In vivo degradation of functionalized carbon

nanotubes after stereotactic administration in the

brain cortex

Aim: Carbon nanotubes (CNTs) are increasingly being utilized in neurological applications as components
of implants, electrodes or as delivery vehicles. Any application that involves implantation or injection of
CNTs into the CNS needs to address the distribution and fate of the material following interaction and
residence within the neuronal tissue. Here we report a preliminary study investigating the fate and
structural integrity of amino-functionalized CNTs following stereotactic administration in the brain cortex.
Materials & methods: The CNTs investigated had previously shown the capacity to internalize in various
cell types of the CNS. An aqueous suspension of multiwalled CNT-NH_* was stereotactically injected into
the mouse brain cortex. Their interaction with neural cells and consequent effects on the CNT structural
integrity was investigated by optical, transmission electron microscopy and Raman spectroscopy of brain
tissue sections for a period between 2 and 14 days post cortical administration. Results & discussion: The
occurrence of severe nanotube structure deformation leading to partial degradation of the chemically
functionalized-multiwalled CNT-NH_* in vivo following internalization within microglia was revealed even
at early time points. Such initial observations of CNT degradation within the brain tissue render further

systematic investigations using high-resolution tools imperative.
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The application of nanomaterials in neuroscience
is still at the early stages of development,
despite an impressive body of research that is
emerging [1]. Carbon-based nanostructures,
such as carbon nanotubes (CNTs), are some
of the most interesting types of novel materials
proposed for the design of nanomaterial-
based neurological interventions [2]. Although
as-produced CNTs are insoluble in most aqueous
solvents, the development of functionalization
chemistries for their surface has led to a notable
enhancement in aqueous dispersibility, which
has allowed for their application in physiological
environments, including the CNS [3]. The scope
of their biological applications [4] has broadened
dramatically in the last few years, ranging from
therapeutics and diagnostics for oncology [s], to
neuroprosthetic devices [6].

The interactions, binding and internalization
of different types of CNTs into a variety of
tissues 77 vitro and in vivo is imperative [7]. The
role of functionalized-CNT characteristics,
such as surface charge density or length on
interaction with cells and tissues, is under
investigation both in relation to biological
mechanisms and toxicological responses [8].
However, knowledge regarding their fate
following cellular internalization within the
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CNS tissue remains scarce. Understanding
the prevailing interactions between CNTs
and neural cells iz vivo, along with their
internalization mechanism, intracellular
translocation and subcellular localization is
of major importance, particularly in view of
their potential as drug or gene delivery vectors.
Lee et al. have recently shown that amine-
functionalized single-walled CN'Ts (SWCNTs)
injected directly in the ventricles were able to
exert activity against inflammation and protect
neurons after induction of ischemic damage,
even though the mechanism for such activity
remains elusive [9]. More recently, we have
shown that functionalized-multiwalled CNTs
(fFMWCNTs) (amine-functionalized by the
1,3-dipolar cycloaddition reaction) were able
to efficiently deliver siRNA to neurons, leading
to enhanced cell survival by silencing Caspase
3 and resulting in significant recovery of
ischemia-induced motor cortex function [10].
Any approach that involves implantation
or injection of CNTs into the CNS will need
to determine the fate of the nanomaterial
following interaction with neuronal tissue.
In this study, and in continuation from our
recently published work [10], a suspension of the

chemically same FMWCNTs (MWCNT-NH, ")
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were stereotactically injected into the mouse
brain cortex in the absence of any therapeutic
agent, and their interaction with neural cells was
investigated by transmission electron microscopy
(TEM) and Raman spectroscopy of brain tissue
sections. The aim of this study was to investigate
the fate of FMWCNTs with a proven capacity
to be effective vectors for the delivery of siRNA
in the brain, within neuronal tissue iz vivo,
during the time frame of 2 days and 2 weeks
after cortical administration.

Materials & methods
Materials

MWOCNTs were purchased from Nanostructured
and Amorphous Materials Inc. (TX, USA; Lot
#1240XH, 95%). The outer average diameter
was 20-30 nm, and the length was 0.5-2 pm.
The chemicals and solvents were obtained from
Sigma-Aldrich (MO, USA) and were used as
received. The 400-mesh copper grids coated
with formvar/carbon support film for TEM were
purchased from Agar Scientific (Essex, UK). The
Euthatal® was obtained from Rhone Merieux

(Harlow, UK).

Chemical functionalization &

characterization of CNTs

1,3-dipolar cycloaddition reaction on purified
MWCNTs was followed as described in [3].
MWCNTs (100 mg) were suspended in 150 ml
of dimethylformamide solution. The mixture
was sonicated and then heated at 115°C while
a solution of paraformaldehyde (4 x 100 mg)
and tert-butyloxycarbonyl monoprotected
2,2’-(ethylenedioxy) diethylamine (4 x 100 mg)
in dimethylformamide solution were added by
portions over 4 days. The product was filtrated,
washed with dimethylformamide solution,
MeOH and ether, and the black solid was dried.
The amino acid was then deprotected with
HCl gas and the obtained MWCNT-NH,* was
thoroughly washed and dried. The amount of
amino groups was determined with the Kaiser
test, corresponding to 147 pmol/g. TEM
characterization showed that the morphology
of the nanotubes was not modified by the
1,3-dipolar cycloaddition. The tubes were also
characterized by thermogravimetric analysis as
shown previously [10].

TEM micrograph of --MWCNT
aqueous dispersions
FMWCNT powder was hydrated in 5%
dextrose at 1 mg/ml concentration, by bath-
sonicating the dispersions for 15-30 min.
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The sonicated FMWCNT dispersions were
deposited on 400-mesh copper grids coated with
formvar/carbon support film and allowed to dry
at room temperature before imaging under TEM
(Philips CM10). The images were captured
with a high-resolution digital camera coupled
to the microscope. High-resolution TEM images
were captured using an FEI T20 transmission
electron microscope.

Animal handling & experimentation
All animal experiments were performed in
compliance with the UK Home Office (1989)
Code of Practice for the Housing and Care of
Animals Used in Scientific Procedures and in
agreement with protocols approved by the Italian
Ministry for Scientific Research. The 6—8-week-
old C57BL/6 females were caged in groups of
four to seven, with free access to food and water.
A temperature of 19-22°C was maintained, with
a relative humidity of 45-65%, and a 12-h light/
dark cycle. To perform these experiments, three
mice per group per time point were used.

Stereotactic administration of

~-MWCNTs

C57BL/6 mice were anesthetized with Avertin®
(0.5 ml/100 g; Acros Organics, Gell, Belgium)
and mounted on a stereotactic apparatus.
Injections of up to 1 pl volume were made at
specific stereotactic locations (Bregma +0.5 and
+1.5 mm from sagittal line) in the motor cortex
by means of a glass pipette (30 pm tip diameter)
mounted on a motorized (0.1 pm step) three-
axis micromanipulator connected to an injector
(Sutter Instruments, CA, USA). A total of 1 pl
of CNT dispersion was released at 700 pm
below the cortical surface. During injections,
the animals were oxygenated and heated using
a blanket with a thermostat to ensure a 37°C
body temperature. At the end of all surgical
procedures, the scalp incision was closed with
Mersilk sutures (Ethicon, Scotland, UK), and the
antibiotic, gentamicin, was topically administered
to prevent infections. In these conditions the
whole procedure required approximately 20 min,
and recovery from anesthesia occurred after
60-90 min. After recovery, the animals were
returned to their home cages. Mice were culled
at 2 and 14 day time points.

Brain tissue sectioning & TEM
Mice were transcardially perfused under
terminal anesthesia (Euthatal) with 3%
glutaraldehyde in 0.5 M cacodylate buffer
(pH 7.4). After perfusion, brains were removed,
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immersed in the perfusate for 2—4 days at 4°C,
allowing adequate penetration of the primary
fixative. The brains were then transferred
to the 1 M cacodylate buffer until they were
ready for processing. Just before embedding,
brain coronal sections of 1 mm were
prepared using a mouse brain matrix (Zivic
Instruments®, PA, USA). Coronal sections
that contained the cortical region injected
with either FMWCNTs or vehicle were then
washed several times with deionized water,
submitted to a second fixation with OsO, for
90 min, rinsed with deionized water, and then
dehydrated by a series of ethanol grades: 70,
90 and 100%. Brain specimens were infiltrated
with propylene oxide, followed by 1:1 (v/v)
propylene oxide:araldite resin and were finally
left in neat resin overnight at room temperature.
Brain coronal sections were then placed at the
desired orientation in the embedding moulds
and placed in a 60°C oven to allow for resin
polymerization for 2-3 days. A small region
of the coronal section in the close vicinity of
the cortical site of injection (2 x 2 mm) was
then selected for semithin sectioning. Semithin
sections (~0.71-pm thickness) were prepared
using an ultramicrotome equipped with SEMi
diamond knife (SEMi, Leica Microsystems,
Peterborough, UK), and then stained with
toluene blue to be observed under a light
microscope: ultrathin sectioning was performed
in regions where CNT presence was apparent.
TEM imaging was performed on precisely
aligned ultrathin sections (~70-nm thickness)
obtained by an ultramicotome and a diamond
knife (Diatome 45°, Leica Microsystems). The
sections were collected onto 400-mesh copper
3.05-mm grids (Athene grids, Agar Scientific)
and observed under TEM without further

negative staining.

Brain tissue sectioning & Raman

spectroscopy

Mice brains for Raman analysis were removed,
snap frozen by immersion into isopentane,
precooled in liquid nitrogen, and then stored
at -80°C until further analysis. Sections
with a 20-pm thickness were prepared on
a cryomicrotome (Leica Microsystems;
CM3050S), air-dried for 1 h at room
temperature, postfixed in methanol, precooled
at -20°C, and then left to dry and kept at room
temperature before analysis. Raman spectra were
recorded on a Renishaw inVia microRaman
equipped with a Leica microscope and a He—Ne
laser (633 nm), using a 50x objective lens at
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5% of the total laser power. Raman scattering
signals were acquired on brain regions where
black material appeared. Raman spectra were
corrected for tissue auto-fluorescence and
normalized to G band intensity.

Results & discussion

The physical and morphological characteris-
tics of the MWCNT-NH,* material used in
this study were recently published [10]. Briefly,
the degree of ammonium functional groups
grafted on the FMWCNTs was 147 pmol/g
of material and their length distribution was
between 0.5 and 2 pm, with a diameter in the
range of 20-30 nm. TEM analysis showed that
MWCNT-NH,* were largely debundled and
generally appeared as individualized nanotube
dispersions (Ficure 14).

Internalization of nanotubes into cultured
microglia and neurons has been reported
previously in [1112]; however, no study has
interrogated the determinant factors of such
interactions. In this study, MWCNT-NH,_*
(0.5 pg/mouse) were stereotactically injected
at specific coordinates in the motor cortex of a
mouse brain (Ficure 1B) and, 2 days postinjection,
ultrathin sections of brain parenchyma near
the injection site were prepared for TEM
examination (Feure 2). In order to improve
visualization of FMWCNT at the cellular level,
TEM imaging was performed on unstained
sections. Microscopic analysis of tissue sections
2 days postadministration suggested that
MWCNT-NH, " were dispersed and spread in
the vicinity of the injection site and the brain
parenchyma. It also confirmed their ability to
internalize within different types of brain cells
(Ficures 2A & 2B), including both microglia and
neurons. Microglial internalization of nanotubes
was widespread and seems to be the predominant
mechanism of early-time tissue response. This
observation also agreed with previous reports
following intratumoral injection of nanotubes
within a brain-implanted glioblastoma model
(13.14], despite the inherent differences in tissue
architecture and levels of pre-existing microglial
activation between normal brain and the
glioblastoma mass.

The widespread internalization of
MWCNT-NH,* by microglia is shown in
Ficures 2C-2H. Higher magnification in the
cytoplasmic region of the cells containing
nanotubes indicated that when in clusters or
aggregates, the material is localized in vesicular
structures (presumably phagolysosomal vesicles).
At the same time, individual nanotubes were
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Magnification of H&E
coronal section

Figure 1. Stereotactic administration of chemically functionalized-multiwalled carbon
nanotubes in the motor cortex of mice. (A) Chemically functionalized-multiwalled carbon
nanotubes (MWCNT-NH,*) used in the experiment: chemical structure and transmission electron
microscope (TEM) image of MWCNT-NH_* dispersed in 5% dextrose at 250 pg/ml final
concentration. (B) Coordinates of the stereotactic injection. MWCNT-NH,* were injected at specific
coordinates into the M1/M2 brain regions of the mouse motor cortex (according to [24]): latero—
lateral(x) +0.5 mm, dorso—ventral(y) +1.5 mm, rostro—caudal(z) 0.7 mm. At 2 days postinjection,
brains were isolated and coronal sections were processed for H&E staining and TEM imaging. The
area surrounded by a dashed square (1 mm?) represents the area processed further for TEM analysis.

H&E: Hematoxylin and eosin.

also found either in the cytoplasm or crossing
the vesicular membranes after internalization
(arrows in Ficure 2D). Mu et al. proposed a
working hypothesis for the determination of the
crucial parameters and factors affecting in vitro
cellular uptake of chemically functionalized
CNTs, suggesting that aggregates of
carboxylated MWCNTs or ammonium
MWCNTs were mainly internalized via active
endocytosis (or phagocytosis — dependent on cell
type and dimensions of the material interacting
with the cells), whereas individualized
ammonium MWCNTs could enter the cells
through a direct membrane translocation
pathway [15]. We also recently reported data
in agreement with such a hypothesis using
nonphagocytic A549 cells and primary human
monocyte-derived macrophages, a professional
phagocytic cell type [16]. In these studies, the
direct translocation of MWCNT-NH,* was
confirmed by high-resolution 3D electron

microscopy, by piercing the plasma membrane
on nanotube entrance into cells or after vesicular
internalization by piercing the vesicular
membrane to escape into the cytoplasm [16].
In both cases, individualization of nanotubes
facilitated the process. In the present study,
similar observations were obtained in vivo
after direct injection of MWCNT-NH, " in the
cortex parenchyma.

Based on the same TEM analysis of the
brain tissue sections, 2 days postinjection,
it was observed that within many microglia,
which internalized MWCNT-NH, large
clusters of seemingly decomposed nanotube
material existed (Ficures 2F & 2H). Intrigued
by such observations, we decided to
further investigate the morphology of these
structurally undefined materials that could
be found within the cytoplasm of many
cells throughout the brain sections. Most
nanotubes that localized intracellularly were
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seen intact; however, widespread structural
changes were also evident, suggesting the
initiation of a degradation process. As can
be seen in Ficure 3, numerous areas contained
nanomaterial debris that had suffered severe
structural deformations, reduced length and
loss of cylindrical structure (Ficures 3A-3C).
Higher magnification at the interface of such
clusters indicated the presence of both intact
and structurally deformed MWCNT-NH,*
in the cytoplasm of microglial cells in vivo.
Moreover, Ficure 3C offered further insight as to
how this degradative process may be evolving,
with the co-existence of intact CN'T structures

(Ficure 3C, ), carbon sheets that seem unraveled
from the concentric cylindrical conformation
(Ficure 3C, m) and also the decomposed material
that had clearly lost all structural features
resembling a nanotube (FiGURE 3C, 1v).

In order to further investigate these structural
observations using a macroscopic technique,
and also to interrogate the pristine nature of
the graphitic material localized intracellularly,
we performed Raman spectroscopy of the
brain coronal sections (Ficure 4). Animals were
injected with MWCNT-NH,* stereotactically
at the same cortical location and brain tissue
was removed after 2 and 14 days postinjection

PRELIMINARY COMMUNICATION

Figure 2. Uptake of chemically functionalized-multiwalled carbon nanotubes by microglia in vivo. (A) High magnification of
hematoxylin and eosin-stained coronal section, representative of the area processed for transmission electron microscopy analysis.
Chemically functionalized-multiwalled carbon nanotubes (MWCNT-NH,*) were mainly detected in an area of approximately 225 um x
225 pm (50 nm?) around the injection site. (B) Transmission electron microscopy of brain parenchyma close to the injection site. (C) Low
magnification image of microglia with MWCNT-NH,*localized intracellularly. (D) High magnification of the dashed box in (C), showing
individualized MWCNT-NH_* enclosed within an intracellular vesicular membrane. (E) High magnification of the solid box in (C), showing
individualized MWCNT-NH.* that are free in the cytoplasm. (F) Low magnification image of other microglia showing MWCNT-NH,*
localized intracellularly, exhibiting the co-existence of individualized and intact MWCNT-NH,* nanotube debris. (G) High magnification of
the dashed box in (F). High magnification of the solid box in (F).

Cyt: Cytoplasm; Lys: Lysosome; Mit: Mitochondria.
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Figure 3. Evidence of degradation of chemically functionalized-multiwalled carbon nanotubes residing within microglia

in vivo. Intracellular chemically functionalized-multiwalled carbon nanotubes (MWCNT-NH,*) imaged with severe structural deformations,
reduced length and loss of cylindrical structure by transmission electron microscopy. (A, i & B, i) Low magnification micrographs showing
different microglial cells containing MWCNT-NH_* in their cytoplasm. (A, ii & B, ii) High magnification micrographs of dashed boxes in
(A,i) and (B, i), respectively. (A, iii & B, iii) High magnification micrographs showing examples of MWCNT-NH,* that lost their cylindrical
shape. Intact tubular structured nanotubes (solid arrow) can also be detected in the periphery of these clusters. (A, iv & B, iv) High
magnification micrographs of panels (A, i) and (B, i), respectively, showing nanotubes with signs of morphological change presumably
enclosed within an intracellular vesicle (dashed arrows point to the membranous boundary). (C, i & C, ii) High-resolution micrographs
with co-existing individualized, intact MWCNT-NH,*; (C, iii) carbon sheets unraveling their concentric cylindrical conformation and;

(C, iv) degraded nanotube material with almost complete loss of their structural integrity.
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Figure 4. Raman spectroscopy of brain tissue sections 2 and 14 days after stereotactic administration of chemically
functionalized-multiwalled carbon nanotubes. (A) Raman spectra of 20-um thick brain sections, 2 days (left) and 14 days (right)
postinjection. Spectra presented are representative data, corresponding to locations 1-8 (Aii & Aiv) indicated in the optical microscopy
images. (B) Collated Raman spectra as acquired from the starting material before injection (0 days) (B, i) and from brain sections at 2 days
(B, ii) and 14 days postinjection (B, iii). The intensity ratio between D and G bands (I./I.) indicated was calculated from the average
intensities of D and G bands at each time point (n = 10, n = 14 and n = 16 spectra used for each time point, respectively). Average intensity
of G band was normalized to 1. (C) I /. band ratio calculated from Raman spectra in each region of interest in the section. An overall
reduction in I./1, ratio was observed with time suggesting dramatic changes in the carbon structure of the nanotubes inside the brain.

|/15: Intensity ratio between D and G bands.
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for sectioning. Ficure 4A shows how optical
microscopy of the tissue sections at the
injection site was used to obtain the Raman
spectral analysis at different locations. Typical
Raman spectra were obtained at different
regions of the brain sections, 2 and 14 days
postinjection. While characteristic Raman
spectra of MWCNT (with D and G peaks)
were obtained, we observed that after 14 days
the material exhibited an overall reduction in
the intensity of the characteristic peaks with
increased background noise, suggesting the
presence of less intact CN'Ts (Ficures 44 & 4B). The
characteristic D/G band intensity ratio, which
is considered an indication of the degree of
structural defects, was also distorted with time
(i.e., overall decrease of the ratio), suggesting
severe changes in the carbon structure of the
material residing in the tissue (Fiures 4B & 4C).

that
(irrespective of pH) [17] can induce degradation

Evidence oxidative conditions
of CNTs has consistently emerged since
Allen et al. 118] first reported the biodegradation
of SWCNTs after incubation with horseradish
peroxidase in the presence of H O, under
static conditions (at 4°C for 12 weeks) [18.19].
Kagan et al. also demonstrated that SWCNTs
could be degraded by the catalytic action of
human neutrophil myeloperoxidase and, more
importantly, have shown that the degraded
nanotubes did not induce an inflammatory
response when aspirated into the lungs of
mice [20]. Complete degradation of CNTs
leading to CO, molecules has been reported
previously and may lead to an overall naive, fully
biocompatible profile of tissue-residing CNTs
(18.19,.21]. However, degradation of CNTs may
generate molecular species rich in aromatic rings
and other by-products, such as polyaromatic
hydrocarbons that will have a different cytotoxic
profile. In any case, the long-term biological
consequences from CNT degradation should
be further considered and investigated.
Recently, it has been reported that the
oxidative degradation of carboxylated SWCNTs
and MWCNTs in test tubes indicates that
both types can undergo degradation, albeit
to a different extent [22]. Likewise, Zhao
et al. studied the enzymatic degradation of
different MWCNTs (purified, oxidized and
nitrogen-doped) using similar in-test-tube
assays and demonstrated that MWCNT
degradation greatly depended on their degree
of carboxylation [21]. Liu ez a/. also studied
the effect of surface functionalization on

CNT degradation and showed that pristine,
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ozone-treated and aryl-sulfonated nanotubes
could not degrade as effectively as oxidized
SWCNTs under phagolysosomal-mimicking
conditions [17]. These studies, independently
reported by three different groups, demonstrated
that degradation of different types of CNT
(both SWCNTs and MWCNTs) can indeed
occur [17.21,22]. Further studies are needed to
systematically address the factors that will
control the rate of the degradative process
(e.g., enzymatic profile of host tissue and type
of CNT surface functionalization).

In the context of the present study, microglia
have often been associated with oxidative
processes that may be related to their highly
efficient capacity for phagocytosis and their
role in response to even subtle neuronal injury.
Microglial cells are the resident immune
effectors of the CNS, and as such their
oxidative lysosomal environment, with low pH
and the presence of hydrolytic enzymes may
further promote the degradation of the CNTs.
However, this remains a working hypothesis
at this stage until further evidence arises from
work currently undertaken.

This study reports the occurrence of partial
degradation of MWCNT-NH,* in vivo
following internalization and intracellular
localization within microglia after direct
stereotactic injection in the motor cortex.
The degradative processes and mechanisms
taking place were not elucidated in this study;
however, TEM analysis of the tissue sections
offered structural evidence that widespread
nanotube degradation can start within 2 days
postinjection. Lastly, while this study was in
press, another group reported the occurrence
of SWCNT degradation in the lung of animals
by pharyngeal aspiration [23]. These two reports
offer the first direct evidence of degradation of
CNTs within two different tissues. Such initial
evidence provide great impetus for further
investigation to explore the critical parameters
that will determine the kinetics and rate-
limiting factors of CNT in vivo degradation. It
has to be stressed that degradation of CN'Ts may
be (e.g., drug delivery and diagnostics) or may
not be desirable (e.g., implants, neuroprosthetic
devices and scaffolds) depending on the intended
biomedical application. If degradability of
CNTs is desired, engineering material that will
allow rapid and complete degradation within
the tissues in which they reside will change the
landscape regarding the overall toxicological
profile of carbon structures that is critically
dependent on tissue biopersistence.
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Executive summary

microglia cells.
electron microscopy.

degradation process.

injection site.

injection in the brain.

= Stereotactic injection of chemically functionalized-multiwalled carbon nanotubes (CNTs) into mouse cortex led to uptake within
= Partial degradation of functionalized-multiwalled CNTs was observed as structural deformation of the nanotubes by transmission
= Widespread structural changes were visible by transmission electron microscopy 2 days postinjection, suggesting early onset of a

= Degradation of nanotubes was manifested as structural deformations, reduced length and loss of cylindrical structure.
= Reduction in the intensity of the Raman spectroscopy peaks and increased background noise of brain sections in the vicinity of the

= Experimental evidence that multiwalled CNT-NH,* undergo dramatic structural tranformations intracellularly (within microglia) after
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