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Carbon nanotubes (CNTs) have shown much promise in neurobiology and
biomedicine. Their structural stability and ease of chemical modification
make them compatible for biological applications. In this review, we discuss
the effects that chemically functionalized CNTs, applied as colloidal solutes
or used as strata, have on the morpho-functional properties of astrocytes, the
most abundant cells present in the brain, with an insight into the potential
use of CNTs in neural prostheses.

1. Carbon nanotubes as biocompatible material

Carbon nanotubes (CNTs) with their many desirable properties (size, strength,
flexibility, conductivity, etc.) have shown much promise in biomedical applications,
especially in neural prostheses. They are relatively inert and can be chemically
modified using various functional groups depending on the application.

CNTs are made up of a single sheet of graphene rolled into a cylinder. They
can consist of a single cylinder of graphene, single-walled CNTs (SWCNTs),
with diameters ranging from 0.4 to 2 nm, or of multiple coaxial cylinders,
multi-walled CNTs (MWCNTs), with their outer diameters ranging from
2 to 100 nm and inner diameters ranging from 1 to 3 nm, and lengths ranging
from 1 to several micrometres; these coaxial structures can also assume an inter-
mediate form, i.e. double-walled CNTs. CNTs are produced using a variety of
methods, including electric arc, laser ablation and chemical vapour deposition
in the presence of catalysts, usually Fe, Ni, Co, Y or Mo, or their combinations
(e.g. nickel and yttrium, typically, in approx. 4 : 1 weight ratio). Depending on
the conformation of the carbon atoms in the graphene sheet, CNTs have three
different configurations, which also dictate their conductivity: armchair, chiral
or zigzag. All armchair CNTs are metallic, whereas chiral or zigzag CNTs can
either be metallic or semiconducting (reviewed in [1,2]).

To enhance the biocompatibility of the CNTs, as well as their dispersion in
aqueous media, they can be modified via non-covalent or covalent attachment
of molecules. A wide range of compounds such as DNA, proteins and lipids can
be adsorbed onto the CNTs creating non-covalently functionalized CNTs. How-
ever, for a permanent attachment, the compounds have to be covalently linked
to the CNTs. The most common way to do this is by incubating the CNTs with
a strong oxidizing agent, e.g. nitric acid, which adds carboxyl groups to the
ends of the CNTs or any defect sites. To obtain CNTs linked to other compounds,
this carboxyl group can be converted to an acyl chloride intermediate, which can
then be reacted with the compound of interest, for example, polyethylene glycol
(PEG) or poly-m-aminobenzene sulfonic (PABS) acid (reviewed in [3]).

2. Astroglia: the homeostatic scaffold of the central nervous system

Astroglia are a highly heterogeneous population of cells of ectodermal (i.e. neural)
origin that provide for homeostasis in the central nervous system (CNS) [4]. In the
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grey matter, astrocytes define the micro-architecture through
parcellation of the nervous tissue into relatively independ-
ent functional domains known as neuro-vascular units [5].
For example, protoplasmic astrocytes in the CA1 stratum radi-
atum of the hippocampus occupy separate anatomical
domains. Within these domains, astrocytes provide a functional
link between neurons and vasculature, and control interstitial
space. Peripheral astroglial processes and perisynaptic mem-
brane sheath provide the intimate coverage of the majority
(60—-80%) [6,7] of synapses, with preferential association with
large perforated ones. Perisynaptic glial processes are endowed
with a high density of numerous molecules responsible for
various homeostatic pathways. These include: (i) interstitial
potassium homeostasis, (ii) homeostasis of main neurotrans-
mitters such as glutamate, y-aminobutyric acid (GABA) and
adenosine, (iii) water homeostasis, (iv) pH homeostasis, (v)
energy support, and (vi) control over reactive oxygen species,
etc. (for details, see [8]).

Conceptually, therefore, astroglia represent a functional
scaffold that defines the spatial organization of the synaptic
neuronal network and maintains synaptic connectivity.
Through numerous receptors expressed in astroglial cells
(which essentially are represented by receptors to all neuro-
transmitters, neuro-modulators and hormones functionally
present in the CNS) [9], astrocytes are able to monitor neuronal
activity precisely and accordingly adjust their homeostatic sup-
port [10]. In addition, astrocytes may contribute to information
processing in the CNS and act as secretory elements able to
release a multitude of neuroactive substances important for
long-lasting regulation of neuronal function and synaptic plas-
ticity [11]. Astroglia are also capable of mounting complex
defensive responses to brain injury (generally referred to as
reactive astrogliosis) that are fundamental for the progression
and outcome of essentially all neurological disorders [12,13].

Because CNTs are considered suitable candidates for
drug delivery or brain—-machine interface (BMI) applications,
it is critically important to understand the effects that CNTs
have on astrocytes. CNTs can be used in biological appli-
cations either as colloidal solutes or as substrates/strata on
which the cells can attach and grow. Here, we review the
effects that these two modalities of CNTs have on the mor-
phology and function of astrocytes in culture together with
an insight into the potential applications of these CNTs in
neural prostheses. We also provide some technical and
methodological aspects used in these studies.

3. Effect of carbon nanotubes as colloidal solutes

on astrocytes

One of the challenges with the use of CNTs, owing to their
hydrophobic nature, has been to disperse them in aqueous so-
lutions, which is a prerequisite for many biological
applications. As alluded to in §1, one way to circumvent this
problem is to chemically functionalize the CNTs with water-
soluble polymers such as PEG or PABS, rendering the resulting
graft co-polymers water soluble. Detailed reviews on the bio-
functionalization of the CNTs are available elsewhere [14].
Previous work in our group by Ni et al. [15] achieved selected
neurite outgrowth by treating neonatal rat hippocampal neur-
ons grown on polyethyleneimine (PEI)-coated glass coverslips
with colloidal solutes of water-soluble SWCNT (ws-SWCNTs)
graft copolymers, either SWCNT-PEG or SWCNT-PABS.
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Figure 1. The experimental set-up for the use of solute and film modalities
of SWCNT-PEG on astrocytes. (a) Schematic of the SWCNT-PEG graft polymer
structure (left), a vial containing SWCNT-PEG colloidal solute at a stock con-
centration of 2 mg ml ™" (middle) and an image of a glass coverslip (12 mm
in diameter) top-coated with 60 nm thick SWCNT-PEG film (right). (b)
Scheme to represent the experimental set-up with astrocytes plated onto
PEl-coated coverslips in the absence (left) or the presence of SWCNT-PEG col-
loidal solute (middle) or onto the SWCNT-PEG film (right). Drawings are not
to scale. Chemical structure and images in (a) are reproduced (left—right)
from Gottipati et al. [12], Lee & Parpura [18] and Malarkey et al. [19],
respectively. (Online version in colour.)

These effects on neurite outgrowth were due to an imbalance
between exocytotic incorporation of vesicles into the plasma
membrane of neurons, and the endocytotic retrieval, as we
showed in a follow up study by Malarkey et al. [16]: as endo-
cytosis was specifically hampered by CNTs, there was an
enhanced outgrowth of selected neurites. As an extension to
these findings, an in vivo study was done wherein the appli-
cation of SWCNT-PEG at the site of injury decreased lesion
volume, increased neurofilament-positive fibres and corti-
cospinal tract fibres in the lesion, and did not increase
reactive astrogliosis, assessed by glial fibrillary acidic protein
(GFAP) immunoreactivity (GFAP-ir), in an acute spinal cord
injury model performed in adult Sprague—Dawley rats; CNTs
also modestly improved hindlimb locomotor recovery [17].
Although the in vivo study gave us an insight into the effects
of ws-SWCNTs on astrocytes, they have not been thoroughly
investigated. Hence, we designed a subsequent study to system-
atically assess the effects of ws-SWCNTs on the morphology
and function of astrocytes in culture, which is reviewed next.
To investigate the effects that the dispersible colloidal
solutes of CNTs have on astrocytes in culture, graft copoly-
mers of SWCNTs chemically functionalized with PEG
(figure 1) have been used as described by Gottipati et al.
[12]. We used astrocytes isolated from the visual cortex of 0—
2 day old C57BL/6 pups and plated them onto glass coverslips
pre-coated with PEI in the absence or the presence of SWCNT-
PEG and systematically assessed the changes in the mor-
phology of astrocytes. After 3 days in culture, we loaded the
cells with calcein, a vital fluorescent dye, and imaged them
live using a fluorescence microscope (figure 2a). Based on
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Figure 2. Example images of astrocytes showing the effects induced by the solute and film modalities of SWCNT-PEG on their morphology and GFAP-ir. (a) Images
of astrocytes in culture plated onto the PEl-coated coverslips in the absence and the presence of 5 g mi™' SWCNT-PEG solute and onto the 60 nm thick SWCNT-
PEG film, loaded with calcein, a vital fluorescent dye. (b) Images of astrocytes plated in matching conditions as above and labelled for GFAP using indirect immuno-
cytochemistry. Grey scale is a linear representation of the fluorescence intensities of the pixels in the images, expressed in fluorescence intensity units (i.u.). Scale

bar, 20 pm. Adapted from [12,20].

Table 1. Summary of the effects induced by the two modalities of
SWCNT-PEG on cultured mouse cortical astrocytes compared to that on PEI-
coated coverslips (configuration as in figure 1) based on the results from
Gottipati et al. [12,20]. Dash indicates no change, whereas arrows indicate
an increase (up) or decrease (down) in the measurements; ND, not
determined measurements/effects.
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the calcein images, the area and perimeter of the astrocytes
were measured, the values of which were used to calculate
the form factor (FF), defined by 4m(area)/ (perime’rer)2 [21].
Treatment of astrocytes with SWCNT-PEG (5 wgml ?),
resulted in an increasing trend of their cell area and a signifi-
cant increase in the perimeter together with a significant
decrease in the FF, the latter reporting on cell stellation,
compared to the untreated astrocytes (table 1).

Similar changes in astrocytic morphology, to those that
we observed and reminiscent of stellation, have been linked
to an increase in the levels of GFAP with functional conse-
quences on astrocytic physiology [22,23]. To address this,
we labelled astrocytes plated onto PEI-coated coverslips in

the absence or the presence of 5 pg ml~! SWCNT-PEG for
GFAP using indirect immunocytochemistry (figure 2b).
GFAP-ir was visualized using fluorescence microscopy and
three GFAP-ir parameters were assessed: density (average
fluorescence intensity per pixel of the total area of a cell),
content (density X total area of the cell) and occupancy (posi-
tive/total cell pixels). We found that SWCNT-PEG caused an
increase in the density, content and occupancy of GFAP-ir
in astrocytes compared with the untreated cells (table 1). In
addition to SWCNT-PEG, we also assessed the effects of
SWCNTs chemically functionalized with PABS on astrocytes.
We found that SWCNT-PABS caused qualitatively similar
effects on the morphology and GFAP-ir of astrocytes; at a
concentration of 5 pg ml~! they caused a significant increase
in the area and perimeter of the astrocytes along with a
decrease in the FF and also a significant increase in all three
GFAP-ir parameters. As the SWCNT backbone is the
common feature in the copolymers used, unlike grafts that
are substantially different (PEG versus PABS), the generality
of data indicates that the SWCNT backbone is necessary for
the changes induced by the water-soluble graft copolymers;
however, any subtle differences in the effects that SWCNTs
might have on astrocytes could be due to the different
functional groups attached to the SWCNTs.

Taken together, these studies on astrocytes using colloidal
solutes of CNTs show that the CNTs have a potential to modu-
late the properties of astrocytes by making them larger and
stellate in culture while increasing the immunoreactivity of
GFAP (summarized in table 1). However, these effects on astro-
cytes can potentially vary depending on the properties of the
CNTs (backbone, functional group, concentration, etc.).

The work by Bardi et al. [24] emphasizes the importance of
functionalization of CNTs with respect to the brain tissue toler-
ance of these nanomaterials. The authors have investigated the
interactions between chemically functionalized multi-walled
carbon nanotubes (f-MWCNTs) and neural tissue following a
cortical stereotactic administration using two different f-
MWCNTs, shortened (by oxidation) amino-functionalized
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MWCNT (oxMWCNT-NH;") and amino-functionalized
MWCNT (MWCNT-NH;"), in C57BL/6 mice. Coronal brain
tissue sections were made and labelled for GFAP at 3 and
30 days post-stereotactic injection. GFAP staining was similar
in both f-MWCNTs injected groups compared to the control,
3 days post-injection. However, 30 days post-injection,
oxXMWCNT-NH; " induced higher expression of GFAP, while
MWCNT-NH;" did not lead to an overexpression of GFAP.
To further investigate this effect, the authors used a third type
of -MWCNTs that were initially oxidized and then further
modified by performing amidation of the carboxylic groups
at the surface of the MWCNTs using triethylene diamine
(oxMWCNT-amide-NH;1) which also caused an increased
expression of GFAP, 30 days post-injection. The authors attrib-
uted this to the remaining unreacted carboxyl groups at the
surface of the ocXMWCNT-amide-NH; *, presumably provoking
the observed GFAP response.

Thus, while functionalized CNTs could be envisioned as
useful injectable materials modulating astrocyte form and
function, we still lack detailed information for CNT-brain par-
enchyma interactions before these novel nanomaterials can be
seriously taken into consideration for neural prosthetics.

4. Carbon nanotubes as strata for astrocytic
growth

Previous work in our group has used retainable films of
CNTs functionalized with different water-soluble polymers
(PEI and PEG) as strata for the growth of neural cells
[19,25]. It was found that the different graft copolymers
have different effects on the morphology of neurons, i.e. neur-
ite outgrowth, number of growth cones and cell body size,
depending on the chemical (functional groups attached to
the CNTs) or physical (thickness) properties of the CNT
films. These findings were further extended to a systematic
study on the effects of a subset of CNT films on astrocytes
in culture [20], which is reviewed next.

To assess the effects of CNT planar scaffolds on astrocytic
growth, we used retainable SWCNT-PEG films of varying
thickness (10, 30 and 60 nm) created by spraying a dispersion
of SWCNT-PEG onto hot glass coverslips (figure 1). As in our
previous work with colloidal solutes and astrocytes, we
assessed the changes in the morphology and function of astro-
cytes plated onto the CNT films in comparison to the cells
plated onto PEI-coated coverslips in culture. We loaded the
astrocytes with calcein, after 3 days in culture, and assessed
their morphological parameters (figure 24). We found that
the cells plated onto the 10 nm films showed no significant
difference in their cell area and perimeter but there was a sig-
nificant increase in the FF, ie. astrocytes became rounder,
when compared to those on PEI. However, the astrocytes
plated onto CNT films of higher thicknesses (30 and 60 nm)
showed an increase in their cell area and the FF with no appar-
ent difference in perimeter compared to the cells plated onto
PEL These findings imply that the CNT films onto which
the astrocytes are plated in culture make them larger and
rounder (table 1). We also observed that the FF of the astro-
cytes plated onto the 10 nm films was higher than that on
the 60 nm films, implying that the effects of CNT films on
the astrocytes are differently modulated depending on the
thickness of the films. We then investigated the effect of
these changes in the morphology of astrocytes on the levels

of GFAP when plated onto CNT films of varying thickness n

(figure 2b). The density of GFAP-ir showed a decreasing
trend with an increase in the thickness of the CNT films,
with a significant difference only in the astrocytes plated
onto the 60 nm films, in comparison to that on PEIL The con-
tent and occupancy of GFAP-ir, however, remained
unchanged across the groups compared. Interestingly, the
GFAP-ir occupancy of the cells plated onto the 60 nm films
was significantly lower than that on the 10 nm films, further
emphasizing that CNT strata of different thicknesses have
differential effects on astrocytes.

Since changes in the expression of GFAP are often linked
to changes in the proliferation characteristics of astrocytes, we
assessed this possibility by loading the cells, plated onto PEI-
or CNT-coated coverslips, with calcein and Hoechst 33342, a
cell permeable nuclear stain, 4h and 4 days post-plating
(figure 3). The 4 h time point was used to estimate the initial
plating density as well as the adhesion of astrocytes plated
onto the CNT films in comparison to that on PEI, while the
4 day time point was used as an estimate for the prolifer-
ation of astrocytes. The cells positive for both calcein and
Hoechst were considered live, whereas the cells positive
for Hoechst and negative for calcein were considered dead.
We calculated the relative density of live cells across the
different CNT strata by normalizing the number of live
cells in each group and time point to the median number of
live cells on the PEI-coated coverslips, 4 h post-plating. We
showed that the relative density of live cells plated onto the
CNT films, 4 h post-plating, was significantly higher com-
pared with that on PEI (table 1). In addition, the relative
density of live cells plated onto the 60 nm films was signifi-
cantly higher than that on the 10 nm films. These results
imply that the astrocytes preferentially adhere to the CNT
films compared to PEI and that this adhesion increases
with an increase in the thickness of the films. At the 4 day
time point, the 10 nm films did not show a significant
increase in their relative density of live cells compared with
the cells grown on PEL The cells grown on the thicker (30
and 60 nm) films, however, showed a statistically significant
increase, implying that there is an increased proliferation of
the astrocytes on the CNT films in comparison to PEI (table 1);
this effect was disproportionately higher than expected from
the enhanced adhesion of astrocytes onto the CNT films. At
both time points the percentage of dead cells, however, was
not affected by the films (table 1).

Of note, the initial study to assess the potential use of
CNTs as strata for astrocytes was done by Lovat et al. [26].
They coated glass coverslips with MWCNTs by first function-
alizing the MWCNTs with pyrrolidine groups, applying
them to the glass and then removing the functionalization with
high temperature to yield non-functionalized MWCNTs that
were used as film/stratum for cell growth. Rat hippocampal
astrocytes were plated onto these MWCNT-coated coverslips;
plain glass coverslips were used as control. They labelled the
cells for GFAP to assess the effects of the MWCNT films on
astrocytes and reported qualitatively that, after 8 days in cul-
ture, they did not find any differences in the morphology and
proliferation of astrocytes compared to those on bare glass
coverslips [26].

An in vivo study by Lu et al. [27] reported the use of electro-
chemically co-deposited polypyrrole/SWCNT (PPy/SWCNT)
films onto Pt microelectrodes for improving the electrode—
neural interface in the brains of Sprague—Dawley rats. Six
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Figure 3. Example images of astrocytes showing the effects induced by the SWCNT-PEG films on their adhesion and proliferation. Images of astrocytic nuclei
labelled with Hoechst 33342, a cell permeable nuclear dye (left column), and the corresponding astrocytes loaded with calcein, a vital fluorescent dye (middle
column). Right column shows the merge of the images. (top set) The top two rows show images of astrocytes plated onto the PEI-coated coverslips and
onto the 60 nm thick CNT films, respectively, 4 h post-plating and assessing cell adhesion. (bottom set) The bottom two rows show images of astrocytes
plated in matching conditions as above, but imaged at the later time point, 4 days post-plating, and assessing cell proliferation. Scale bar, 50 pm. Reproduced

from [20]. (Online version in colour.)

weeks post-implantation, horizontal sections were made from
the brain tissue of the rats receiving the film-coated Pt implants
and stained for GFAP; uncoated Pt implants were used as the
control. The authors quantitatively analysed the GFAP inten-
sity profiles of bare and PPy/SWCNT-coated Pt implants as
a function of distance from the interface and showed that the
intensity of GFAP immunostaining in the test group was sig-
nificantly lower than in the control group along a length
approximately 100 wm to the implant interface. A recent
study by Zhou et al. [28] also used Pt microelectrodes coated
with CNTs for neural prostheses applications. The authors

coated Pt wires with MWCNT-doped poly(34-

ethylenedioxythiophene) (PEDOT) composite films and
implanted them into Sprague—Dawley rats with uncoated Pt
wires as the control. Similar to the above-mentioned study,
horizontal sections were made from the tissue surrounding
the implants, six weeks post-implantation, and stained for
GFAP. Quantitative analysis of GFAP intensity profiles of
bare and PEDOT:MWCNT film-coated Pt implants as a func-
tion of the distance from the interface indicated that the
intensity of GFAP immunostaining in the bare Pt implants
group was significantly higher than that of those in the PED-
OT:MWCNT-coated Pt implants group along a length
150 wm to the implant interface.
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Taken together, these results show that films of CNTs can
modulate the morpho-functional properties of astrocytes in
culture by making the cells larger and rounder while decreas-
ing the immunoreactivity of GFAP and enhancing the adhesion
and proliferation of astrocytes (summarized in table 1). These
changes in astrocytic properties are dependent on the physical
properties of the films (e.g. film thickness) similar to the work
on neurons. Also, the consistent finding across the different
research groups that CNT-coated electrodes lead to a reduced
activation of astrocytes, as evidenced by the expression of
GFAP, together with our data in vitro further emphasize the
potential of CNTs in BMI applications.

5. Concluding remarks

It is apparent from the reviewed body of work that chemically
functionalized ws-SWCNTs, applied as colloidal solutes or
used as strata, can affect the properties of astrocytes in culture,
namely their morphology and function. There is a lot of scope
for research in this field as astrocytic properties could be
specifically modulated depending on need by changing the
physical and chemical properties of the CNTs.

An in vivo study in an acute spinal cord injury model per-
formed in adult rats showed that SWCNT-PEG solutes
applied at the site of injury can modestly improve hindlimb
locomotor recovery [17]. At present, however, it is not apparent
how these proof-of-principle experiments in rodents could be
realistically implemented in human medicine in the near
future. A promising venture is the use of CNTs as coating
material for electrodes, i.e. BMI applications. Indeed, CNT-
coated electrodes have been shown to outperform traditional
brain implants (tungsten and stainless steel electrodes) by
improving electrical stimulation and recordings of neurons,
both in vitro and in vivo [29,30]. CNT coating can also cause a
decrease in reactive astrogliosis [27,28], the adaptive / defensive
response of astrocytes to injuries such as a ‘stab” wound due
to electrode implantation leading to a scar formation that pre-
vents the regrowth of damaged neurons, hence providing an
opportunity for brain parenchyma recovery.
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