical functioning of cells. An estimation of double layer charge can be performed by an
analysis of zeta potentials (typically, dozens of mV) that, at least for substrates alone, should be made
affordable by techniques like electrophoresis or electroosmotic flow [344]. It will account for the effect
of the layer charge and the interfacial contribution from solvent dipoles (dielectric saturation). One
may also be interested to see whether and how neurons are reacting at (or slightly below /above) the
sample isoelectric point. In the course of signaling, mechanisms of charge accumulation then will be
affected by the chemical composition of the solution. For instance, when nanotubes and neurons are
disconnected (Fig. 11c) and discharge rate is ruled by the difference between action and rest membrane
potentials, positive and negative charges should better be stored in acid and basic environments,
respectively [341]. During a cycle of negative sign, the presence of oxygen dissolved in the bath should
make the storage less efficient. Dealing opportunely with solution chemistry thus can furnish other
indications about the NCN interphase.
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7.3. Physical Chemistry Considerations

To complete this paragraph, a number of physical chemistry details are addressed for the
experimental system and NCN interactions under focus. First of all, the affinity of the solid with
solvent molecules should not be overlooked. The immiscibility of an inert compound with water lies
at the basis of the so-called hydrophobic effect, i.e. the resulting entropy-driven attraction among
hydrophobic molecules or surfaces in water. Pristine carbon nanotubes are unsoluble/indispersable in
any ordinary solvent/liquid, thus their electrochemical characterization is limited to the solid state (i.e.
as molecular layers at an electrode surface). The functionalization reaction by which molecules are
processed [113] globally reduces the hydrophobicity degree, which could not be relevant to the film
electrochemical response [341]. Reorientation of water molecules, as usual at a hydrophobic surface,
could however persist to some extent, with the consequent phenomenon of solvent ordering at the
interface with nanotubes and of solvent disordering at the interphase with membrane regions, which
are instead hydrophilic [288]. Hydrophobicity of cavities, anyway, does not prevent water molecules
from getting inside narrow nanotube pores, the rotational entropy being able to increase remarkably
upon this internalization [345]. The work accounting on the whole for such entropy variations may
supply a contribution to thermal energy exchanges in the NCN system.

We then generally have two global double-layer structures, one adjacent to carbon nanotubes and one
other to the membrane, in proximity to the extracellular side where inhomogeneities are local and
at the nanoscale [346]. In Fig. (11b) carbon molecules act at one end as nanoelectrodes, while in Fig.
(11c) they mostly behave as capacitors, charged /discharged by neuronal electrical fields and Faradaic
currents. Similarly to surfaces approaching each other in a liquid, neuron and nanotube double layers
will couple and eventually overlap, with implications on their interaction picture. In double layers of
biological membranes, pressure contributions to the ion potential energy are normally neglected [347].
Here, additional thermodynamic countereffects, structural and hydrophobic forces may arise near the
ion channels, membrane and nanotube walls, and should anyway be checked.

An account of Debye’s, Bjerrum’s and Gouy-Chapman’s lengths will also be useful to discuss the
extent of the implied electrostatic interactions. The latter is inversely proportional to the surface
charge, and defines the spreading range of the counterion cloud. The second is the distance (in water,
typically ~ 0.7 nm) below which two ions are regarded to be associated (and Debye-Huckel’s theory
is invalidated). To have many screening ions within ~ /p is equivalent to require Bjerrum’s length
being much smaller than the mean ion spacing in solution. The ends of nanoelectrodes penetrating
into membranes will sense instead, apart from a contact impedance, the effect of a third double layer
located in the cytoplasmic domain (Fig. 23). Describing the ion atmospheres, inside and outside the
cell, can be fairly afforded by Gouy-Chapman’s mean field theory, or its extension to mixed valency
electrolytes (Gouy-Chapman-Grahame’s approach). At a first approximation, the electrical field in each
biological phase will have the same mathematical form, provided with distinct electrostatic details.
Inner (1;) and outer (¢,) diffuse double layer potentials display their own polarization contributions
(i.e. Stern’s layers ¢5; and ;,), with a diffusion membrane potential (Ep) joining intracellular and
extracellular fields [348]. A reasonable estimation of the voltage at nanotube ends thus is:

lpo_lpiNE_ED (11)

where E is the total ‘transmembrane’ potential, accounting for the potential difference of the two bulk
phases in aqueous compartments. Otherwise, when the inner end just arrests at the membrane, a
similar evaluation returns ~ E + ¢; — 2Ep. These potential drops further enrich the picture of chemical
polarization of nanoelectrodes, as it is met by any signal traveling along a pinned membrane. We
remind that the ionic permeability of a channel is sensitive to dipole moments (~ 50 D) lying near its
neck [349]. The selectivity of anions and cations should then be influenced by the polarity of charge
groups and/or dipole orientations. It was also put forward that internal and external membrane sides
may be intrinsically linked by capacitive surface charges [350], in which case carbon nanotubes would
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Figure 23. Electrostatic picture of (left) surface and diffusion potential theories of extra- and intra-
cellular sides, and (right) scheme of carbon nanotube molecules approaching the membrane (yy,; =
outer/inner diffuse double layer potential; §s5,/5; = extra/intra cellular asymmetric polarization
potential; E/Ep = transmembrane/diffusion potential). Capacitors/batteries in the inset on the right

adapted from ref. [167].

likely supply an extrinsic coupling source. Finally, several effects such as surface charge discreteness
or finite ion size could be more pronounced and thus reconsidered at the NCN nanoscale. Whenever
the dielectric medium would cease to be well represented by a continuum, and ions would no longer
behave as pointwise charges, the usual electrostatics picture may need a reformulation. This criticism
is equally met in the calculation of electrical potentials in ion channels, for instance in the vestibular
region [351] or in highly heterogeneous charge distributions of a biological membrane [352].
Imagine now that some biological signal, like an action potential, is elicited when the film molecules
mainly act as a capacitor (Fig. 11c). Any transient field will induce a polarization perturbation,
propagating and fluctuating through the bath electrolyte solution by a stochastic dynamics. Dealing
with time dependence of polarization, its relaxation times and the attainment of equilibrium will
establish how much the electrochemical coupling can effectively store and release electrostatic energy
for the neuronal network. Whenever redox semireactions would develop at molecular walls, the
relaxation dynamics will have to be endowed with the resulting (Nernst-like) reduction potential at
nanoelectrodes. If the voltage is supplied by cells (Fig. 11b), the potential profiles at the neuron and
nanotube extremities will vary with the biological activity. This case, which is likely the most complex
if we consider that nanoelectrode potentials may also originate from distal neural regions, points
out a sort of stochastic capacitor with spatial and temporal random inhomogeneities, each obeying
Hodgkin-Huxley’s or some suitable biophysical model. When this picture is superimposed to Faradaic
charge transfers, to ascertain the role of cells in nanotube reactivity, the involved overpotential value
(17) can be compared to the biological voltage (V). Note that, in a linear regime for the polarization
resistance, Butler-Volmer’s equation for the electrode current density reads:

ixy =V-=V, (12)

where V; is the equilibrium potential for the electron transfer (redox) reaction. This potential difference
stands evidently for an activation energy, and it cannot be said in advance that cells will always
contribute favorably to it. Biomolecules, whose size is typically comparable with nanotubes’, are also
expected to set unfavorable electrochemical interactions. When implanted in the neighborhood of a
nanotube, they may promote an electrochemical gating that lowers conductance. We finally speculate
on a possible electrochemical interaction with negative capacitance values, as former frequency
analyses [240] and investigations of C; [302] already conjectured for gated carbon nanotubes. In
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semiconducting single-walled tubes strongly coupled to a metallic gate, the quantum capacitance was
separated into a couple of terms, one ascribed to the density of states (electron kinetic energy) and
the other, with negative values, to motion correlations (electron interactions) [353]. The signature of
C < 01is a negative transient current following a positive voltage jump that, in mechanical words,
reflects the inertia of the associated process. Under a step function bias, current will be initially falling,
then rising transiently and finally decaying to zero. A number of examples of such a behavior may
be found in charge transport phenomena at relatively low frequencies, generally originating from
dc/ac signal mixing by means of nonlinear conductors [354,355]. A pertinent example is provided by
electrorheological fluids (Fig. 24), characterized by a complex dielectric response [356]. In addition,
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Figure 24. Negative capacitance in an electrorheological fluid at 50 V (adapted from ref. [355]). Symbols
are measured data, lines are fits (with upper and lower boundaries) as they stem from the nonlinear
frequency behavior of fluid conductance with three superimposed plasma-like relaxations.

in a dipole capacitor model at the metal/electrolyte solution interface, negative values were also put
forward for the compact layer capacitance [357]. Now, if this were somewhat the case of NCN systems
as well, carbon nanotubes interfaced with neuron cells would stand not only for ordinary electrodes
or capacitors, but also for dual energy accumulation/conversion devices. During the falling /rising
phase of a biological signal, for example, energy would be stored /released to the neuronal network,
modulating the overall inertia of the polarization process. An interesting application, in this respect,
would be resorting to nanosystems with ferroelectric properties and investigating on the induced
memory effects.

This section, in conclusion, drew part of the complex view arising from charge transmission phenomena
in NCN systems at the solid /solid and solid /liquid interfaces or interphases. A number of ad-hoc
experiments will be useful to clarify in depth classical electrochemistry issues, such as the implication
of Faradaic and non-Faradaic charge separation couplings, the structure of double layers and
surface potentials. A more mechanistic approach to electrochemistry and electrokinetic processes in
nanostructures and cells may be helpful e.g. to shed further light on ionic conductivity variations in
a neuronal system upon interaction with carbon nanotubes —i.e. whether and to which quantitative
extent they interplay with ion channel pores, cell permeability, cytoplasmic Ca®* elevation, neuron
polarization — and on the possible solutions to restore the activity of cells inadvertently impaired.
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8. Blood-brain Barrier, Functionalization and Biocompatibility

8.1. Blood-brain Barrier

Blood-brain barrier (Bbb) (see e.g. [358,359] and portrait in Fig. 25) is a neurovascular unit
surrounding the brain, preventing the reach of toxic materials, assuring nutrients (e.g. glucose, oxygen,
etc.) to the brain tissues, a proper osmolarity and homeostasis for neuronal functions. Its structural
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Figure 25. Scheme of blood-brain barrier (Bbb) and other components of neurovascular units (adapted
from ref. [360]).

elements are astrocytes (i.e. a sub-type of glial cells), the microvascular endothelium, basament
membrane, neurons in endothelium and pericytes (specialized cells surrounding brain capillaries),
signaling pathways and correlations among them specifying a fundamental research area on its own
(e.g. [361]). Brain microvessel endothelial cells tightly connect by apical adherent junctions and
junctional adhesion molecules, generating a continuous and relatively permeable barrier. Owing to a
deficit of surface cytoplasm, they have high density in mithocondria, smaller diameter and thinner
walls than other vessels in the organism. Portions of pericytes may carry macrophages and phagocytose
exogenous proteins and antigens (e.g. [362] and references therein). Molecules crossing Bbb then
undergo a high enzymatic and macrophage degradation [363,364]. Note that Bbb is not a merely static
lipid membrane barrier, as the functioning of cerebral endothelial cells involves a number of metabolic
enzymes (alkaline phosphatase, glutathione transferases, etc.) and an asymmetrical arrangement of
energy-dependent efflux transport pumps (i.e. P-gp and further multidrug-resistance proteins) [365].
There is actually a second barrier after Bbb, separating the blood from the central nervous system,
which a molecule would meet prior to getting to the brain: The blood-cerebrospinal fluid barrier (Bcfb),
gathering epithelial cells of the choroid plexus and being sealed as well by tight junctions between
adjacent cells. It was suggested that to target both Befb and Bbb may be more effective for therapeutic
interventions [366].

Molecular exchanges between blood and brain interstitium thus are very selective, ruled by
several families of solute transporters for small molecules (e.g. glucose or amino acids) and by
endo/trans-cytosis systems for protein molecules [362,367]. Nutrients and ions are said to cross Bbb
via paracellular or transcellular pathways. Paracellular transport is a concentration-dependent passive
diffusion for lipophilic or low molecular weight solute compounds. It is affected by features like
geometrical constraints, substance quantity and type, the spatial polarity profile, and is contained
by the expression of tight junctional proteins that lend high electric resistance to the cell. Reported
values of transendothelial electrical resistivity spam within (1.5 — 8) - 10> Q2 cm 2 [368], three orders
of magnitude higher than in other tissues (3 — 33 Q cm~2). Only small hydrophilic compounds with
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molecular weight < 150 Da and highly hydrophobic compounds weighing < (400 — 600) Da can
enter Bbb by passive diffusion. Lipophilic molecules may cross as well Bbb by getting solubilized
in lipid bilayers of endothelial membranes [362,369]. Transcellular pathway is a major transport
system in the brain, comprising mechanisms as diffusion, receptor-mediated endocytosis, efflux, and
carrier-mediated transport processes [370]. Transportation through luminal and abluminal membrane
of brain endothelial cells may bear the name of transcellular diffusion. Receptor-mediated transcytosis
instead is a saturable active mechanism with high specificity, independent of size and lipophilicity
[371], where ligand molecules interact with receptors on the brain endothelial surface for producing
endocytic vesicles to be transported into the cell. The receptor afterwards separates from the ligand
and releases it out from the endosome by exocytosis. In efflux transportation, accumulation of
damaging substances in the brain is disallowed by flowing out of substances from the brain into
systemic circulation. Carrier-mediated processes, lastly, form a class of saturable transport mechanisms
activated by different types of transporters, which may be dependent on or independent of energy
[362,372,373]. A synoptic picture reporting the crossing pathways across Bbb is available in Fig. (26).

8.2. Bbb Crossing Phenomenology of Nanoparticles and Carbon Nanotubes

Nanoparticles may access the brain by penetrating Bbb or circumventing it via peripheral nerves.
The reach of central nervous system through translocation routes along neuronal dendrites and
axons was noticed in [374]. It isn’t said, however, that particles which are able to mediate biological
interactions with neuronal bodies may travel via peripheral nerves [363,375]. Nanoparticles can cross
Bbb via transcytosis (say, direct penetration) [376], partially prevented by efflux transport proteins
as P-glycoprotein (P-gp) [377], and especially via passive/simple diffusion (adsorptive transcytosis)
and receptor-mediated endocytosis [363,378,379].7 The former can take advantage of the electrostatic
attraction between (positive) surface ligands and the oppositely charged endothelial cells. The latter
relies on overexpressed cellular receptors for selectively transporting nanoparticles across Bbb.
To understand the tendency of a particle to escape the endo/lysosomal pathway, phenomenological
views based on membrane fusion and/or destabilization, particle swelling and osmotic rupture were
supposed [380]. Before a molecules of any kind, internalized by endocytosis, is inactivated by entering
lysosomes (with low pH and a lot of degrading enzymes), it should free in fact from the vesicle
it is trapped into, and it turned out that functionalizations carrying positive charges (for instance,
polyethylenimine — PEI [381], polylysine — PL [171], etc.) may endow the nanoparticle with a more
effective transfection activity. In the so-called proton sponge hypothesis, the positive surface charge
lowers the endosomal pH, implying water influx, osmotic swelling and, finally, vacuole disruption
with cytoplasmic release of nanoparticle/cargo systems [381,382]. This view remains unsuitable to
suggest a valid interpretation key in any circumstance, but represents a promising framework for
applying physical chemistry tools to the quantification of nanoparticle effects on endo/lysosomal
escape pathways. Nanocarriers can also transiently, reversibly and moderately (20 nm) open up the
tight Bbb junctions, augmenting the paracellular permeability of endothelial cells and perycites [382].
A number of diseases (e.g. infections, multiple sclerosis, glioblastomas) can likewise weaken Bbb to
some extent, easing nanoparticle entries into the brain parenchyma, while altered permeabilities may
generally be tied to neuroinflammatory events [383].

As a rule of thumb, particles with size not exceeding (200 — 250) nm may be not recognized by
macrophages and therefore cross Bbb with good biodistribution [362], while rather small nanoparticles
(say < 6 nm) should be cleared to the kidneys [384]. Also carbon nanotubes can be quite generally
uptaken by cells by active transport through endocytosis/phagocytosis and passive transport/simple
diffusion (nano- or needle-like penetration), to be afterwards translocated into different subcellular

7 We omit, from the present discussion, the basic notions behind the nomenclature of these biological processes, with its

subcases and ramifications, which are therefore referred to dedicated texts.
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Figure 26. Crossing mechanisms through Bbb (adapted from ref. [360]). Routes (a-f) are commonly by
solute molecules. Route (g), where monocytes, macrophages and other immune cells take place, is for
drugs and incorporated drugs (e.g. by liposomes or nanoparticles).

compartments (e.g. [363,385-388] and references therein). Their ability to cross Bbb was proven in a
number of in-vivo and in-vitro studies and can successfully be employed in therapies of central nervous
system disorders and brain glioma (see e.g. [362,363]). Either mechanisms, active or passive, can give
rise to a number of simultaneous transport routes and, consequently, to different immune reactions.
Passive nanopenetration across phospholipid bilayers of a membrane, being akin to simple diffusion,
does not require vescicle generations. It is energy-independent and develops upon interactions of
nanotubes, highly hydrophobic, with plasma membranes. Once in the cytoplasm, carbon nanotubes
undergo the usual autophagocytic processes over time, as it was just ascertained in a number of
situations (i.e. horseradish peroxidase [389,390], human neutrophil myeloperoxidase [391], upon
microglia [392] and eosinophils [393]) [394]. In endocytosis, nanotube molecules are first internalized
in endosomes, then merged with lysosomes into endolysosomes. This phenomenon, for both single-
and multi-walled nanotubes, depends on energy (ATP), temperature, and is clathrin-mediated [395].
Phagocytosis resembles endocytosis but is driven by exogenous material of larger size, as bacteria or
microorganisms, and it turns out that internalization of nanotubes is also affected by the phagocytic
cell nature. When e.g. professional phagocytes are concerned, they mainly enter cells via phagocytosis,
to accumulate into lysosomal compartments. Passive penetration into non-phagocytic cells of
single-walled nanotubes was reported instead to be followed by accumulation into mitochondria
[386,387]. It is also interesting to note that, when cells are exposed to soluble (PEG-functionalized)
carbon nanotubes, stimulated endocytosis was supposed to be inhibited [396], allowing for a net
incorporation of plasma membrane by vesicle fusion or exocytosis. In other words, exocytotic inclusion
of vesicles (diameter ~ 50 nm) into the cell would not be balanced by the endocytotic reverse process
in the presence of single-walled nanotubes (diameter = 2 — 11 nm, length = 0.1 — 2.2 ym), whose
relatively long length would constrain the vesicle by preventing it from closing and pinching off the
membrane. This would justify an increase in the net neurite length and a principle of constant cell
surface/volume ratio, also explaining why the number of neurites would correspondingly decrease,
as propounded elsewhere [397].

Penetration mechanisms and kinetics can generally be influenced by relevant features like dispersion
state, molecular length, diameter, surface properties (charge, chemistry, geometry), concentration
and time exposure. Clearly, biokinetics of nanoparticles is also a function of in-vivo surface
modifications (see e.g. the ‘protein corona’ concept, see below) and specific surface areas. Chemically
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identical particles with larger surface area per mass will tend to be biologically more active.
Clusters, bundles, aggregates are normally internalised through endocytic/phagocytic processes,
whereas single nanotubes, especially whether functionalized, mainly resort to passive pathways,
which avoid lysosomial leakages in endocytosis-mediated mechanisms and lower toxycity (e.g.
[387,398]). Unpurified multi-walled molecules may get through plasma membranes into cytoplasm and
nucleus, both actively and passively, indicating possible harmful effects as incomplete phagocytosis
or energy-independent mechanical piercing mechanisms [274,399,400]. About geometric effects,
shortening carbon nanotubes favours their uptake by passive diffusion, and in phagocytic cells
as well. In studying the uptake into human monocyte-derived macrophages, lengths > 400 nm were
mainly localised in endosomes, shorter molecules diffusing throughout the cytosol and suggesting
their extravesicular localisation [401]. An entry route for smaller nanoparticles may be also provided
by neuron synaptic transmission and cell membrane with ion channels (Ca?*, Na*t, K*, CI7) [1].
On the other hand, conjugation of multi-walled nanotubes with Angiopep-2 (ANG, a ligand for
low-density lipoprotein receptor-related protein-1, LRP1) turned out to be selective towards the
wide-type nanotubes (diameter ~ 23.8 nm) as those of the thin-type (diameter ~ 7.9 nm) were not
uptaken [402].

The work that was done in relation to surface chemistry and charge against Bbb crossing is noteworthy,
and below are again some relevant examples. Single-walled molecules (diameter ~ 1.5 nm, length
= 10 — 100 nm) were proposed to act as intracellular transporters via the endocytosis mechanism
for protein molecules (of molecular weight 80 kDa) that are non-covalently and non-specifically
bound to nanotube sidewalls [403]. Endocytosed carboxyl-functionalized multi-walled molecules then
were found to strongly stimulate migration of macrophages (RAW264.7) [404]. In another cellular
environment, both negatively and positively charged multi-walled nanotubes were able to reach
human embryonic kidney epithelial cells (HEK293) by direct penetration, their bundles being instead
endocytosed [395]. Cell penetrating peptide TAT (trans-activating transcriptional activator) and cancer
targeted molecule biotin-functionalized multi-walled molecules were also designed to augment Bbb
penetration [405]. Multi-walled molecules conjugated with gadolinium L2 (amyloid beta targeting
agent) were able as well to cross Bbb via receptor-mediated transcytosis (in therapeutic Alzheimer’s
mice model) [406] and, coated with Pluronic (PF127) surfactant, did not produce neuronal degeneration
close to the injection site [407]. Bbb penetration was also observed when multi-walled nanotubes
were functionalized with fluorescein isothiocyanate (FITC) [408], with no evident toxicity from cell
viability studies, and with dethylenetriaminepentadianhydride/antibody fragment antigen binding
region (FAB), which entered the mice brain and distributed into the parenchyma [409]. Polysorbates
can facilitate the transport of nanotubes to the brain by adsorption of apolipoprotein-E (APO-E)
from blood plasma onto the nanoparticle surface [379]. Sometimes, interaction of charged groups
with the negatively charged cell membrane may yield non-specific crossing mechanisms, like with
cell-penetrating peptides (CPP) [405]. CPP form a class of short (generally not exceeding 30 residues),
water-soluble and partly hydrophobic, and/or polybasic peptides, which are rich in basic amino
acids (e.g. arginine and lysine) and have the ability to enter Bbb by electrostatic interactions [365].
Finally, an interesting heuristic surface-chemistry law holds for the H-bonding extent versus Bbb
penetration. It applies to compounds with high H-bond forming capacity (e.g. peptides with amide
groups), displaying a minimal distribution within Bbb [410]. Lipinski’s rule says in fact that molecules
develop a decreased absorption and permeability when the numbers of H-bond donors/acceptors are
larger respectively than 5/10, each pair of H-bonds bringing to a permeability decrease equal to 1 log
of magnitude [362,369].

A crucial variable is also represented by the nanoparticle concentration, as it was shown in various
contexts. Carbon nanotubes versus viability of PC12-cell lines was strongly dose-dependent [411].
Impairment of axonal regeneration in low density dorsal root ganglia (DRG) neurons upon incubation
with multi-walled molecules (10% of surfactant in saline) was detected over a dose range 1 — 10 ug
ml~!, stepping back to be safe at 0.1 ug ml~! [412]. Similarly, exposure of postnatal mouse DRG
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neurons to multi-walled nanotubes dispersed in culture medium was definitely toxic at 250 g ml~1,
with aberrant neurite morphologies, but got back to be nontoxic at 5 ug ml~! over 14 days [413].
Dose and time thus may be conceived forming a joint experimental variable, suggesting researchers
to investigate both on acute and chronic cytotoxicity to avoid inappropriate conclusions related to
nanomaterials accumulation and delayed toxicity. Sometimes, impairment can come along large doses
of administered molecules, but could not be an intrinsic effect of nanotubes per se [374]. Neuronal
excitability in CA1 pyramidal neurons in rat hippocampus was inferred by means of whole-cell
patch-clamp techniques, providing with an assessment of carbon nanotube neurotoxicity. From an
analysis of action potentials and signal patterns, spike half-width and repetitive firing frequencies
turned out to remarkably increase and still depend upon concentration (= 50,100,400 ug ml~1)
of multi-walled molecules suspended in an artificial cerebrospinal fluid [42]. A dose-dependence
was also registered in the gradual amplitude suppression of voltage-gated transient outward and
delayed rectifier K currents, which affect several processes in excitable and non-excitable cells (e.g.
setting / resetting membrane potential and action potential duration, discharge patterning, delaying
between stimulus and the first action potential) [1].

A hurdle in investigating on realistic nanoparticle biokinetics is to figure out which in-vitro model may
actually rebuild up the in-vivo behavior. Permeability index and (transepithelial / transendothelial)
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Figure 27. Permeability versus TEER in monolayers of primary cultured porcine brain endothelial cells
(adapted from ref. [414]).

electric resistance across cellular layers (TEER, see example in Fig. 27), helpful to characterize the
microstructure (e.g. tightness of junctions among cells), are two noteworthy parameters assisting the
model interpretation [414]. There are many studies reporting in-vitro models (see e.g. [415,416]) with
various types of cell line of different origins and culture environments. This may apply too to the
assessment of neural biocompatibility, as e.g. neurons and astrocytes grow differently on biomaterials.
The former require more specific properties for their adhesion and differentiation. Astrocytes — guiding
the neuronal growth by expressing and secreting molecules which are essential to neurite adhesion,
growth and branching [417,418] — were found to preferentially adhere to carbon nanotubes with larger
diameter and low surface energy scaffolds [419]. Primary endothelial cell cultures thus mimic the
in-vivo Bbb behavior better than immortalized endothelial lines, as they form tight junctions that
express surface receptors and can demonstrate transcytosis. On the other hand, model examples where
Bbb’s failure or disruption is a crucial limiting step in pathology development and/or progression
may be found e.g. in [378]. A further potential pitfall is that experimental analysis of internalization
is not straightforward and strongly depend upon cellular/molecular details. It can rely e.g. on
labeling protocols to track transport — which may bias however the physical chemistry characteristics
of nanotubes, the NCN interaction and thus the quantitative description of translocation or toxicity
mechanisms — or on electron microscopy e.g. to qualitatively assess transcytosis. Unfortunately,
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whenever certain biological details were required (e.g. to discriminate nanotubes endocytosed into
endothelial cells from those interacting with apical cell membranes, or nanotubes in intracellular space
from those exocytosed via basolateral cell membranes but trapped within basolateral space before
crossing the transwell filter, etc.), UV-Vis spectroscopy methods alone (i.e. without secondary carbon
nanotubes labeling) could no longer suffice and should be complemented by quantitative TEM analysis
[388]. It was shown accordingly that a majority of cationic-functionalized multi-walled molecules was
strongly adsorbed onto the negatively-charged glycocalyx structure, staying trapped onto the apical
cell phase without an actual internalization.

8.3. General on Cytotoxicity Effects

The dual chemical/geometrical nature of carbon nanotubes, which is graphitic/fiber-like (as
asbestos), may be responsible for a behavior which is toxic and biopersistent [363], potentially inducing
inflammation, angiogenesis or fibrosis [420], and especially in systems that are sensitive to toxicants,
such as neuronal cells (see the synoptic picture in Fig. 28). The high hydrophobicity and aspect ratio
give these structures the ability to cross biological membranes, threatening the living organism with
a number of potentially harmful effects (see e.g. [386] and references therein). Carbon nanotubes
generally reach subcellular compartments (cytosol, endosomes, perinuclear region, mitochondria,
see e.g. [386,395]), single-walled molecules being proved to raise oxidative stress in a number of
cellular lines, like human keratinocytes, rat lung epithelial and mesothelial cells ([399] and references
therein). Carbon nanotubes also distribute in many organs and tissues (e.g. transiently in lungs,
spleen, kidneys; long-term and dose-dependent in the liver, see [421] on CD1 mice), including a
detectable (1.0 — 3.3 % ID/g) accumulation in brain over 28 days of pulmonary exposure [422].
Acute pulmunary exposure to multi-walled nanotubes—7 fibers was found, still in mice, to cause
indirect (extra-pulmonary) neuroinflammation, as they showed a minimal translocation from the
lung into systemic circulation. After 4 h of exposure, impairment of Bbb integrity was detected, the
largest-diameter vessels and the immediate branches that feed the microvasculature sustaining a
greater Bbb disruption [383]. The mechanistic link of neuroinflammation (and a possibly worsened
proinflammatory phenotype), cytotoxicity and genotoxicity versus Bbb permeability is an issue worth
to be further investigated. Still in this line, single-walled nanotubes turned out to diminish the
cell adhesiveness and thence the proliferation of human embryo kidney cells (HEK293) [423], while
multi-walled molecules induced apoptosis in mouse embryonic stem cells [424]. Surface oxidation in
amino-functionalized multi-walled molecules induced significant levels of glial fibrillary acidic proteins
(GFAP) and integrin family member CD11b (marker of macrophages and microglia), prompting it
may be responsible of inflammatory reactions in a healthy brain [425]. Other researchers claimed
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Figure 28. Connections among carbon nanotubes and toxicity on brain cells upon entering Bbb
(according to ref. [426]).

that electro-conductive multi-walled nanotubes, as opposed to redoxactive and non-conductive —
can change the phenotype and function of microglia cells from rat brain cortex without cytotoxicity,
switching from pro-inflammatory to anti-inflammatory/neuroprotective microglia phenotypes within
(24 — 48) h cell exposure [427] — and were suggested to be electrochemically interacting with human
macrophages [428]. Finally, the (in-vitro) toxicological impact of functionalized and pristine nanotubes
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returned some differences once it is tested on neuron-, mixed glial- and microglial-like cultures. While
specific cytotoxicity effects emerged from mixed glial cultures according to the brain region of origin
(they were lesser in fetal rat frontal cortex (FCO) cells than striatum’s (ST)), the influence of exposure of
mixed glial cells to multi-walled molecules was independent of surface chemistry. A number of types
of functionalized nanotubes (carboxylated, amino-functionalized, amino-functionalized oxidized)
seemed not to elicit harmful effects up to a dose of 100 g ml~! (within 24 h) in isolated neuronal
cultures from FCO and ST, but triggered a cytotoxic response in microglia-containing cultures [429].
Oxidation (e.g. redox imbalance, DNA oxidative damage) is not the only mechanism causing toxicity
and different immunological responses [430], since aggregation, number of walls, chirality and crystal
structure can contribute on their own [420,431]. Nanotubes in aggregated ropes are more toxic than
in dispersion states, even ym-sized dispersed carbon nanotubes were reported to be less toxic than
aggregated ones [138,432]. A relationship between the dispersion state of as-prepared, purified,
carboxylated multi-walled nanotubes and the pro-fibrogenic response was also proposed in tissue
culture cells [433]. Molecules with smaller surface areas seemed to be more toxic as well. Single-walled
nanotubes elicited a greater toxicity than multi-walled [434], maybe because of a certain geometric
resemblance with some virus molecule [138,435]. Impurities like metal catalyst residues incorporated
during the synthesis (e.g. Fe, Co, Ni, Y) take also a central role in cellular toxicity [385]. For example,
cationic Y traces released from aryl-sulphonate functionalyzed single-walled nanotubes inhibited the
neuronal voltage-gated Ca* ion channels in a nanotube dose- and sample-dependent fashion with
inhibitory efficacy (IC50) of 0.07 ppm (w/w) [436]. Metal ions can also influence gene expression by
triggering ROS, affecting NGF, or acting as enzyme cofactors (see [437] and references therein). A
pro-oxidant activity can be ascribed as well to surface erosion in functionalized molecules upon strong
reaction conditions (by disrupting the sp? hybridisation of carbon atoms and, jointly to unavoidable
hexagon ring defects, increasing chemical reactivity) and to molecular length [398,438]. While shorter
nanotubes enter cells more easily, lowering the host immune response, longer nanotubes can get
bundled in extracellular space, giving rise to ROS and oxidative stress [426,439]. It is known moreover
that an excessive length may deform cell walls [379]. To reduce the aspect ratio, strong oxidation,
ultrasonication, steam-purification and mechanical methods are available (e.g. [386]). In any case,
even if carbon nanotubes were completely degradable (e.g. to CO2), their cytotoxicity would not
be zero but should be re-assessed in terms of further aromatic molecules (e.g. rings or polyciclic
hydrocarbons) that could be produced consequently. There is also an issue related to the toxicity
of surfactants, employed to stabilize nanotube suspensions, and generally capable to permeabilize
plasma membranes. Sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS) and
sodium cholate (SC) are surfactant molecules for dispersing bundles of entangled nanotubes into
aqueous dispersions of individual units. However, only SC and carbon nanotubes conjugated with
it did not affect morphology, proliferation and growth of (1321N1) human astrocytoma cells [440].
A more recent biocompatible surfactant is the non-ionic triblock copolymers Pluronics. Further
references about in-vivo and in-vitro biocompatibility / toxicity of carbon nanostructures, are gathered
e.g. in [441,442], keeping in mind a promising molecular system to repair a damaged nervous tissue
does not mean it won’t necessarily ruin the activity of cells it is interfaced with. Carboxyl-terminated
multi-walled nanotubes (diameter 40 — 50 nm, length 300 — 800 nm, 5 mg/ml, 24 h exposure) incubated
with immortalized rat PC12 neuronal pheochromocytoma cells produced in fact a time-dependent
depolarization state that irreversibly inhibited the activity of three kinds of K™ ion channels (transient
outward, delayed rectifier and inward rectifier currents), apparently with no oxidative stress (ROS),
modifications in intracellular Ca%t concentration and mitochondrial membrane potential [443]. A
discussion of inhibition effects of carbon nanotubes on depolarization-dependent ion channels and
transmembrane ion fluxes (Ca%*, K), as formerly noticed in [397,444] may be found in [445].
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8.4. Functionalization and Biofunctionalization

To limit cytotoxycity researchers work with high-purity and/or functionalized carbon nanotubes
(e.g. [446,447] and references that follow). Purification routes, such as acid treatment and vacuum
heating/thermal annealing [333], can reduce toxicity to a meaningful extent [448]. Regarding
functionalization, it has been known for more than twenty years (e.g. [3]) that neurons grown
on nanotubes coated with bioactive molecules (in that case, 4-hydroxynonenal/4-HNE, a lipid
peroxidation product which can trigger an increase of intracellular Ca>* concentration levels, modify
cytoskeletal proteins and signaling mechanisms that govern neurite outgrowth [171]) may produce
multiple neurites with extensive branching. As we have seen, insoluble raw nanotubes may trigger
harmful effects to cells and tissues especially in the form of bundles or aggregates, and even at
low concentrations [449]. Surface functionalization is the technique ordinarily in use for enhancing
dispersability (i.e. hydrophilicity) and translocation ability in biological media/plasma membranes,
facilitating cellular internalization, protein adsorption, biodegradation and excretion, thence prompting
NCN interactions and reducing toxicity.
Functionalization can be accomplished by the incorporation of pendant units such as amino and
carboxyl groups [450]. Normally, these modifications may be carried out covalently if they give rise to
chemical alterations of the surface structure (e.g. by stably incorporating reactive groups as amine
—NHjy, thiol —SH, carboxyl —COOH) or non-covalently, by means of coating or wrapping procedures
relying on electrostatic, 77-71, van der Waals or H-bond interactions between nanotube surface and
hydrophobic/aromatic sites of amphiphilic organic molecules [363]. Two main protocols to get covalent
functionalization of carbon nanotubes are i.) sidewall and tip covalent conjugation of functional
groups, which may be carried out by chemical reactions (see e.g. the 1,3-dipolar cycloaddition of
azomethine ylides in Fig. 29) and ii.) strong acidic oxidation followed by modification, generally
producing purified and shorter nanotubes [430]. Strategy i.) is quite simple but is not versatile when
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Figure 29. Carbon nanotube (NT) functionalization scheme based on 1,3-dipolar cycloaddition of
azomethine ylides, produced by condensation of an R-amino acid and an aldehyde (adapted from ref.
[113]). This reaction is widely in use for modifying fullerenes Cg.

additional insertions are desired, whereas in ii.) tube cap openings/sidewall holes are formed. For
instance, in case of oxidation followed by carboxyl-based couplings, nanotubes may be covalently
conjugated with biological molecules by amide and ester bonds. Oxygen plasma treatment is also used
[102] but there may be cases in which it does not return the expected beneficial effects. Dissociated
retinal cells were cultured in vitro on oxygen plasma functionalized vertically aligned nanotubes
grown from a Fe catalyst and a Fe catalyst with an Al underlayer (Al/Fe). The extent of neurite
outgrowth was larger in Al/Fe samples than upon plasma preparation, suggesting that plasma
functionalization, usually meant to positively alter surface topography, increase surface roughness
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and hydrophilicity [451,452], could in some situation inhibit neurite outgrowth [453]. Dendrimers
(e.g. protonable groups) can also be exploited as an alternative to remedy to the possible damage
produced by an excessive covalent functionalization, yet retaining a high dispersability [454]. Generally,
the (adsorption) affinity of carbon nanotubes with hydrophilic macromolecules such as surfactants,
polymers, peptides/proteins, lipids, and nucleic acids, particularly single-stranded DNA, can be
pronounced enough to give rise to a wealthy of mixed bionanomaterials (e.g. [455]. Coating and
wrapping conjugations preserve the aromatic structure of nanotubes without affecting their electronic
properties [456]. Examples of stable non-toxic polymers involved in non-covalent functionalization are
poly-L-ornithine (PLO), poly(acrylic acid) (PAA), poly(diallyldimethylammonium chloride) (PDDC),
polyoxyethylene sorbitan mono-oleate (PS-80), polyvinylpyrrolidone (PPY), and the above-mentioned
PEI (polyethylenimine), PEG (polyethylene glycol), PABS (poly-m-aminobenzene sulphonic acid), PL
(polylysine) and poly(L-lactic acid-co-caprolactone) [386,457]. However, the weak forces between these
complex elements or physisorption interactions could not assure the necessary stability for a biomedical
use and a long-lasting retention to nanotubes [386]. Noncovalent functionalization was also achieved
in multi-walled nanotubes upon incubation e.g. in trimethyl-(2-oxo-2-pyren-1-yl-ethyl)-ammonium
and 1-pyrenebutyric acid solutions, carrying respectively positive and negative charge units [102].
As it was previously pointed out, a property of the utmost importance here is surface charge (at
physiological conditions, e.g. pH values), whose manipulation may be effective to enhance neurite
outgrowth, to get longer average neurite length, and elaborate neurite branching. Generally, as cell
membranes mostly consist of negatively-charged phospholipids, more positive/less negative surface
charges may yield a more favorable niche [458]. As examples, multi-walled nanotubes functionalized
with PABS and ethylenediamine (EN) were able to induce a higher number of growth cones than
those grown on functionalized with carboxylic groups (COOH) that, in a culture media with pH
= 7.35, are negatively charged as a consequence of the surface charge density (0.2 — 0.5 %) induced by
deprotonation (pKa = 4.5) [459]. The positive charge carried by nanotubes/EN stems from the larger
pKa of amine groups (pKa = 9.9). PABS, containing amine and sulfonic groups, are nearly zwitterionic,
being electoneutral at pH = 7.35. As a result, neurite branching showed a graded dependence on
charge in the order EN > PABS > COOH. Note that use of EN proved to be more effective in giving
multi-walled nanotubes a higher dispersibility and lower cytotoxicity than carboxyl functional groups
[460]. Positively charged multi-walled nanotubes, amino-functionalized by 1,4-diaminobutane, grew
and adhered to neuronal cells too, acting as good electrodes for extracellular recording as well. The
amino-functionalization increases interfacial capacitance (from 2.1 to 22 F mm~2, between nanotube
and buffer electrolyte solution) and lowers the interfacial impedance (from 0.37 to 0.19 kQ mm~2).
These nanotubes exhibited higher sensitivity of neural signals (i.e. larger S/N ratio) than standard
suction glass pipettes [461]. Finally, the adverse impact of neutral and negatively charged nanotubes,
onto cell survival and growth, was also put forward in a study on functionalized 4-tert-butylphenyl-
and 4-benzoic acid single-walled molecules [462]. To afford a thorough analysis of how the biophysical
chemistry behavior changes upon insertion of surface mojeties and/or drug molecules, suitable
quantum-like approaches (i.e. ab-initio simulations and density functional theories, DFT) can be
exploited. A comparison between adsorption energies, intra/inter-molecular interactions, density of
electronic states (DOS, see e.g. Fig. 30), Fermi’s levels, HOMO/LUMO energy gaps, as well as an
analysis of the conformational statistics of functional groups, chemical reactivity and stability, provide
with useful control information about functionalization effects. In carboxylated carbon nanotubes,
the difference between HOMO and LUMO values in functionalized and pristine nanotubes amounts
to —0.07 eV, and it is known that a lower band gap could affect the activity/reactivity in biological
environments [463].

More heterogeneous structures, with polymer molecules, supramolecular complexes or more than
one functional group [362], can be also created to endow the nanostructure with advanced properties.
For instance, covalent functionalization with carboxyl groups allows the insertion of amine and thiols
[401], while covalent attachment of macromolecules to the carbon nanotube surface can be carried out
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Figure 30. Example of total DOS of a carboxylated carbon nanotube (c-CNT) and of c-CNT conformers
with benserazide molecule adsorbed (BZ/c-CNT) (adapted from ref. [463]). BZ (C19H15N305) is an
irreversible inhibitor of peripheral aromatic L-amino acid decarboxylase, useful in combination with
L-Dopa in the therapy of neurodegenerative diseases.

by ‘grafting to’ or ‘grafting from’ procedures (e.g. [464]). In the first, polymers with a reactive group is
linked to functionalized nanotubes by a chemical reaction. The second, where polymerization of a
given monomer is started from reactive nanotube sites, is characterized by a higher grafting density
and better nanostructural control. Polymer grafting methods can be used to adjust surface chemistry,
polarity and charge density by either using homo-polymers or random co-polymers encoded with
desirable moieties.® About polymer materials, PEI, PEG and PLO were noticed to promote neural
cell attachment, neurite outgrowth, and increasing biocompatibility of carbon nanotubes [465]. With
PEI/functionalization (see Fig. 31), carrying positive charge, a modulation of neurite outgrowth and
branching was observed, as opposed to zwitterionic or negatively charged nanotubes [466]. PEG
chain attachment to nanotubes with large enough molecular mass is an extensively used technique
to promote their elimination from the body and decrease toxicity [467]. PEGylation increases the
nanotube half-life in blood vessels, preventing the immunological clearance upon opsonisation [386].
In another investigation, single-walled molecules were coated with electro-active polyaniline (PANI) by
in-situ chemical polymerization and employing sodium dodecylsulfate (SDS) as a surfactant template
for monomer assembly/polymerization. In-vitro biocompatibility with primary immune cells turned
out to be affected by the dosage and cell type [468]. Cross-linked poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) [469] then was observed to elongate neural stem cells, impacting
on their differentiations to neurons and eliciting longer neurites [470]. It showed good (in-vitro)
biocompatibility, high stability upon long-term biphasic pulse stimulation and aggressive cyclic
voltammetric stimulation. As a relevant example, single-walled nanotubes carrying carboxylic end
groups were functionalized with PABS and PEG. Addition of these nanotube graft copolymers, to
cultured neonatal rat hippocampal neurons grown on PEI-coated coverslips, increased the length of a
number of neuronal processes [397], highlighting in this case too dose-dependent phenomena to light.
The neurite number/neuron diminished at 1 #g ml~!, but no meaningful variation in the total neurite
length /neuron occurred, as neurons evidenced an increase in the average neurite length. Treated
neurons had sparser yet longer neurites. This was ascribed to a modulation of intracellular Ca?*

8 Seee.g. [458], on the effect of grafted polymers/carbon nanotubes onto human embryonic stem cell differentiation into
neurons
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Figure 31. Reaction scheme for single-walled graft copolymer (SWNT-PEI) synthesis, functionalized
with branched polyethyleneimine (adapted from ref. [466]). A similar schematic could also be drawn
e.g. for PABS, PEG, EN [397,459].

homeostasis, known to be implicated in neurite elongation kinetics, as single-walled /PEG nanotubes
may inhibit the depolarization-dependent Ca?* influx from extracellular space to the cytosol.
Incorporation of functionalized nanotubes into hybrid structures or nanocomposites then can be
promising to create nanostructures with enhanced features (e.g. mechanical strength, biodegradability,
electric conductivity, cytocompatibility, etc.) and/or for drug delivery. This was the case e.g. of
the multifunctional biodegradable elastomer poly(glycerol sebacate urethane) (PSGU, 4 wt. %),
strengthened by carbon nanotubes functionalized with PEDOT:PSS [471]. Charge storage capacity,
(1508 + 4) uC cm~2, and electrochemical impedance at 10 kHz of this nanocomposite, (204 + 44)
), outperformed pristine Pt electrodes. Other examples bringing to alike conclusions are the
trihybrid electroactive material formed by Iridium Oxide (IrOx), carbon nanotubes and PEDOT -
that is, an inorganic metal oxide, a carbon nanostructure and a flexible polymer, to be exposed
at the interface with the biological system [418] - and the electrically conductive hydrogel, with
specific conductance (5.75 & 3.23) mS m~!, fabricated by covalently embedding functionalized
graphene oxide acrylate (GOA) and carbon nanotube/poly(ethylene glycol) acrylate (PEGA) within
an oligo(poly(ethylene glycol) fumarate) (OPF) hydrogel via chemical cross-linking followed by
in-situ reduction of GOA in L-ascorbic acid solution [472]. Without resorting to PEDOT chains, the
IrOx/single-walled nanotube hybrids deposited as three-dimensional thin film structures by dynamic
electrochemical methods [473], and conventional multi-electrode arrays of IrOx and W/ stainless-steel
microelectrodes, modified with multi-walled nanotubes still by electrochemical means [331], are
further noteworthy examples of bioelectroactive carbon-based nanomaterials. In this latter case,
electric measurements at a frequency of 1 kHz returned a decreased impedance (from 940 k() to
38 k() and an increased charge transfer (40-fold) for multi-electrode arrays. In order to create a
composite hydrogel equipped with electric conductivity and surface charge, positive charges were
embodied through 2-(methacryloyloxy)ethyltrimethylammonium chloride (MTAC), yielding a stiffer
interface for cells to adhere, spread, proliferate and differentiate. Finally, a nanohybrid of carboxylated
single-walled nanotubes and levodopa (LD, for Parkinson’s disease) was built up by 7t-7r stacking
interactions [474], while oxaliplatin (OXA, for orthotopic glioma therapy) was incorporated into a
cell penetrating peptide- and cancer-targeted molecule carboxyl-functionalized multi-walled carbon
nanotube [362,405].

A last strategy to improve NCN interphases, for an effective repair and regeneration of neuronal
tissues, is resorting to biofunctionalization [465], i.e. the provision of compounds as proteins, genes
or therapeutic molecules, giving rise to a nanomaterial with a biological activity that, normally,
tends to increase with their volume [475]. A conceptually simple first example of it is just binding
carbon nanotubes to blood proteins [476] or globular heads [477]. Amino-functionalized multi-walled
nanotubes, administered with nerve growth factor (NGF, an endogenous soluble protein for the
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survival, growth, plasticity, and protein synthesis of differentiated neurons), increased the number of
neurons with neurite outgrowth when compared to the addition of NGF alone and their concentration
in the culture medium was ranging in (0.11-1.7) ug ml~!. The extracellular signal-regulated kinase
(ERK) signaling pathway was in that case activated [478]. In another study, neurotrophin (NGF,
or brain-derived neurotrophic factor BDNF) was covalently bound to amino-group-functionalized
multi-walled carbon nanotubes to form a coated nanostructure (diameter ~ 25 nm, length < 2
um) that elicited neurite outgrowth likewise the soluble NGF and BDNF. A maximum bioactivity
was detected at a given neurotrophin concentration (10 ng ml~!) in the culture medium, but the
relatively large size of these nanostructures was incompatible with transportation inside cells. As
neurotrophin may internalize upon binding to its receptor, neurotrophin-coated nanotubes was
deduced to be internalized by endocytosis [475]. About the carboxyl functionalization, it turned out
that functionalized multi-walled carbon nanotubes didn’t alter the neurotrophin expression level, but
elicited neurotrophic factor release (BDNF) from cortical and hippocampal neurons (isolated from
embryonic mice) regardless of their cellular type [479]. Overall, their influence on cultured neurons
seemed to resemble Matrigel’s, a soluble basal membrane (comprising laminin, collagen IV, heparin
sulfate, proteoglycans, entactin, and nidogen [480]) that was acting effectively as a coating substrate
for primary neuron cultures.

8.5. Morphological Notes

One of the ultimate goals of a thorough mechanistic analysis of NCN interphases is to collect
all the atomistic/molecular knowledge for a morphological /morphogenetic comprehension of either
NCN interactions or neuronal media themselves. The brain, inclusive of its extracellular space (i.e. 1/5
of brain volume), obviously forms a highly coordinated system, where neurons and glial cells generate
electrical fields in a concerted fashion and little is still known of its space structure and time-spiking
dynamics [108,481]. A ‘morphological” problem may clearly arise whenever one asks about the rise
of a functioning neural network from an assembly of single neurons, growing and structuring up to
get to an astonishingly intricate molecular system [482]. Researchers started challenging analysis of
form-function interactions and the underlying molecular and cellular mechanisms to inquiry their roles
in the morphogenetic growth and differentiation into ordered neuronal networks, where a fundamental
understanding of basic points — such as a full dynamical description of microtubule rearrangements
(nucleation, stabilization and transport, see Fig. 32), the creation/destruction of synaptic connections,
and the basic knowledge to precisely calibrate stimulus parameters (e.g. stimulation type, power and
duration) for avoiding inappropriate perturbations bringing to apoptosis — is still lacking [12]. In
this case too, however, carbon nanotube interphases may offer suitable testing systems with stable
topology and a consistent recording of electric bioactivity (as in small interconnected neuronal circuits
morphed by one-to-one neuron-electrode interphases [482]). Similarly to the scaling and universality
notions met in macromolecular sciences [269], NCN interactions may be expected to include both
specific terms, dependent upon the types of biological cells and nanotubes employed [484], and
invariant contributions, linked to the transition to larger spacetime scales, i.e. from single neuron
cells to synaptic connections and three-dimensional tissues. According to a minimal basic scheme
to model how a NCN interacting picture may develop at diverse scales, there emerge the cell body
region, for localization and selectivity events, and the growth-dependent neurite’s. Let cell membranes
then to stay stable — as long as suitable differences in charge density (linked e.g. to concentration,
charge type and size of inorganic and betaine ions) and stability (i.e. the hydrophilic colloidal fluids of
proteins/polysaccharides) are maintained [485] — carbon nanotubes should potentially interact with
neuronal electrogenic responses at any scale.

The relative arrangement of carbon nanotubes with neurons and /or non-neuronal cells was ascertained
to be essential to morph the properties of the system as a whole. Neuron-carbon nanotube or
neuron-glial interactions cell can contribute differently to the behavior of a NCN interphase [486]. The
importance of the latter was documented e.g. in neuron migration phenomena [487], in synchronization
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Figure 32. Microtubule reorganization in neuronal morphogenesis (adapted from ref. [483]).

of firing patterns from neurons in regions of non-synaptic glutamate-release astrocytes [299] and in
the propagation of intercellular Ca?* signaling between astrocyte networks and distal neurons [488].
The behavior of neuronal cells at an interphase was also studied for different substrates/arrays (in Fig.
33), highlighting a certain complexity of diverse clustering trends, and suggesting a phenomenology
of the many-body type [451]. An unexpected collective behavior of neurons was detected at 8 days
in-vitro, ruling out a major effect of serum protein deposition in the modulation of neuronal adhesion,
migration and neurite extension. The relative affinity between neuron-neuron and neuron-substrate
was varied by means of five multi-walled nanotube arrays, with different surface chemistry, bringing
to the appearance of variable neuronal organizations with intermediate phenotypes. For instance,
when neuron-substrate interactions were augmented by oxygen plasma treatment, neuronal cluster
and neurite bundle formation were gradually lowered. In another extreme case, settled by treatment
with PEG5000, good cell viability is observed accompanied however by a total absence of neuronal
differentiation, clustering and lack of neurites on the surface. Changes in cell adhesion upon
different surface chemistries eventually resulted into clusters of various morphology (e.g. fractal-,
sunshine- and ball-like), while bundle-like organizations come from neurite-neurite interaction
preferred over neurite-surface’s. All surface chemistries produced neurite fascicles, but displayed
remarkable differences in the fraction of fascicles linking two distinct neuronal clusters (it was 100 %
maximum for silicon wafers with a raw nanotube array, and minimum, 10 %, for a treatment in 2 mM
pyrene-PEG5000 aqueous solutions) [451]. Needless to say that unnatural cellular constraints will
negatively impact the system bioactivity. When quantities like length, diameter, roughness, stiffness,
wetting angle, surface-to-volume ratio, electric conductivity and surface charge of carbon nanotubes
(and their substrates) are on scale with neuronal systems, NCN interphases will better match the
prerequisites of the biological matter. For instance, on varying the copolymer PEI/single-walled
nanotube ratio, we have seen in ref. [466] that neurite branching and outgrowth could be somehow
modulated. Alongside, carbon nanotubes are reported to modulate glial cell morphology and
gliotransmitters, enhance glutamate uptake, regulate the intracellular gamma amino-butyric acid
(GABA) distribution in astrocytes, and set an interaction between adenosine triphosphate (ATP) release
of astrocytes and neurons [489]. Neuronal interaction and information exchanges proceed in fact
by releasing chemical messengers (neurotransmitters) at synapses and their reception in specific
proteins (receptors), triggering a physiology reponse. After an action potential gets to a synapse,
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Figure 33. Hippocampal neurons clustering on raw (Ag) and functionalized (A;_5) multi-walled
nanotube substrates (adapted from ref. [451]). (A) Non-differentiated neurons, (B) network built by
individual neurons and neurites, (C) network-like clusters linked by numerous neurite fascicles,
(D) sunshine-like neuronal clustering, (E) fractal-like clusters and (F) ball-like cluster structure
(fluorescent confocal microscopy images at 8 days in vitro, bar = 250 ym). A; » 3 were non-covalently
functionalized by positively charged trimethyl-(2-oxo-2-pyren-1-yl-ethyl)-ammonium (A1), negatively
charged 1-pyrenebutyric acid (Ay) or pyrene— PEG5000 (A3). A4 was covalently modified by treating
Ap with plasma oxygen (getting a mixture of carboxyl, carbonyl and hydroxide groups), while As was
obtained by covalently coupling A4 to PEG5000. Further substrate details are found in [451].

neurons undergo depolarization and neurotransmitter release. Thus, neurons interphased with carbon
nanotubes may own a reasonably equipped machinery to keep functional and display a long-range
interaction.

Processes like neuritogenesis, neurite growth, synaptogenesis, synaptic stabilization, axon formation,
neuronal polarization and dendritogenesis (see Fig. 32) should be correlated as well to topology (e.g.
intertwining) and geometry (spatial organization) of both the endogenous extracellular matrix elements
and growing environment, giving rise to a shape-like (nanotopography) interaction affecting local
and directional growth of cells and their adhesion to the NCN interphase via physical confinement,
chemical functionalizion and electric charge [2,12,138,445], as neural cells were suggested to prefer
surface-treated larger-scale nanomaterials [490]. Low circularity distributions of neural cells were
detected on positively charged (conductive) hydrogels, characteristic of a more linear shape as
confronted with electrically neutral hydrogels [472]. Exposure to multi-walled nanotubes tended
to unbalance a population of bipolar/rodshaped and amoeboid microglial cell phenotypes towards
the amoeboid shape (after 24 h), to produce an almost stationary distribution from 48 h of exposure
onwards [427]. It was also noticed that neuronal cells interphased to a substrate or film are inclined
to intertwine, bend and curl when they meet a roughness comparable with the length scale of the
biological process [491]. An established nanotopography interaction developed when membrane
contacts afford focal adhesion sites ranging in ~ (5 — 200) nm (e.g. [492]), while a mean roughness of
tens of nm is able to electrically couple nanotubes to neurons [171,493]. Increasing the flexibility of
carbon nanotubes, as it is related e.g. to their length, normally increases the surface roughness and
favors the formation of a porous network (i.e. a ‘sponge’) that elicits the adsorption of culture medium
proteins. This NCN interaction creates protein concentration gradients along carbon nanotube patterns,
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where cells turn out to preferentially grow and neurites are guided by ym paths, even at angles close
to 90° [494]. Extracellular proteins are known in fact to promote neuron adhesion to substrates
(e.g. laminin, with size =~ 70 nm) [495], their adsorption onto carbon nanotubes being governed
by hydrophobic and electrostatic forces [496]. Equilibrium isotherms (e.g. Langmuir’s, Frohlich,
Van der Waals, etc.) and thermodynamic stability criteria [497] then may be exploited to deduce
adsorption features (e.g. monolayer fractions) and the equilibrium constant, inversely proportional to
the rate of attainment of equilibrium in a reversible adsorption/desorption phenomenon [498]. The
morphology of carbon nanotubes was suggested as well to regulate stem cell differentiation [7,138,499],
nanoparticles being generally able to activate one or more transcription factors increasing the fraction of
neurons carrying neurites (e.g. [437,500]). Mesenchymal stem cells cultured on carboxylic single-walled
molecules attached preferentially to nanopatterns, spreading and elongating with development of focal
adhesion contacts along the pattern axis [501,502]. NCN interphases are most easily studied by means
of standalone carbon nanotubes (i.e. linear morphologies) and two-dimensional structures. The former,
normally, promotes the generation of directional signalling pathways among cells, the latter tending to
grow neurons and dendrites in radial directions [496]. Three dimensional organizations, which are
proven to play important effects on NCN interactions [503] and where in-vivo conditions are better
inquired, cells seem to develop more branching points and elongation [504]. It is interesting to note
that more elongated neuron morphologies offer a better directional impulse conduction and dictate
a larger mechanical rigidity of the final tissues [496,505]. Conversely, a lower neuronal branching
decreases detrimental effects on nerve regeneration, sets a connection between neuronal network and
target innervation and leads to a better axonal pathfinding [506,507]. In comparison with randomly
aligned multi-walled molecules, directional effects induced by nanotubes tend to suppress axonal
branching [508].

As it may be argued from the previous contents, further length scales may be clearly designed and
investigated. For instance, crinkling of carbon nanotube films, by swelling/shrinking nanotube-coated
substrates, yielded mesoscale ridges featuring (300 — 500) nm in height, tens of nm in width and a few
pm in length [509]. These mesostructures too were beneficial for neuronal development, the growing
cells fastly assuming (in 24 h) a highly polarized geometric shape with numerous neuritic protrusions.
On the contrary, neurons cultivated on non-crinckly substrates retained a radially symmetric,
unpolarized morphology. In multi-walled nanotubes coated with poly-L-lysine (PLL), a positively
charged synthetic amino-acid chain, cells displayed neurite growth along the edges of substrate
patterns only onto long enough nanotubes [510]. Neurite-pattern bridges extended over 20 m or so to
create synaptic links. Over the years, researchers have built up increasingly sophisticated nanomaterials
and have moved from carbon nanotube sheets and yarns, endowed with directional orientation
[511], to embracing architectures as carbon nanotube scaffolds or layer-by-layer assembled nanotube
composites, which can mimic the electric features of nerves, electrically stimulate neurons and/or
trigger the differentiation of multipotent cells [512]. To make the usual model examples, anisotropically
conductive hydrogel scaffolds (e.g. multi-walled nanotube/chitosan) proved to be effective in neural
regeneration and directional outgrowth by action potential transmission between neighbouring
neurons, first generated by depolarization/repolarization across axon membranes and afterwards
sent across synapses via voltage-gated Ca?* channels [507,513]. Pillar nano/micropatterning (i.e.
ridge—groove-ridge) was found to govern the neuronal growth by giving a surface contact guidance to
neurite attachment and extra/intracellular protein alignment [514]. On cytocompatible multi-walled
nanotube/chitosan scaffolds, hyppocampal neurons (HT-22) acquire elongated geometry, the insertion
of graphene nanoplatelet reinforcement driving them to spread radially [496]. NCN interactions within
these nanostructures can be even augmented by electric or laser stimulation, enhancing proliferation,
neurite length kinetics and differentiation [12]. In testing the joint effect of substrate stiffness, electric
conductivity and relative composition on neurite outgrowth phenomena in neuronal PC12 cells
cultured on nanocomposite hydrogels, the electric stimulation induced neurite alignments at an angle
(60° —90°) to the applied electric current/field, produced primary and longer neurites (20 — 46 %
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more) and a larger net outgrowth (18 — 49 %) than in non-stimulated control states, where neurites
were multiple, shorter and randomly oriented [515]. Hydrogels with high PEG fraction (20 % w/v)
and multi-walled nanotubes at 0.1 % w/v displayed the highest total outgrowth and mean neurite
length within the whole class of soft and stiff hydrogel materials investigated, to be further increased
upon electrical stimulation by 2- and 1.8-fold, respectively. Polyurethane (PU) and silk fibroin were
combined with multi-walled nanotubes functionalized with carboxylic group by electrospinning
technique. The obtained electrospun scaffold was tested in-vitro with Schwann cells, stimulating
their growth, proliferation, and improving axonal growth, neural cell sensitivity and expression [516].
Scaffolds in fact can also mimic the tubular organization of axon and dendrites [138,517].

Overall, nanotopography and physics/chemistry (see the scheme in Fig. 34) should better go hand
in hand, i.e. a matching in only one of the two could not return a NCN interface with the expected
performance. A good example of this is given by the electric and mechanical coupling. Neuronal
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Figure 34. Pictorial representation of some features of carbon nanotube substrates for establishing
NCN interactions and assisting cell attachment, growth and function (adapted from ref. [171]).

growth and morphology was confronted on substrates coated to PEI and single-walled nanotubes/PEG
films with different thicknesses, thence at different electric conductivities. An akin investigation could
be made e.g. by changing the surface-to-volume ratio, greatly reducing the contacting electrical
impedance [171]. The outcome anyway was that low conductivity-substrates (i.e. 0.3 S cm~!) could
only promote a meaningful neurite extension/outgrowth [518]. In thicker, more conductive films,
neurite outgrowth was limited, with an increase in the mean area of cell body and a decrease in the
number of growth cones at neurite tips. The latter is known to control neurite outgrowth and synaptic
formation [519], while neurite patterns get influenced by molecular signaling (e.g. neurotrophic factors)
and tubulin/actin dynamics [465]. In addition, it is interesting to recall the electrical conductivity of
nerve tissues was reported in the range (1.0 - 1072 — 5.7-1071) Sm~! [472]. A further compliance
phenomenon stems from mechanics. The outstanding properties of carbon nanotubes (i.e. roughly
five times mechanically stronger than steels) descend from a strong interaction between C atoms in
sp? hybridization. For defectless nanotubes, Young’s modulus would be 1.80 TPa in multi-walled
molecules and 1.25 TPa in single-walled, to be reduced by the presence of defects to (10 — 50) GPa
[171]. In spite of that, long enough carbon nanotubes may be nicely twistable and bendable to a
large extent, they can deform when in contact to growth cone structures, whereas short nanotubes
may be too stiff to support axon extension [520]. A problem thus may stem from the mismatch with
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the much softer elasticity range, (0.1-6) kPa,? applying to neurons, the central nervous system and
brain tissues [452,522], as several cell functions are sensitive to mechanical properties of the cellular
environment, especially in the long-term [521,523]. Substrates matching these values elicited higher
expression of neuronal early markers (i.e. SllI-tubulin and MAP2, microtubule-associated protein 2)
for the maturation of stem cell-derived neurons, with long neurites and presynaptic terminals, while
cell morphologies on stiff substrates were bipolar and immature [524]. Also, neural cells turned out to
correlate with the substrate stiffness according to the cell type. Hippocampal neurite outgrowth didn’t
depend on Young modulus, unlike dorsal root ganglion (DRG) neurons that displayed a maximum
outgrowth on substrates of stiffness ~ 1 kPa [515,525]. A final point that should be realistically
considered, and which certainly raises the complexity of NCN interactions, comes from phenomena
ascribed to the formation of a “protein corona’. In practice, it would stand for what cells (and organs)
‘see’ or ‘perceive’ in-vivo, as nanoparticles embedding a biological fluid are normally enshrouded
by an adsorbed layer of biomolecules [526] that may further be enriched by other molecular species
interacting with it (e.g. lipids [527]). Protein corona affects nanoparticle interactions with the cell
environment (e.g. cellular receptors) to even revert their in-vitro behavior [528]. Conceptually, it stands
in a certain relation with opsonization and clearance by phagocytic cells [529,530]. When nanoparticles
are endowed with a barrier layer inhibiting opsonin adhesion in blood serum, they stay hidden to the
phagocytic system [531]. The mechanistic origin of protein corona falls to a large extent into physics
and chemistry, like thermodynamics and chemical kinetics [529]. Given the biomolecular compositions
and concentrations, concepts like hydrophobicity /hydrophilicity, hydrogen bonding, solvation and
van der Waals forces are surely expected to take place in its formation, with possible structural changes
in protein chains as well (e.g. in secondary structures, with denaturation). Whatever factor may be
involved, it will strongly depend on differences in plasma, serum, species, and circulation but, quite
interestingly, corona interactions seems to be not exclusively electrostatic, as there would be little
correlation of them with protein charges (i.e. positively charged nanoparticles do not have coronas
dominated by negatively charged proteins, and vice versa) (see e.g. [532]).

This research, given so far its lack of predictability, may be told to be still in its infancy, and
expected to benefit from advanced computational approaches, likely machine-learning techniques.
An outlook of open prospects and questions can be found in [529]. Ad-hoc theoretical methods and
nanostructural design are desired to control protein corona formations, i.e. what and how proteins
will interact to a given nanoparticle surface/functionalization. To report some example of basic
carbon nanotube-protein interaction, one may resume amyloid diseases and remind that nanomaterials
can disturb the B-sheet conformation of amyloid monomer, suppress or slow down oligomer and
protofibril kinetics, and even disassemble pre-existing fibrils and plaques [379]. Nanotubes were found
as well to enhance nucleation of protein fibrillization. Molecular dynamics simulations (MD), an
efficient tool to inquiry carbon nanotube-protein interactions at the single molecule level, highlighted
in fact that single-walled molecules inhibit amyloid ABs_2, peptide and full-length A fibrillization
by destabilizing the B-sheet structure through hydrophobic forces and 7r—stacking interactions [533].
Carbon nanotubes own conjugated 7-electron structures, thus a polypeptide with aromatic moieties
could generally interplay with them via 77—7 stacking forces. They were also established to interact with
amyloid ABys5_35 oligomers to form S-barrel structure by curving AB25_35 B-sheets and to interfere with
fibril formation by affecting the kinetics of intersheet H-bond backbones [534]. Adsorption mechanisms
of AB1_4p on the single-walled nanotube surface initiated by interactions with the hydrophobic core
while hydrophobicity was generally governing the collapse of the amyloid chain [535,536]. Similarly,
and still by means of MD computations, the interaction of single-walled molecules with A peptides
(whose misfolding was linked to Alzheimer’s disease) turns out to compete with AB-Af’s, preventing

9 With the critical rupture strength of brain tissues being ~ 3 kPa [521].
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the formations of intra/inter-chain H-bonds, of a-helix and S-sheet structures of the Af trimer, and
increasing the likelihood of random-coil configurations [537].

In conclusion to Section 8, owing to the many factors that can participate in here, it is tough
to draw an unequivocal opinion on the in-vitro versus in-vivo neuronal biocompatibility of carbon
nanotubes, especially if one regards their long-term fate in-vivo and the lack of a precise correlation
between in-vitro and in-vivo biological responses [12]. To devise procedures for assessing, confronting,
reducing and possibly eliminating nanotoxicity remains an open research area, intimately connected
to a quantitative/mechanistic understanding of how carbon nanotubes and other nanostructures
interact with neuronal and other biological systems. Investigating further by more mechanistic
means on dosing, time- and exposure routes (injection, ingestion, inhalation), physical and surface
chemistry (size, distribution, aggregation/adsorption, functionalization) in nanoparticle release
phenomena (i.e. dispersed in physiological circulating fluids) are only a few examples in which theory,
experiment, pre-clinical and clinical protocols meet [12,385]. For example, the precise nanoparticle
amount accumulating in a single neuron cell after circulating through the body, penetrating Bbb
and eluding the astrocyte uptake is still unpredictable, as it is influenced by so many factors like
protein corona [528]. Very good results (less citotoxicity) on NCN interphases had already come from
studying carbon nanotubes trapped within a network (e.g. polymer gels) and/or developing from a
surface (substrate or scaffold), despite in-vivo environments are very rough and demanding also for
implantation techniques [329]. Continuing with the analysis of three-dimensional media, where NCN
interactions may find platforms for a systematic study of many-body and/or collective behaviors, will
shed further light on morphological and morphogenetic views. Theoretical physics and chemistry
disciplines, for their part, offer rather effective tools that could also find an outlet in nanosciences.
Mean field and renormalization theories in fact require an element of randomness (in a way, what is
deterministically unknown), various length and/or time scales (certainly applicable to neuronal or
NCN interactions) and a bare quantity (e.g. membrane potential, synaptic conductance, etc.) [538], to
be rescaled /renormalized into an effective counterpart that depends in turn on a relevant spacetime
scale [539].

9. Drug Delivery to Neurons

Many drugs do not accomplish the prerequisites to cross Bbb (i.e. on size, lipophilicity, etc.),
thus various protocols were inspected, spamming from more or less invasive administrations to
non-invasive drug modifications with larger permeability and/or coupled with compounds to
overcome the blood-brain barrier (Bbb). [362,378]. When nanoparticles are adopted, for a safe
and responsive use in living systems, they need to be biocompatible/biodegradable (i.e. non-toxic,
non-inflammatory, non-immunogenic) and modified at their surface by materials or biomaterials
carrying a functional /conjugate group to target/enter Bbb and display a suitable half-life in blood (e.g.
by eluding the reticulo-endothelial system). Insulin, transferrin, apolipoprotein E, 2-macroglobulin
are examples of chemicals transported by receptor-mediated endocytosis, thus they can be adopted
to improve the nanoparticle surface for an efficient Bbb entry [540]. Other suitable ligands are
polyethylene glycol (PEG), lactoferrin, peptide angiopep-2 (ANG) and thiamine. In general, for a
nanocarrier to act as a delivery carrier to the central nervous system, it should i.) penetrate one or
some membrane layers (mucosa, epithelium, endothelium), ii.) cross Bbb or travel by nerve terminals;
iii.) diffuse via the neuronal or glial cytoplasmic membrane, and iv.) break free from encapsulation
in organelles [382]. Another aspect to be mentioned is the assessment of the ratio between biokinetic
rates in relation to the intended aims. A rapid clearance of nanotubes lowers their potential toxicity
but may be a disadvantage for delivery purposes due to a smaller circulation time, as it is set by their
rapid excretion. This may be the case e.g. of nanotubes functionalized with chemical groups reducing
the blood half-life to a meaningful extent [541]. On the other hand, for fast irreversible internalization
processes, cargo molecules could need to be quickly released.

Resorting to nanoparticles like carbon nanotubes as drug carriers to neurons and the nervous system



Version December 7, 2022 submitted to 57 of 89

[542,543] (see Fig. 35) has become over the years an important strategy e.g. for the release of active
chemicals at specific sites or for direct interaction with disease-related biomolecules [379], and is based
on the outstanding properties (geometric, electric, etc.) partly already addressed in the former sections.
Normally, carbon nanotubes can load a molecule (e.g. a drug) via physical adsorption by non-covalent

a MWNT- MWNT+/~- MWNT+

b PEI SWNT-PEI AP-MWNT
PEI SWNT-PABS or

[ SWNT-PEG

Figure 35. Carbon nanotube effects on neurite outgrowth and growth cones. (a) Surface charge of
multi-walled molecules versus neuron outgrowth and branching pattern. (b) Single-walled molecules/
polyethyleneimine (PEI) graft copolymer substrate fosters neurite outgrowth and branching that
are intermediate to those displayed by PEI and as prepared multi-walled nanotubes (AP-MWNTs),
prompting that neuronal growth may be differentially sensitive to substrate qualities. (c) Adding
watersoluble graft copolymers such as single-walled molecules/poly-m-aminobenzene sulfonic acid
(SWNT-PABS) and single-walled molecules/polyethylene glycol (SWNT-PEG) enhances the length of
the selected neuronal processes and reduces the growth cone number (adapted from ref. [543]).

hydrophobic interaction, encapsulation, surface functionalization, and by other carriers with nanotubes
serving as release controllers [544]. The attachment (also covalent) of chemical groups (e.g. lipids, DNA
and various peptides) then is useful to improve some features, among which biocompatibility is one of
the most important in drug delivery to living cells like neurons. Carbon nanotubes are intrinsically
toxic, this being linked to the ability of fullerenes to induce lipid peroxidation, to hydrophobicity,
aggregation propensity and interaction with cell membranes, as it was already discussed in subsection
8.3. Further evidences suggest that the presence of metal ion impurities drive fullerenes to generate free
radicals. Interestingly, in vitro and in-vivo experiments demonstrate that, in cytoplasm, single-walled
carbon nanotubes tend to be actively transported inside lysosomes but not in mithocondria, unless their
concentration overcomes a given threshold value, estimated in mice to be ~ 300 mg/kg (mice). This is
a relevant aspect because the increase of dangerous ROS would mostly be triggered in mitochondria.
A simple decrease of their dosage could therefore prevent from the appearance of toxic effects as
"pharmacological” organelles (lysosomes), and not "toxicological’ ones (mitochondria), would only
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be affected by the administration of single-walled nanotubes. Usually, 300 mg/kg is quite above the
pharmacological active dose for an effective drug release to neurons,'’ therefore, dose reduction may
represent a simple yet reliable manner to improve biocompatibility of carbon nanotubes. To combine
this procedure with purification and chemical modifications would then guarantees an even better
bioactivity. On the other hand, the enzymatic degradation (i.e. peroxidases) that nanotubes may
undergo in extracellular space, immune and glia cells [446] reduced the concerns about their use in
neuron therapies. Apart from the regeneration of peripheral nervous system [399], carbon nanotubes
may find applications in treating neuro-inflammation (a common aspect of many neurodegenerative
disorders) [545] and in the realization of photo-triggered nano-delivery systems [546]. Neuron stem
cells moreover can grow and differentiate on carbon nanotube-containing substrates [547]. On the
other hand, the enzymatic degradation (i.e. peroxidases) that nanotubes may undergo in extracellular
space, immune and glia cells [446] reduced the concerns about their use in neuron therapies. These, as
well as further aspects, were discussed in the former section 8.

As we discussed in subsection 8.2, a most intriguing aspect of carbon nanotubes which may be relevant
to drug delivery resides in their high efficiency to cross the cellular membrane according to a passive,
endocytosis-independent, mechanism [548]. Probably, during uptake, they dispose perpendicularly
to the membrane and, by acting as nanoneedles, can penetrate the lipid bilayer without provoking
cell death. Dynamic simulations involving amphiphilic nanotubes and experimental techniques
(nano-tubes spearing, SEM images and near-infrared fluorescence) support such a mechanism [548].
Length is as well a crucial feature for crossing cellular membranes. Short nanotubes (generally < 1
um) structures rapidly enter the cytoplasm and nucleus of rat hippocampal cells and PC12 cellular line
(neuron progenitors). Other notable carbon nanotube features (namely, high electrical conductivity,
mechanical strength, excellent chemical stability, and high surface-to-volume ratio) identify them as
promising candidates for the realisation of nanosystems devoted to a targeted drug delivery to neurons.
All such characteristics make the design and realization of carbon nanotube-based delivery systems
feasible, enabling a precise control of drug transport and a fast response to external stimuli such as
pH, temperature, light, magnetic and electrical field [399,546]. For example, electrical conductivity
can guide the growth of nerve cells and promote myelination, providing with a new strategy for
clinical peripheral nerve regeneration and functional reconstruction [549]. Carbon nanotubes may
mimic [550] but also influence the functioning of neuronal ion channels, i.e. transmembrane proteins
mediating the passive transport of ions, and involved in a broad range of basic biological processes
such as excitation, signalling, secretion, adsorption [1]. Probably, nanotubes sit in or on top of channel
pores and interrupt ion fluxes and channel transitions from open to inactive states. Interestingly,
electrochemically neutral unmodified single-walled nanotubes with rather small diameter (0.9 nm)
displayed a great blockade capability (e.g. on K channels) by a concentration-dependent reversible
mechanism, and large-diameter multi-walled nanotubes seemingly showed none [444,542]. Finally,
while the chemical stability of carbon nanotubes prevents from transformation into undesirable (toxic)
metabolic sub-products, their high surface/volume ratio greatly enhance the effect of surface chemical
modifications, prompting them as promising tools for developing specific approaches to different
types of injuries in the central nervous system [399]. It was already emphasized how functionalization
chemistry opened new horizons in the study of biomedical applications of carbon nanotubes [548].
For instance, the ability of amine-functionalized carbon nanotubes to form stable supramolecular
complexes with nucleic acids via electrostatic interactions, can pave the way to different prospects,
among which gene therapy, genetic vaccination and immune-potentiation enhancement deserve to be
mentioned explicitly.

To sum up, the above considerations and evidences support the idea that carbon nanotubes are very

10 In case of single-walled nanotubes/acetylcholine complex, 25 — 50 mg/kg is the optimum dosage release to mice neurons.
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good candidates for becoming reliable and effective drug delivery systems, as they accomplish the
paradigm on which modern concepts of personalized and precision medicine rely.

9.1. Applications

In the last decade, applications of carbon nanotubes to drug delivery have increased so a lot that
it is hard, if not impossible, mentioning and commenting on every aspect. For simplicity, one may
single out two main strategies. A first regards their direct use, and conceives nanotubes as carriers
devoted to transport the desired drugs into cell cytoplasm and/or nucleus [542,545,548], the second is
about an indirect use of them. In fact, in the last case, carbon nanotubes serve to modify some of the
properties of the delivery system (e.g. such as mechanical strength or electrical conductivity) which, in
turn, may affect the release kinetics by modifying the delivery structure and mechanism. In addition,
surface-modifications of nanotubes can be helpful to increase the propensity of cells to adhere to the
delivery system/scaffold. In other words, they can favour interaction and information exchanges
between living (cells) and nonliving matter.

One of the most appealing usage of carbon nanotubes, belonging to the first strategy, is connected with
the oral administration of acetylcholine (ACh) [542]. It is a natural transmitter of the cholinergic
nervous system, allowing signal transmission between neurons and, thus, lying at the basis of
functional activities of neurons such as thinking, memory and learning. As Alzheimer (AD) is a
neurodegenerative disease induced by the lack of ACh (neurons fail to correctly synthesize it), ACh
administration should be the best treatment of AD, but unfortunately the strong positive charges
carried by such a molecule render its delivery into the brain impossible since they hinder the crossing
Bbb. In order to solve this problem, a single-walled nanotube/ACh adsorption complex was designed
by incubating the two compounds together [542]. Then, the authors induced dementia in mice by an
intraperitoneal single dose injection of kainic acid (KA, 20 mg/kg), a neurotoxic amino-acid which
is damaging neurons. For evaluating KA effects, mice learning and memory capabilities were tested
before injection and after 24 h. While mice belonging to the control group were not treated with
the above complex, those belonging to that therapeutic received, after 20 h from KA injection, the
single-walled nanotube/ACh complex via gastro gavage (20 — 50 mg/kg, corresponding to 4 — 10
mg/kg ACh). Experimental evidences demonstrated that not only the carbon nanotube-based complex
can be absorbed by gastrointestinal mucosa, but it can even get to hippocampal neurons. In fact,
learning and memory abilities of the treated mice were similar to those untreated, whereas the control
group clearly revealed a learning and memory deficit. Interestingly, a separate administration of
single-walled molecules and ACh did not provoke any effect on the cognitive ability.

Another interesting application, falling into the second strategy, is that proposed in refs. [499,
551], where the rat sciatic nerve regeneration was dealt with by releasing different drugs
(erythropoietin or curcumin) from a poly-lactic acid (PLA)/multi-walled nanotube or poly-L-lactic acid
(PLLA)/multi-walled nanotube guidance conduits containing Schwann cells (SCs). One of the most
effective methods, aimed at the treatment of peripheral nerve system (PNS) injuries (microsurgical
nerve autographs), is not free in fact from issues such as the limited accessibility of donor sites and the
loss of sensation in donor and recipient areas. To this purpose, use of synthetic conduits, built up by
proper biomaterials and containing pro-regenerative substrates (stem cells, growth factors), seems to
furnish a good alternative. Practically, the conduit hosted the proximal and distal end of nerve stumps
into its respective ends, in order to improve and guide the development of the two stumps (see Fig. 36).
Aiming to increase the system performance, the inner part of the conduit was filled by a fibrin hydrogel
containing SCs. These cells cover a positive role in axonal regeneration, as they secrete neurotrophic
factors enhancing the survival of injured neurons, their presence induce considerable macrophage
infiltration to the injured nerve, which provides the axonal growth with a favourable environment,
and, finally, they release nerve growth factors (NGFs) [551]. Survival and health of SCs was guaranteed
by addition of different drugs (such as curcumin and erythropoietin) inside the fibrin gel. While the
electrical conductivity of hollow conduit was realized by electrospinning of a PLLA solution containing
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Figure 36. Scheme of proximal and distal ends of nerve stumps inserted in a conduit filled by a fibrin
hydrogel containing Schwann cells and chitosan nanoparticles loaded by curcumin, whose release
improved the SC survival.

multi-walled carbon nanotubes bearing on their surface different oxygen-containing groups (mainly
carboxyl groups), a curcumin-controlled release was achieved by addition of chitosan nanoparticles
inside the fibrin hydrogel [551]. Efficacy and reliability of the proposed approach was studied by a
random subdivision of rats into seven groups. Group I represented the positive control (rats without
any lesion and treatment), group II was constituted by rats injured with 8 mm nerve gap and treated
by nerve autograft, group Il was the negative control group (rats injured with 10 mm nerve gap and
without any following treatment) while other four groups comprised rats injured with 10 mm nerve
gap and treated with different formulations, containing or not containing curcumin and SCs. The
evaluation of motor functional recovery of injured rats was realized by an account of the value taken
by the sciatic function index (SFI). Experiments showed that, after 2 months, there was no significant
difference between values associated with group II (autograft samples) and group VII (rats treated
with fibrin hydrogel containing curcumin and SCs).

In another study [552], carbon nanotubes act on NGF release kinetics from collagen-nanotube composite
matrices. Such materials were realized by mixing, in different proportions, a collagen (type IV from
bovine Achilles tendon) solution, containing the desired NGF amount, with an aqueous suspension of
surface-functionalized (carboxylic groups) multi-walled molecules (30 nm diameter, 20 um length).
The final product, a dried thin film (=~ 100 mm thick), then was heated to produce crosslinks between
collagen chains and carboxylic groups. While collagen was adopted to enhance biocompatibility,
functionalized multi-walled carbon nanotubes were aimed to increase the electrical conductivity of the
film. It is worthwhile to report that NGF release from the film was ruled by passive diffusion, and
the film electrical stimulation considerably increased its release rate. On the other hand, this work
did not explain in sufficient depth the reasons behind the release rate enhancement upon electrical
stimulation. In our opinion, two possible causes (not mutually exclusive) can be invoked. A first
may be an increased NGF mobility upon the electrical field, the second instead being about a possible
modification of carbon nanotube-collagen networks, still driven by the electrical field. Should the
network modification be permanent, i.e. still present after the electrical stimulation removal, the
new structural network characteristics could be detected by means of different techniques such as
Low Field Nuclear Magnetic Resonance [553], which may help to discern among the reasons for such
an enhanced kinetic rate. Finally, it was also observed that an increase in NGF release stimulated a
development of PC12 (neuron progenitors) cells cultured on the film.

The above study, stressing the importance of carbon nanotubes in substrates used for cell cultivation,
represents a sort of starting point for realizing scaffolds aimed at neurons culture. For example,
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a multi-walled nanotube/agarose scaffold for neuron growth!! under electrical stimulation was
proposed in [549]. This work demonstrated the electroconductive neural scaffold resembles the
native three-dimensional extracellular matrix which provides guidance channels to nerve cells. It
was shown furthermore that the applied electrical stimulation can recreate a physiological neuronal
activity, promoting the directional growth of nerve cells, a very important aspect in regeneration of
peripheral nerves. It is easy to understand the incorporation of particular drugs, such as NGF itself,
could ameliorate and optimize the scaffold performance. In this light, an electrospun catalpol-loaded
composite nanofibrous scaffolds was realized to get stem cells from human adipose cells [554]. Catalpol,
an iridoid glycoside isolated from the roots of traditional Chinese medical herb Rehmannia, and acting
as neurogenesis inducer, is released from a fibrous scaffold formed by poly(lactic-co-glycolic acid)
(PLGA), silk fibroin (SF) and multi-walled carbon nanotubes. A higher percentage of cells (> 60%)
with neuronal phenotype then was detected on catalpol-loaded nanofibers as compared with control
groups.

9.2. Further on Cytotoxicity and Drug Delivery

As it was discussed throughout the former section, a point which is primarily influencing the
application of carbon nanotubes in-vivo, such as drug delivery for the treatment and diagnosis of
diseases of the central nervous system, is given by their intrinsic and ultimate cytotoxicity. We have seen
how this issue may be complex, depending on the biological environment, and sometimes controversial,
with several studies documenting toxic effects and others suggesting very low or even insignificant
toxicity (see e.g. [555]). Such an apparent contradiction was explained by reminding that different
types of nanotubes, distinct preparation, purification, evaluation methods, and even different exposure
conditions were inspected in the literature [556]. Although a definitive systematic approach to this
issue does not exist yet, it has been interesting to see how researchers coped with it over the years. In
particular, we remind that functionalization with PEG molecules is one of the most common strategies
to diminish the toxicity of nanotubes (see also [557]). In targeted drug delivery (methotrexate or
siRNa) for rheumatoid arthritis, usage of PEG-functionalized carbon nanotubes furthermore decreases
the well-known methotrexate toxicity and guarantees its selective accumulation in inflamed joints
within a serum-transfer mouse model [558]. In a further study, of computational nature, a significant
toxicity reduction was reached by transporting carnosine dipeptide, an anti-ageing compound and
neuron protection in relation to Alzheimer’s dementia [559]. Free energy simulations conducted
therein revealed in fact that functionalization with such a molecule was beneficial for the solubility
of nanotubes. Another investigation [560] focused the attention on the belief that carbon nanotubes
do not undergo in-vivo degradation, making them bio-persistent and ultimately akin to asbestos
fibres, which are sadly famous for their ability of triggering inflammation and, eventually, lung cancer
(mesothelioma) [561]. Conversely, an enzyme that is present in white blood cells (myeloperoxidase)
was suggested to be able of converting nanotube molecules into water and carbon dioxide [562].

It is known alongside that a number of workers, researching on drug delivery procedures in anticancer
therapies, remarked that in-vivo applications of carbon nanotubes still require a deeper knowledge of
their pharmacological/toxicological impact in humans, before clinical trials or a routine practice may
be definitely recommended (see e.g. [563]). This precaution partly relies on the formerly discussed
ability of nanotube molecules of accumulating in tissues (e.g. heart, spleen, brain), where they might
elicit long-term oxidative stress and damage healthy cells. On the other hand, their high potentialities
- not only for administration of synthetic drugs such as anticancer (e.g. docetaxel, doxorubicin,
methotrexate, paclitaxel), anti-inflammatory and steroids, but also to carry genetic materials (plasmid
DNA, micro-RNA, small interfering RNA (siRNA)) [564] - is there for all to see, and remain. A most
important reading key for this debate likely resides on the strong individual character of (real) carbon

11 RSCY6 - neuronal Schwan cells from rattus norvegicus and PC12 cells.
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nanotubes, not infrequently overlooked to some extent. Owing to the various intensive and extensive
variables, previously reported to influence the biological response (geometric features, dose, time of
exposure, purity, presence of chemical agents bound to their surface, etc.), it may be tough in fact to
reliably isolate the effects of each of them [556].

10. Conclusive Remarks

The properties of carbon nanotube materials are outlined in the greatest possible generality in
view of a mechanistic inquiry into their effect on the biological activity of neuronal cells, including
an outlook on drug delivery. Several frameworks were described, in particular to let percolation,
electron and electrochemical processes better emerge. Thermal, mechanical and chemical properties
were also discussed, including a comparison among materials of different molecular composition or
nanostructure, as well as the processing histories of nanomaterials and substrates. The main biological
frameworks (blood-brain barrier and crossing mechanisms, nanotoxicity and biofunctionalization) are
gathered in the second part of the review.
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