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ABSTRACT: In recent years, the use of free-standing carbon
nanotube (CNT) films for neural tissue engineering has attracted
tremendous attention. CNT films show large surface area and high
electrical conductivity that combined with flexibility and biocompat-
ibility may promote neuron growth and differentiation while
stimulating neural activity. In addition, adhesion, survival, and
growth of neurons can be modulated through chemical modification
of CNTs. Axonal and synaptic signaling can also be positively tuned
by these materials. Here we describe the ability of free-standing
CNT films to influence neuronal activity. We demonstrate that the
degree of cross-linking between the CNTs has a strong impact on
the electrical conductivity of the substrate, which, in turn, regulates
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for owning the perfect combination of strength and
conductivity, both thermal and electrical, along with a
large specific surface area characterized by low density."”
However, in general, CNTs are not suitable for practical
applications, since they are produced in a powder and show
poor processability for use at the macroscopic scale. In this
sense, the research on CNT films (often called buckypapers)
has blossomed during the past years,”® yielding materials with
improved properties. Films of pure CNTs can be prepared by
vacuum filtration methods;* however, the mechanical perform-
ance and stability of pristine CNT films are still limited, as the
interaction between adjacent CNTs takes place through weak
n—n stacking and van der Waals forces.” Chemical cross-
linking of CNTs is a promising strategy for increasing the
mechanical features and overcoming the aforementioned
weaknesses of CNT films. A buckypaper made by covalently
cross-linked CNT's would result in stronger interactions amon:
CNTs, leading to higher tensile strength of the CNT films.%®
In addition, networks of CNTs generated by cross-linking are
expected to exhibit an interesting porous structure, beneficial
for a wide number of applications.
Nowadays, chemical modification and assembly of CNTs
into higher order constructs preserving CNTs founding

C arbon nanotubes (CNTs) have long been recognized

features is still a major challenge. The cross-linking process is
obtained, in general, at the expense of a reduction in electrical
conductivity, due, at least in part, to the disruption of the CNT
structure via covalent bonding. Therefore, a compromise
between the mechanical and electrical properties may be
necessary, and the optimal cross-linking degree should be
determined according to the desired final properties and
applications.

Several methods have been proposed for cross-linking
CNTs, including the use of long and flexible poly(ethylene
glycol) chains,"’ 1,4-benzoquinones,11 aryl diazonium salts,
and polymer coating."> More recently, Ku et al. demonstrated,
through molecular dynamics and experimental studies, that the
mechanical properties strongly depend on the degree of cross-
linking, length of cross-linkers, and the diameter of the
employed CNTs,'* and they proved that the incorporation of
aromatic cross-linkers between carbon nanotube fibers
enhances the mechanical properties without a significant loss
of electrical conductivity. Hence, this method appears as a
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Figure 1. Diazonium salt cross-linking reaction routes to provide the interlinked SWCNTs.

promising methodology for the preparation of CNT films with
interesting structural and electrical properties for a wide
number of applications.

Among the potential applications of CNT films,'> an
emerging field is that of neuroscience. CNT substrates
promote cell viability and adhesion,'® and during the past
decade many studies reported that CNTs enhance and guide
axon growth and potentiate synapse formation and network
activity'®>* as well as single neuron excitability, by providing a
cell—substrate electrical coupling.'” When used to coat brain
implants, CNTs are able to outperform traditional electrodes
by enhancing recordings and stimulation from and to brain
tissues, both in vitro and in vivo.”** Interestingly, CNT films
contribute in reducing astrogliosis, affecting astrocyte
morphology and proliferation,”" ultimately limiting glial scar
formation.”

To successfully promote neuronal growth, the CNT
substrates should show high mechanical stability in order to
provide a stable neural interface.'® High electrical conductivity
is also crucial to achieve good stimulation of the neural cells."®
However, the development of CNT substrates with appro-
priate mechanical stability and good conductivity, applicable to
the design of neuroimplantable devices, still remains a
challenge. In this direction, the chemical modification of
CNTs can be used to influence the CNT/neuronal interaction
and modify cell behavior.”> Most of the studies involving
neural substrates that consist of covalently modified CNTs
reported so far are based on oxidized materials.”*"*° CNTs
covalently functionalized with protein growth factors have also
been described.”’ Conducting polymers have also been used
for the chemical modification of carbon nanotubes and their
application for neuronal growth.”>™** However, this kind of
hybrid material normally shows reduced electrical conductivity,
a CNT feature shown to be relevant in neuronal interfac-
ing.'”*>3° In other cases, patterned CNTs are used as scaffolds
to support neurite outgrowth,’” yielding fragile substrates that
may lead to detachment of the CNTSs during the implantation
process, exposing potentially toxic scaffold materials.

In this framework, one of the major requirements to allow
successful design of CNT-based devices in neurology is the
development of conductive and freestanding structures with

high CNT content, covalently cross-linked materials with
improved mechanical stability. Such freestanding CNT
substrates could be simultaneously used to deliver controlled
and precise electrical stimulus and to promote cell growth on a
physical template of controlled porosity.

Herein we focus on the chemical cross-linking of single-
walled carbon nanotubes (SWCNTs) through aromatic
compounds, with the aim of achieving CNT substrates with
upgraded mechanical properties, still maintaining interesting
electroconductive behavior. We challenged the cross-linked
SWCNT scaffolds, showing different conductive properties,
with neuronal network growth and function.

RESULTS

Features of Manufactured CNT-Based Substrates.
SWCNTs were chosen for the formation of the cross-linked
materials because of their high flexibility, a feature that could
make the formation of the desired CNT meshes easier. Aryl
diazonium salt chemistry, which has been widely used in the
literature for grafting aryl groups to the surface of graphitic
materials,”**” was applied for the cross-linking of SWCNTs.
For this purpose, p-phenylene diamino derivatives with
different lengths were employed as cross-linkers, while the
degree of entanglement was checked by varying the degree of
functionalization. In detail, the cross-linking procedure was
performed using p-phenylenediamine, 2,5-diaminobenzenesul-
fonic acid, and benzidine, yielding the products ph-SWCNT,
phSO;H-SWCNT, LCD-SWCNT, and HCD-SWCNT, re-
spectively (Figure 1). LCD and HCD refer to the products
resulting from the cross-linking with benzidine at low and high
degrees of cross-linking, as reported in a previous work, "
where the synthesis and characterization of LCD-SWCNT and
HCD-SWCNT have been described.

The successful formation of the interlinked materials was
followed by Raman spectroscopy, in combination with UV—
Vis—NIR absorption spectroscopy, thermogravimetric analysis
(TGA), atomic force microscopy (AFM), transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), and conductivity measurements, to obtain fully
detailed information about the structural, electronic, and
chemical properties of the synthesized nanohybrids.



UV—vis—NIR absorption spectra were recorded for each
material and compared with pristine SWCNTs (p-SWCNTs)
(Figure S1). The spectrum corresponding to p-SWCNTs
exhibits the typical van Hove singularities attributed to the
different optical transitions. As expected, the cross-linking
procedure resulted in the loss of the van Hove singularities.
This loss of features is due to the alteration of the electronic
structure, which is particularly indicative of sidewall function-
alization.

Raman spectroscopy also provided efficient support to the
successful cross-linking of SWCNTs (Figure S2 and Table 1).

Table 1. TGA, Raman and Conductivity Data for the
Resulting Cross-Linked Materials

material TGA (umol/g)“ Raman Ip/I; o (S/m)
p-SWCNTs 0.06 3389
Ph-SWCNT 2023 0.27 56
PhSO;H-SWCNT 1045 0.23 102
LCD-SWCNT 536 0.24 1083
HCD-SWCNT 944 0.39 81

“umol of functionalizing groups per gram of material.

The spectra performed using the 785 nm line laser show the
typical peaks corresponding to the CNTs, that is, the radial
breathing mode (RBM), between 180 and 280 cm™, and the
two peaks corresponding to the disorder-induced D mode and
the C—C stretching G mode, at 1295 and 1595 cm™,
respectively. As observed, the intensity of the I/I; ratio was
higher for the cross-linked materials when compared to p-
SWCNTs, as a consequence of the increase of the structural
defects on the CNT sidewall after the cross-linking process. To
get a deeper insight into the types of CNTs that were involved
in the functionalization process (metallic or semiconducting),
the RBM regions were analyzed. To this end, 532 and 633 nm
laser lines were employed, since the 785 nm laser line is only in
resonance with semiconducting CNTs. As shown in Figure
S2d, where the RBM spectra are normalized to the mode of the
nanotube with the largest diameter that was not affected by the
functionalization (smallest Raman shift), the RBM intensities
indicate that metallic CNTs are affected by the cross-linking
process to a larger extent when compared to semiconducting
CNTs. These results are in good agreement with previous
studies that have revealed that the covalent functionalization of
SWCNTs with diazonium salts takes place with high selectivity
toward metallic CNTs.""**

The degree of functionalization was determined by TGA
under nitrogen flow and consisted of heating ramps of 10 °C/
min up to 800 °C (Figure S3 and Table 1). In order to
facilitate the determination of the decomposition temperatures
of the cross-linking agents, differential thermogravimetric
(DTG) curves were superimposed (Figure S3).

From DTG curves, the initial decomposition temperatures
of the weightlessness of the cross-linking agents were estimated
as follows: around 280 °C for ph-SWCNT, 363 °C for
phSO;H-SWCNT, and 230 °C for LCD-SWCNTs and HCD-
SWCNTSs. These are completely removed at around 600, 580,
and 380 °C for ph-SWCNT, phSO;H-SWCNT, and LCD-/
HCD-SWCNTs, respectively. The residual mass, once the
cross-linking agents have been removed, is 68% for ph-
SWCNT, 78% for phSO;H-SWCNT, 91% for LCD-SWCNTs,
and 86% for HCD-SWCNT, which might be attributed to the
remaining mass of CNTs, probably corresponding to those

CNTs with larger diameters. TGA analysis allowed also the
estimation of the functional group coverage (FGC) for each
sample, which was estimated from the weight loss percentages
(wt %) of the cross-linking agents (wt %y,.,) and SWCNTs
(wt %gwenTs) in each sample, and the molecular weights of the
cross-linking agents (MW);.,) and atomic mass of carbon
according to the following equation:

Wt %gyenre/12.01
wt %linker/ Mvvlinker

FCG =

For this purpose, the wt % was determined from the mass
loss in the TGA curves under N,, at 600 °C for ph-SWCNT, at
550 °C for phSO;H-SWCNT, and at 500 °C for LCD-
SWCNTSs and HCD-SWCNTs, where it is considered that the
cross-linking agent has been completely removed from the
CNT sidewall. According to this, the TGA curves developed a
group coverage of 1 group every 23 carbon atoms (2023 pmol/
g) and 1 group every 77 carbon atoms (1045 ymol/g) for Ph-
SWCNT and PhSO;H-SWCNT, respectively, in agreement
with the results from the Raman studies presented above. For
the longest linker consisting of two phenyl rings, the calculated
group coverages were 1 group every 234 carbon atoms (536
umol/g) and 1 group every 98 carbon atoms (944 pmol/g) for
LCD-SWCNT and HCD-SWCNT, respectively, as previously
described in the literature.*® These latter results, along with the
Ip/I values observed for both materials, confirmed the higher
loading of linkers reached through the second round of
functionalization.

Electrical conductivity studies were also performed for the
synthesized materials and compared to those of p-SWCNTs.
For this purpose, the van der Pauw method was employed.**
Thin films were prepared using the vacuum filtration method,
and the average membrane thickness was measured. The sheet
resistance (R;) was evaluated by means of a 4-point probe
conductometer. For p-SWCNTs, Ph-SWCNT, and PhSO;H-
SWCNT, which did not show the free-standing structure
required to be manipulated by tweezers, the conductivity was
calculated without peeling off the materials from the surface of
the PTFE filter. In order to avoid inaccurate readings due to
the direct contact between the conductometer points and the
filter, thick films of material were prepared. Electrical
conductivity (o) was then calculated from the measured R,
and the sample thickness (t), according to the formula ¢ = 1/
(Ryt). The data reported in Table 1 collect the results obtained
from Raman, TGA, and conductivity measurements. As
expected, p-SWCNTSs presented the highest values of
conductivity, which decreased after the disruption of the
71— structure by means of functionalization and, more so, with
the increase of the functionalization degree, as clearly observed
in the case of LCD-SWCNT relative to HCD-SWCNT. These
results are consistent with the analysis previously performed on
the RBM Raman regions (Figure S2d). The change toward less
metallic behavior after the cross-linking process explains the
decrease of conductivity observed for the cross-linked materials
that is higher when the loading of cross-linking agent increases.

To better understand the topography and structure of the
cross-linked materials, TEM and SEM studies were performed.
TEM images revealed the existence of clear differences before
and after the interlinking process. For Ph-SWCNT and
PhSO;H-SWCNT (Figure S4), larger meshes of nanotubes
were observed after the functionalization process, indicating a
successful covalent cross-linking of the CNTs. Considerable
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differences were also observed by TEM between the LCD-
SWCNT and HCD-SWCNT." According to its paper-like
physical appearance, the density of the meshwork was higher
for LCD-SWCNTs in comparison with p-SWCNTs, and most
notable, a dense meshwork of CNTs characterized by large
surface roughness was observed for HCD-SWCNTs."
Similarly, a change in the surface morphology was observed
by SEM between the p-SWCNTSs and the interlinked materials.
As observed, ph-SWCNT and phSO;H-SWCNT (Figure S5)
exhibited a more compacted rough surface when compared to
the pristine material. In the case of LCD-SWCNT and HCD-
SWCNT, the interlinked SWCNTs exhibited a network-like
structure with a homogeneous distribution, leading to a large
continuous wrinkled film of nanotubes.*’

To estimate the cross-linked SWCNTs" potential as
substrates for neuronal growth, dissociated hippocampal
cultures®>* were seeded on LCD-SWCNTs and HCD-
SWCNT. The choice of LCD-SWCNT and HCD-SWCNT
for the study was motivated by the easy preparation of free-
standing substrates in these cases, which is a prerequisite for
their future application as substrates for neural growth in the
injured tissue. It is important to note that Ph-SWCNT and
PhSO;H-SWCNT were obtained as powder samples after the
functionalization process. Free-standing substrates were not
achieved in these cases. Therefore, their manipulation in future
implantation processes would not be a straightforward task.
This, together with the fact that the electrical conductivity of
Ph-SWCNT and PhSO;H-SWCNT was very similar to that of
HCD-SWCNT (see Table 1), led us to the decision of using
only LCD-SWCNT and HCD-SWCNT for neural interfacing.
On the other hand, the existence of considerably different
values of electrical conductivity between LCD-SWCNT and
HCD-SWCNT (1083 vs 81 S/m, respectively) allowed an
interesting comparison about how this parameter affects
neuronal behavior. These conductivity values are considerably
better than those reported previously for MWCNT's chemically
modified through the same approach,” which is probably
attributable to the intrinsic conductivity of the pristine
materials, which is much better in the case of the p-SWCNTs
employed in the current work (¢ = 3389 S/m for p-SWCNTs
vs 6 = 625 S/m for p-MWCNTs (calculated from the sheet
resistance in ref 25)). After the functionalization process,
higher loading of functional groups is achieved in the present
work (944 pmol/g for the SWCNTs with a higher degree of
functionalization vs 230 pumol/g for the MWCNTSs with a
higher degree of functionalization reported in ref 25). Even so,
the electrical conductivity for the functionalized SWCNTs is
around 200 times better than that reported for the highly
functionalized MWCNTs (6 = 0.341 S/m and ¢ = 81 S/m for
functionalized MWCNTs and SWCNTs, respectively), which
suggest the promise of our cross-linked CNT-based substrates
for the improvement of neuronal activity.

Confocal reconstructions and calcium imaging experiments
were then performed to assess the behavior of the neural cells
when seeded on the conductive CNT substrates.

Confocal Reconstructions of Hippocampal Cultures
Interfaced to LCD-SWCNT and HCD-SWCNT Substrates.
To investigate neuronal network formation and growth when
integrated with the SWCNT films, we used rat dissociated
hippocampal cultures.'”*>*® Cultured biosystems allow
reliable in vitro reconstruction of synaptic connections
among heterogeneous neuronal phenotypes in the presence
of neuroglial cells and are brain-circuit models instrumental to

investigate ad hoc manufactured materials for interfacing
neuronal activity.

Primary neurons from rat hippocampus were plated on
LCD- and HCD-SWCNT films and, as control condition, on
poly-L-ornithine-treated glass slides. Cells were cultured into
functional synaptic networks. Cell morphology and adhesion to
SWCNT substrates were assessed by immunofluorescence
labeling and confocal microscopy. Figure 2A shows represen-
tative TEM images of the two different substrates. We
compared neurons grown on poly-L-ornithine (control)
substrates with those grown on SWCNT scaffolds, after 9—
11 days in vitro (DIV). To prove the compatibility of both
LCD- and HCD-SWCNT substrates, we imaged by immuno-
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Figure 2. (A) TEM images for LCD-SWCNT (left) and HCD-
SWCNT (right) substrates. (B) Confocal micrographs showing
hippocampal cultures grown (10 DIV) on control (top), LCD-
SWCNT (middle), and HCD-SWCNT (bottom) substrates
immune-stained for f-tubulin III (in red), GFAP (in green), and
DAPI (blue) at lower (left panel) and higher magnification (right
panel). Scale bar: 100 ym (left) and 50 pm (right).
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Figure 3. (A) (left) Snapshots of representative fields of neuronal cultures grown on control (top) and LCD-SWCNT (bottom) substrates,
stained with Oregon Green 488-BAPTA-1 AM. Scale bar: 50 um. (A) (right) Repetitive Ca® events spontaneously (top) or bicuculline-
induced (bottom) recorded in hippocampal cultures of 10 DIV. (B) Cumulative distribution of IEI values recorded in saline solution of
control (black) and LCD (red) cells (***p < 0.0001; Kolmogorov—Smirnoff test). (C) Cumulative distribution of bicuculline-induced IEI
values of control (black) and LCD (red) cells (***p < 0.0001; Kolmogorov—Smirnoff test).

fluorescence the specific cytoskeletal components S-tubulin III,
to identify neurons and glial fibrillary acidic protein (GFAP)
for astrocytes.*****’ In all cultures tested (n = 33 visual fields
for the three different conditions), before fixation for confocal
microscopy, live neuronal calcium activity was monitored.
Figure 2B shows low (left panels) and high (right panels)
magnification confocal micrographs with S-tubulin III-positive
cells (in red) and GFAP-positive ones (in green) developed in
control (top) or in the synthesized LCD-SWCNT (middle)
and HCD-SWCNT (bottom) substrates; in all images nuclei

are visualized by DAPI (in blue). TEM images for LCD- and
HCD-SWCNTs are shown in A to provide further insight into
the morphology of each substrate.

Both neurons and neuroglia cells matured once on SWCNT
supports, as shown in Figure 2B (high magnification) by the
outgrowth of axons and dendrites in the case of neurons®**°
and by the stellate shape of GFAP+ cells,**** leading to the
development of a complex network covering the entire
SWCNT surface. We further compared cell densities among
LCD-SWCNTSs, HCD-SWCNTs, and control cultures. LCD-
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Figure 4. (A) (left) Snapshots of representative fields of neuronal cultures grown on control (top) and HCD-SWCNT (bottom) substrates,
stained with Oregon Green 488-BAPTA-1 AM. Scale bar: 50 pum. (A) (right) Repetitive Ca®>* events spontaneously (top) or bicuculline-
induced (bottom) recorded in hippocampal cultures of 10 DIV. (B) Cumulative distribution of IEI values recorded in saline solution of
control (black) and HCD (blue) cells (***p < 0.0001; Kolmogorov—Smirnoff test). (C) Cumulative distribution of bicuculline-induced IEI
values of control (black) and HCD (blue) cells (***p < 0.0001; Kolmogorov—Smirnoff test).

and HCD-SWCNTs and controls supported neuron and
neuroglia growth in a similar manner, as highlighted by cell
density measures (for neurons, in controls, 140 + 35 f-tubulin-
positive cells/mm?% in LCD-SWCNTs, 110 + 29 f-tubulin-
positive cells/mm?; in HCD-SWCNTs, 138 + 35 S-tubulin-
positive cells/mm?; for neuroglia, in controls, 110 + 20 GFAP-
positive cells/mm? in LCD-SWCNTs, 120 + 25 GFAP-
positive cells/mm? in HCD-SWCNTs, 118 + 20 GFAP-

positive cells/mm? n = 11 visual fields per condition, three
independent culture series). Thus, both LCD- and HCD-

SWCNT membranes allowed attachment and growth of rat
hippocampal neurons displaying mature morphology.

Live Imaging of Hippocampal Cultures Interfaced to
LCD-SWCNT and HCD-SWCNT Substrates. To study the
emergence of neuronal activity by the networks formed
interfaced to LCD-SWCNT and HCD-SWCNT substrates,
we used fluorescent calcium irnaging.49’50 After 8—10 DIV,
neurons mature and generate synaptic signaling spontaneously,
involving the activation of glutamate and GABA, receptor-

,S1

mediated synapses,"”*" the major central nervous system



(CNS) neurotransmitters for fast synaptic communication. We
compared activity emerging from neurons, cultured on control
and LCD- and HCD-SWCNT substrates (Figures 3 and 4).
Neurons loaded with the membrane-permeable Ca®* dye
Oregon Green 488 BAPTA-1 were simultaneously visualized
within the sampled area, and on average 20 + 4 fluorescent
cells were analyzed in each visual field (680 X 680 um?;
Figures 3A and 4A, left panels).

The experiments were performed at 9—11 DIV when
neurons, intensely connected by synapses, display spontaneous
activity in the form of bursts of activity, emerging by irregular
synchronized firing events,'”**> generating transient episodes
of calcium rise from the baseline (Figures 3 and 4)365275% I
the control, spontaneous Ca”* activity was detected in 67% of
the recorded neurons (172 out of 257 neurons), visualized in
each field (n = 10 fields). Notably, in LCD-SWCNTs virtually
all (>98%, 133 out of 136 neurons; n = 6 fields) were active
and generated spontaneous, repetitive Ca®* episodes. Figure
3A (right) shows examples of fluorescent recordings of active
cells sampled from control and LCD-SWCNT substrates.
Spontaneous episodes of activity appear as bursts of synaptic,
action potential dependent events and are blocked by
application of tetrodotoxin (TTX, 1 gM; a toxin that targets
voltage-dependent sodium channels). We measured the
amount of Ca®* episodes occurring in spontaneously active
cells, and we quantified the interevent interval (IEI), the
interval of time between the onset of a calcium wave and the
beginning of the next one, which is significantly (***p <
0.0001; Kolmogorov—Smirnoff test) shorter in LCD-SWCNT
substrates (on average 8 + 4 s, n = 133 cells, from 3 different
series of cultures) when compared to control ones (14 + 4 s, n
= 172 cells, from 3 different series of cultures; see the IEI
cumulative distribution in Figure 3B), strongly indicative of a
different functional organization due to the presence of LCD-
SWCNTs.

In a second group of experiments we blocked inhibitory
synaptic transmission by bicuculline (20 M) application. This
antagonist of GABA, receptors is known to alter the profile of
network activity’>*® from random bursting to synchrony,
characterized by more intense and regular bursting.’>** As
shown in Figure 3A, active cells upon bicuculline exposure
generate Ca®* events with an IEI of, on average, 4 + 0.9 s in
LCD-SWCNT neurons (n = 133), a value significantly (p <
0.001) lower when compared to that of the control (on
average 8 & 3 s; n = 172 cells; see the cumulative distribution
plot in Figure 3C). Such disinhibited episodes were completely
abolished by TTX applications, confirming their neuronal
origin. Figure 4A (right panel) shows representative
fluorescent tracings from active cells recorded in HCD-
SWCNTSs; notably Ca** spontaneous activity was detected
only in 21% (34 out of 162 neurons; HCD-SWCNTs) of the
cells visualized in each field (n = 6 fields), a very low value
when compared to their relative control (65%; 97 out of 149
neurons; n = 6 fields). When we measured the spontaneous
Ca**activity, the IEI was significantly (***p < 0.0001;
Kolmogorov—Smirnoff test) longer in HCD-SWCNT sub-
strates (on average 72 + 10 s, n = 34 cells, from 3 different
series of cultures) when compared to control ones (on average
17 £ 7 s, n = 97 cells, from 3 different series of cultures; see
also cumulative distribution in Figure 4B). However, upon
pharmacological removal of synaptic inhibition (Figure 4C), an
IEI similar to the control was restored (HCD-SWCNT
substrates on average 8 & S's, n = 34 cells; control substrates

on average 10 + 3 s, n = 97 cells). Thus, apparently, the
different substrates promote the formation of diverse networks;
in particular the inhibitory control on HCD-SWCNTs
appeared to be strongly developed in these cultured brain
circuits when compared to LCD-SWCNTSs and the control,
while LCD-SWCNTs, as expected, boosted network activity in
all network states (resting and disinhibited).

DISCUSSION

The present study provides important insight into how the
electrical conductivity of the CNT free-standing substrates
affects the growth and electrical properties of cultured
hippocampal networks. The cross-linking of SWCNTs with
diaminophenyl derivatives has provided an efficient route to
design free-standing CNT substrates with tunable electrical
properties, which is promising for applications in neural tissue
engineering. Raman and electrical studies demonstrated that
the electrical conductivity of the final materials is directly
related to the type of cross-linker and the degree of
functionalization (Table 1). In the particular case of benzidine
as cross-linker, an important decrease of the electrical
conductivity was observed when increasing the degree of
functionalization by 40% (1083 S/m for LCD-SWCNT wvs 81
S/m for HCD-SWCNT), allowing the preparation of free-
standing neuronal substrates with different electrical proper-
ties. Both LCD-SWCNTs and HCD-SWCNTSs have been
employed as substrates for interfacing neural cells. The most
important finding of the study is that neuronal circuits
chronically interfaced to SWCNT substrates can be effectively
affected by the CNTs’ degree of functionalization. Cultured
brain circuits represent the simplest in vitro model of brain
network. The morphology and cell phenotype distribution of
hippocampal networks did not differ when developed on
control glass surfaces or on LCD- and HCD-SWCNT carpets.
The two cellular networks are made of healthy and functional
cells, indicating the cytocompatibility of both SWCNT
substrates (Figure 2B).*

Conversely, when investigating network dynamics by
monitoring intracellular calcium activity, we observed signifi-
cant differences comparing LCD-SWCNT substrates with
HCD ones. Live calcium episodes, whose neuronal and
synaptic nature was supported by TTX experiments,”
reflected the spontaneous activation of synapses, typical of
these preparations.'” Specifically, such synchronized synaptic
activations are an accepted measure of neural network
dynamics.>

We speculated that LCD-SWCNT substrates within their
range of conductivity and functionalization could enhance
neuronal activity (Figure 3), in a way similar to what happens
with MWCNTSs.'>*3%%7 In fact, in interfacing hippocampal
neurons with LCD-SWCNT substrates, we reproduced CNTs’
ability to support signaling and synchronization in cultured
circuits.'”*> Our results confirmed that neuronal physiological
and synaptic efficacy could be tuned by specific neuron—
surface interactions, in particular when using electrically
conductive growth interfaces.”>**?%>

We, in fact, observed that neurons grown on LCD-SWCNTs
generate bursts with higher rate, with or without inhibition,
potentially due to an improved efficiency in axonal signaling
and to the increase in synaptic connections' **3%5% (Figure
3). We favor the hypothesis that the LCD-SWCNTS’ ability to
alter cellular excitability could significantly contribute to the



described results. In fact, the higher the cellular excitability, the
higher would be the probability of finding active cells.****%

As the degree of functionalization increases, this effect on
the emerging neuronal activity decreased (Figure 4). This
effect is not attributable to differences in neuronal survival or
morphology (Figure 3), but possibly represents a consequence
of the properties of the SWCNT substrates and could primarily
result from specific synaptic interactions.’’

In fact, reducing the conductivity of the substrates, we
observed a significant decrease in terms of active cells and the
emerging spontaneous activity. We cannot exclude that HCD-
SWCNTs interfere with the maturation of inhibitory neurons
and the network composition. In this hypothesis, HCD-
SWCNTs may favor more mature chloride ion fluxes through
GABA, receptors. In neurons, the amplitude of the inhibitory
currents is governed by the intracellular chloride concentration
and, in more mature stages of development, goes from higher
to lower values, with respect to the extracellular milieu.®” Thus,
in HCD-SWCNTs, there could be a higher fraction of effective
inhibitory neurons, thus biasing the spontaneous network
activity.

On the basis of our results, we may propose that HCD-
SWCNT properties are responsible for a different maturation
in cellular organization. However, even under these conditions,
the block of GABA, receptor-mediated inhibition boosted
Ca’" episodes as in control conditions, suggesting a similar role
of inhibition in counteracting excitability in the synaptic
network.

Hu and collaborators®® found that the chemical functional-
ization of CNTs with different molecules is able to control the
outgrowth and branching of neuronal processes. Accordingly,
Malarkey and co-workers reported that SWCNT scaffolds with
different conductivities affected rat hippocampal neuron
neurite outgrovvth.27 Our current results are also in agreement
with our recent report™ where the impact of MWCNT growth
substrates on cell development and signaling depended on
their degree of functionalization and on the functionalized
groups. In that work,” despite the absence of changes in
network size in all the functionalization conditions tested, we
measured an increased synaptic activity only in those neurons
interfaced to the MWCNTSs with the lowest functionalization
degree.

Although we cannot exclude such modulations, the simple
tuning of neurite outgrowth would not explain the similar
activity obtained in bicuculline when applied in control and
HCD-SWCNTs; thus we favor the hypothesis that the
conductivity of CNTs might regulate network excitability
and synapse formation.'”*®

Overall, our results demonstrate that SWCNTs can be
systematically manipulated and functionalized to display
different electrical properties.

These results show that SWCNT structuring via cross-
linking is a key factor to successfully use CNT-based substrates
for biomedical applications or tissue engineering. For their
peculiar chemical and electrical properties, as well as their
functionalization degree, LCD-SWCNTs seem to be the most
promising cross-linked substrate for the design of neuronal
interfaces of the future.

Characterizing the interactions between CNTs and brain
cells and their circuitry together with how the quality of
conductivity affects their functionality offer developments for
applying nanotechnology to and for the nervous system.

CONCLUSIONS

In this work, a facile and promising method based on chemical
cross-linking of carbon nanotubes is employed for controlling
the electrical conductivity of CNT-based substrates. We have
developed a method to simultaneously obtain free-standing
CNT-based substrates and tune the electrical properties of the
final materials. Immunofluorescence studies and calcium
imaging demonstrated that neural activity can be regulated
by modifying the electrical properties of the CNT-based
substrates, while maintaining neuronal growth unaffected.
These findings may provide possibilities for controlling the
electrical properties of future implantable neuronal interfaces.

EXPERIMENTAL SECTION

Materials. All the chemicals and solvents were purchased from
Sigma-Aldrich and used without any further purification. Single-walled
carbon nanotubes HiPco were purchased from Nanointegris (purified
grade, length = 100—1000 nm, diameter ~0.8—1.2 nm, <15%
remaining iron particles) and used without further purification
treatment.

Synthesis: General Procedure for the Synthesis of Cross-
Linked SWCNTs. A 100 mg amount of p-SWCNTSs was dispersed in
150 mL of N-methyl-2-pyrrolidone (NMP) and sonicated for 15 min.
A 100 mg amount of the corresponding phenyl derivative and 0.5 mL
of isopentyl nitrite were added, and the reaction mixture was stirred
for 24 h at 80 °C. The crude was filtered through a PTFE membrane
with an average pore size of 0.45 um, and the black precipitate was
washed several times with NMP, methanol, and diethyl ether. The
resulting material was dried under vacuum and weighed.

Characterization Methods. UV—vis—NIR measurements were
carried out on a Cary 5000 spectrometer (Varian), using 1 cm path
quartz cuvettes. Thermogravimetric analyses were performed using a
TGA QS00 (TA Instruments). Raman spectra were obtained on a
Renishaw inVia Raman microscope at room temperature with an
exciting laser source (4 = 785 cm™"). Measurements were taken with
10 s of exposure time, and the laser spot was focused on the sample
surface using a long working distance 50X objective. Raman spectra
were collected on numerous spots on the sample and recorded with a
Philips SPC1030NC camera. AFM images were acquired in tapping
mode using a Multimode V7.30 (Veeco Instruments Inc., Santa
Barbara, CA, USA) with a NanoScope V controller (Digital
Instruments, Santa Barbara, CA, USA). The cantilevers
(HQ:NSC15/Al BS probes from Mikromasch) were silicon canti-
levers with a resonance frequency of 325 kHz and a nominal force
constant of 40 N m™". The images were processed using WSxM
(freely downloadable scanning probe microscopy software (www.
nanotec.es). TEM images were recorded on a Philips EM208 TEM
using iTEM software (Olympus Soft Imaging Solutions GmbH,
Miinster, Germany). About 1 mg of material was dispersed in S mL of
EtOH and sonicated for 30 min. Then one drop of this solution was
deposited on a TEM grid (lacey carbon film, copper, 300 mesh). SEM
images were acquired by collecting secondary electrons on a
commercial SEM (Gemini SUPRA 40, Carl Zeiss NTS GmbH,
Oberkochen, Germany). For the analysis, the different materials were
placed on conductive double-sided carbon tape (Ted Pella, Inc.,
USA) and imaged at S keV. For the powdered samples (ph-SWCNT
and phSO;H-SWCNT), about 1 mg of material was placed on the
double-sided carbon tape previously attached to the SEM stub and
was pressed lightly to adhere the sample to the tape. In the case of
LCD- and HCD-SWCNTs a piece of material was sectioned using a
scalpel and mounted on the SEM stub using the double-sided carbon
tape. Resistance was collected using a Jandel four-point probe analyzer
(RM-3000), and conductivity was calculated applying Ohm’s law. For
this purpose, the required films were prepared through filtration of 1
mg of material on a PTFE filter (Millipore 0.45 ym pores), and the
membrane thickness was measured with a micrometer (High-
Accuracy Digimatic micrometer 293-100, Mitutoyo).
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Preparation of Primary Hippocampal Cultures. Primary
dissociated cultures were prepared from postnatal (P2—P3) rats as
previously reported.'”**** All procedures were approved by the local
veterinary authorities and performed in accordance with the Italian
law (decree 116/92) and the EU guidelines (86/609/CE, 2007/526/
CE, and 2010/63/UE). Animal use was approved by the Italian
Ministry of Health. All efforts were made to minimize animal suffering
and to reduce the number of animals used. Cells were plated on poly-
L-ornithine-coated glass coverslips and on HCD-SWCNT and LCD-
SWCNT carpets. Before using for culturing, both SWCNT substrates
were mounted on the glass coverslips (12 X 24 mm?, 0.13—0.16 mm
thick, Kindler, EU) by a thin adhesive layer of PDMS cured at 120 °C.
One hour prior to plating, CNT substrates were treated with an air-
plasma cleaner in order to facilitate cell adhesion®>®* and at the end
sterilized with a UV lamp.

Calcium Imaging. Cultures were loaded with the cell-permeable
Ca®* dye Oregon Green 488 BAPTA-1 AM (Invitrogen). A 4 mM
stock solution of the Ca** dye was prepared in DMSO, and cultures
were incubated with a final concentration of 4 M for 40 min (37 °C;
5% CO,).>>** The samples were then placed in a recording chamber
mounted on an inverted microscope (Nikon Eclipse Ti-U), where
they were continuously superfused at room temperature (RT) by
recording a solution of the following composition (mM): 150 NaCl, 4
KCl, 1 MgCl,, 2 CaCl,, 10 HEPES, 10 glucose (pH adjusted to 7.4
with NaOH), to continuously supply nutrients to the tissue. Cultures
were observed with a 20X objective (0.45 NA), and recordings were
performed from visual fields (680 X 680 um? binning 4). Ca>* dye
was excited at 488 nm with a mercury lamp; excitation light was
separated from the light emitted from the sample using a 395 nm
dichroic mirror and ND filter (1/32). Images were continuously
acquired (exposure time 150 ms) using an ORCA-Flash4.0 V2
sCMOS camera (Hamamatsu). The imaging system was controlled by
integrating imaging software (HCImage Live). In order to induce a
rhythmic burst, 20 M bicuculline methiodide was bath-applied after
a 10 min recording. At the end of each experiment, TTX (1 uM, a
voltage-gated, fast Na* channel blocker; Latoxan) was applied to
confirm the neuronal nature of the recorded signals. Recorded images
were analyzed off-line both with Fiji (selecting a region of interest,
ROYI, around cell bodies) and Clampfit software (pClamp suite, 10.2
version; Molecular Devices LLC, USA). Intracellular Ca*" transients
were expressed as fractional amplitude increase (AF/F,, where F, is
the baseline fluorescence level and AF is the rise over baseline); we
determine the onset time of neuronal activation by detecting those
events in the fluorescence signal that exceed at least S times the
standard deviation of the noise.

Immunocytochemistry and Image Processing. After 9—11
days in vitro hippocampal neurons and glial cells were fixed by 4%
formaldehyde (prepared from fresh paraformaldehyde; Sigma) in
phosphate-buffered saline (PBS) for 20 min, at RT. After that, cells
were washed three times with PBS and permeabilized with 1% Triton
X-100 for 30 min, blocked with 5% fetal bovine serum in PBS for 30
min at room temperature, and incubated with primary antibodies for
45 min. The primary antibodies used were as follows: rabbit
polyclonal anti-f-tubulin III (1:500 dilution) and mouse monoclonal
anti-GFAP (1:500 dilution). After PBS washes, cells were incubated
for 45 min with AlexaFluor 594 goat anti-rabbit (Invitrogen, dilution
1:500) and AlexaFluor 488 goat anti-mouse (Invitrogen, dilution
1:500). Samples were mounted in Vectashield with DAPI in order to
stain the nuclei (Vector Laboratories) on 1 mm thick coverslips.
Images were acquired using a Nikon C2 confocal microscope (Nikon,
Japan) at 40X magnification. Z-stacks were acquired every 500 nm,
from seven to 10 random fields for control and SWCNT substrates.
Offline analysis was performed using the image-processing package
Fiji.
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