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Single-Walled Carbon Nanotubes Chemically Functionalized
with Polyethylene Glycol Promote Tissue Repair in a Rat
Model of Spinal Cord Injury
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Abstract

Traumatic spinal cord injury (SCI) induces tissue damage and results in the formation of a cavity that inhibits
axonal regrowth. Filling this cavity with a growth-permissive substrate would likely promote regeneration and
repair. Single-walled carbon nanotubes functionalized with polyethylene glycol (SWNT-PEG) have been shown
to increase the length of selected neurites in vitro. We hypothesized that administration of SWNT-PEG after
experimental SCI will promote regeneration of axons into the lesion cavity and functional recovery of the
hindlimbs. To evaluate this hypothesis, complete transection SCI was induced at the T9 vertebral level in adult
female rats. One week after transection, the epicenter of the lesion was injected with 25 uL of either vehicle
(saline), or 1 ug/mL, 10 ug/mL, or 100 ug/mL of SWNT-PEG. Behavioral analysis was conducted before injury,
before treatment, and once every 7 days for 28 days after treatment. At 28 days post-injection the rats were
euthanized and spinal cord tissue was extracted. Immunohistochemistry was used to detect the area of the cyst,
the extent of the glial scar, and axonal morphology. We found that post-SCI administration of SWNT-PEG
decreased lesion volume, increased neurofilament-positive fibers and corticospinal tract fibers in the lesion, and
did not increase reactive gliosis. Additionally, post-5CI administration of SWNT-PEG induced a modest im-
provement in hindlimb locomotor recovery without inducing hyperalgesia. These data suggest that SWNT-PEG
may be an effective material to promote axonal repair and regeneration after SCL
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Introduction capsulated cyst (syrinx). While the central cyst is typically
surrounded by a rim of spared tissue, the associated spinal cord

ATA from the National Spinal Cord Injury (SCI) Model tissue loss underlies substantial and lasting functional impair-

Systems indicate that a new SCI is sustained approxi-
mately every 41 min, with an average of 11,000 new cases
each year in the United States. Also, recent estimates suggest
that there are over 250,000 persons living with a SCI in the
U.S. (National Spinal Cord Injury Statistical Center, 2008).
Traumatic SCI causes devastating damage to neurons, axons,
and glia, which results in permanent loss of function at and
below the injury site. Most SCIs are initiated by rapid dis-
placement of the spinal column, which causes a crushing or
contusion of the spinal cord. This initial mechanical impact
leads to a secondary injury cascade which involves multiple
pathophysiological mechanisms, including excitotoxicity, in-
flammation, cell death, and axonal loss, and ultimately results
in syringomyelia, or the formation of an expanded glial-en-

ment (Anderson and Hall, 1993; Norenberg et al., 2004).

A potentially key element in any approach to regenerate or
repair the damaged spinal cord is filling the cyst by admin-
istration of a growth permissive/enhancing material. Several
biological materials have been used experimentally to pro-
mote axon growth across spinal cord lesions, including
transplantation of peripheral nerves (Cheng et al., 1996), in-
tact fetal spinal cords or fetal spinal cord tissue (Anderson
et al., 1995), Schwann cells (Kuhlengel et al., 1990a, 1990b),
stem or progenitor cells of various origins (McDonald et al.,
1999; Park et al, 1999), and olfactory-ensheathing glia
(Ramon-Cueto et al., 1998). While these studies are intriguing
and provide proof of principle for axonal regrowth after SCI,
the results show sprouting of only small numbers of axons
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over a short distance. Additionally, the clinical utility of bio-
logical materials such as peripheral nerve explants or stem
cells may be limited by lack of reproducible and reliable
sources, or even governmental restriction.

As a viable alternative to tissue-derived materials, single-
walled carbon nanotubes (SWNTs) have many properties that
suggest their potential utility in supporting axonal regenera-
tion and repair after SCI. SWNTs consist of sheets of graphene
composed of a single cylinder, 0.4—-2.0nm in diameter. The
length can range from one to hundreds of micrometers. Thus,
the length and diameter are on a scale similar to that of neu-
ronal processes, suggesting that regenerative substrates made
of SWNTs would closely mimic the native CNS tissue to-
pography (Malarkey and Parpura, 2007). SWNTs are electri-
cally conductive, a property that can be manipulated by
changing the conformation of carbon atoms in the graphene
sheet. Since the charge of the substrate affects axonal growth
(Hu et al., 2004), manipulation of their surface charge is an
additional beneficial feature. Another feature of SWNTs is
that they are strong, durable, and flexible, which are impor-
tant characteristics for a material implanted into the spinal
cord. Carbon nanotubes (CNT) are also not biodegradable,
and thus they can exert their potential effects on the injured
tissue for a prolonged period of time. Additionally, SWNTs
are amenable to modification by attachment of other bio-
molecules or functionalization (Bekyarov et al., 2005). As used
here, functionalization refers to a chemical modification of
CNT with a compound. For example, SWNTs adsorb strongly
to a wide variety of compounds, including lipids, DNA,
peptides, and enzymes, so that in many instances the SWNT
needs only to be mixed with the modifying compound (Be-
kyarov et al., 2005). Modifier compounds can be more per-
manently attached to SWNTs by covalent linkage (Malarkey
and Parpura, 2007). Thus, we hypothesize that SWNTs could
be developed and optimized as a material to fill the central
cyst and promote axonal regeneration after SCI.

We have previously made various chemically-functiona-
lized CNTs, both SWNTs and multi-walled CNTs (MWNTs),
and have demonstrated that these materials promote neuro-
nal growth and neurite outgrowth in cell culture (Hu et al.,
2004, 2005; Malarkey et al., 2008, 2009). We also have previ-
ously evaluated the neurite-outgrowth-promoting potential
of water soluble SWNTSs added to the tissue culture media (Ni
et al., 2005). To achieve solubility in aqueous solutions, we
modified commercially available SWNT-COOH (Carbon So-
lutions, Riverside, CA) to synthesize SWNT graft co-polymers
with either poly-m-aminobenzene sulfonic acid (PABS) or
polyethylene glycol (PEG). Since the charge of nanotubes can
change their neuronal morphological features (Hu et al,
2004), we chose these functionalities so that at physiological
extracellular pH of ~7.4, SWNT-PABS and SWNT-PEG
would be net-uncharged, either zwitterionic and neutral, re-
spectively. To determine the effects of SWNT-PEG on neurite
outgrowth, hippocampal neurons were plated on polyethyl-
ene imine (PEI)-coated cover-slips. We found that 1 ug/mL of
SWNT-PEG caused a decrease in the number of neurites per
neuron, with a simultaneous increase in the average length of
the neurities, which indicates that neurons treated with SWNT-
PEG have longer, but sparser, neurites (Hu et al., 2004; Ni et al.,
2005). Our previous data suggest that the functionalization of
SWNTs is a useful tool to create growth-promoting nanoma-
terials that could be used for CNS regeneration and repair after
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SCI. Specifically, we hypothesize in the current study that post-
SCI administration of SWNTs chemically functionalized with
PEG will promote tissue repair, axonal regrowth, and func-
tional recovery in a rat model of SCI. Consequently, the goal of
the present study was to evaluate this possibility by adminis-
tering SWNT-PEG (25 or 50 uL of 1, 10, or 100 ug/mL), either
immediately after or at 1 week post-SCI, using a mid-thoracic
transection model with subsequent evaluation of hindlimb lo-
comotion, lesion volume, and markers of gliosis and axonal
regeneration or regrowth.

Methods
Experimental groups and spinal cord injury

All surgical protocols were approved by the Institutional
Animal Care and Use Committee of the University of Ala-
bama at Birmingham. Fifty-eight adult female Sprague-
Dawley rats (250-300g, 2 months old) received a complete
transection SCI induced by severing the spinal cord at the T9
vertebral level with a MicroFeather ophthalmic scalpel
(Feather Safety Razor Co., Osaka, Japan). For the acute ad-
ministration (5min after SCI) experiment, the animals were
randomly assigned to the following experimental groups: (1)
uninjured controls receiving only laminectomy (n=6), (2)
complete transection SCI (n=8), (3) complete transection SCI
with post-SCI administration of 10 ug/mL of SWNT-PEG in a
volume of 25 uL. (n=5), or (4) complete transection SCI with
post-SCI administration of 10 ug/mL of SWNT-PEG in a
volume of 50 uL. (n=5). For the delayed administration ex-
periment, the animals received a treatment 1 week following
injury with 25 uL of either vehicle (saline, n=8), 1 ug/mL (n=8),
10 pug/mL (n=9), or 100 ug/mL (n=9) of the SWNT-PEG so-
lution stereotaxically injected into the lesion site epicenter. This
concentration range was selected based on our previous work
evaluating the neurite growth-promoting properties of SWNT-
PEG in vitro (Ni et al., 2005). For all experiments, MatriStem®
tissue sealant (Vet; ACell, Inc., Columbia, MD) was placed over
the transected dura after administration of SWNTs to seal the
dura and prevent overflow of vehicle or SWNT-containing so-
lution into surrounding tissue.

Postoperative animal care was conducted twice daily.
Animals received isotonic saline (5 mL SC BID), enrofloxacin
(6 mg/kg SC QD), and carprofen (1 mg/kg SC BID) for 7 days
post-SCI. Urinary bladders of paraplegic rats were emptied
via gentle abdominal compression twice each day for the
duration of the experiment. The animals had access to food
and water ad libitum, including chow placed on the cage floor.
The animals were weighed each day and body weight (in
grams) was tracked as an indicator of overall health.

Anterograde labeling of the corticospinal tract

Due to the stressful effects of multiple surgeries on the
animals, the anterograde labeling of the corticospinal tract
was performed 3 days prior to the SCI. Since the axonal
transport rate of the tracer is approximately 2-6 mm/d (Re-
iner et al., 2000; Raju and Smith, 2006), no axons in the thoracic
spinal cord would be labeled prior to transection. Ad-
ditionally, the intensity of tracer labeling has been shown to
diminish by 6-7 weeks post-injection (Wouterlood et al., 1990;
Raju and Smith, 2006), so labeling 3 days prior to SCI facili-
tated the evaluation of tracer in spinal cord tissue extracted 5
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weeks post-SCIL. For this procedure, the animals were an-
esthetized with inhaled isoflurane (4% induction and 2%
maintenance), and four small burr-hole craniectomies were
placed 2mm lateral to the midline, and at anterior-posterior
(A/P) coordinates of bregma +1.56mm and bregma
+0.6 mm, such that two each were centered over the right and
left motor cortices. Mini-ruby BDA (20 uL, 0.1 mg/mL dex-
tran tetramethylrhodamine and biotin in sterile water, In-
vitrogen/Molecular Probes D-3312; Invitrogen, Carlsbad,
CA) was injected sterotaxically into the motor cortex using a
25-uL. Hamilton syringe and 30-gauge needle (Hamilton Co.,
Reno, NV), at a rate of 4 uL. per minute at two depths (dorsal/
ventral coordinates —1.5mm and —2.5mm).

Behavioral outcome measures

Locomotor and sensory function was assessed weekly after
the injection of the SWNTs (post-SCI days 14-35) using the
Basso-Beattie-Bresnahan (BBB) open-field locomotor test,
Noldus CatWalk™ gait analysis (Noldus Information Tech-
nology, Leesburg, VA), sensitivity to von Frey filaments, and
tail-flick analysis.

Hindlimb function was assessed with the BBB locomotor
test (Basso et al., 1995) pre-injury, and once each week for the
following 35 days. The BBB scale is used to rate gross hin-
dlimb locomotor recovery and ranges from 0 (no hindlimb
movement) to 21 (no impairment in walking or gait). For this
test, the animals were placed in a 1.2-m-diameter metal,
smooth-surfaced activity chamber for 4 min, and hindlimb
movement was scored by two investigators who were blinded
to the treatment of the animal. All discrepancies in scores were
resolved by discussion between the raters at the conclusion of
the test and scored to the deficit. Scores were generated for
each hindlimb and averaged.

Kinematic analysis was evaluated using the CatWalk gait
analysis system (Noldus Information Technology, Leesburg,
VA), as previously described (Hamers et al., 2006). In this gait
analysis, the animals traverse a glass walkway and a 60-Hz
camera digitally records the pawprints. The gait is then ana-
lyzed frame by frame with the assistance of integrated software
(CatWalk 7.1). One week preceding the injury, the animals
were introduced to the procedure and baseline gait parameters
were obtained 1 day pre-injury. Subsequent analysis was con-
ducted once every week following the SCI for 35 days.

Mechanical allodynia (hypersensitivity to an originally
non-noxious stimulus) was measured by determining the
hindpaw withdrawal threshold evoked by stimulation with a
series of calibrated von Frey filaments (Stoelting, Inc., Wood
Dale, IL). After application of a stimulus of 2g, 4g, 6g, 8g,
15g,26g, or 60 g to the plantar surface of the hindpaw while
the animal stood on a wire grid, the lowest filament receiving
at least a 50% positive response of five trials (at least three
positive responses) was recorded as the conclusive sensitivity
level using the up-down method as previously described
(Chaplan et al., 1994). Only animals with plantar placement
were evaluated.

Thermal hyperalgesia (heightened response to a noxious
stimulus) was evaluated using the tail-flick test as previously
described (Deakin and Dostrovsky, 1978). Briefly, a thermal
stimulus was elicited by the radiant heat source of a tail-flick
unit (Columbia Instruments, Columbus, OH), and was fo-
cused on the rat’s tail 3-5cm from the tip. Tail-flick latency
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was measured in seconds by a timer connected to a photo-
electric cell that upon movement of the tail stopped the timer
and heat. Two trials were obtained in each weekly evaluation
session and latencies were averaged.

Histological outcome measures

Spinal cord tissue preparation. At 35 days post-SCI, the
animals were euthanized with an overdose of pentobarbital
(Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI), and
perfused with 4% paraformaldehyde (PFA). The spinal cord
tissue (1 .cm) at the lesion epicenter was extracted, post-fixed
for 24h at 4°C in 4% PFA, and then cryoprotected in in-
creasing concentrations of sucrose (10-30%) for 48 h at 4°C.
The spinal cords were then frozen over dry ice, and then
blocked into 5-mm longitudinal sections (2.5 mm rostral and
caudal from the epicenter). Tissue was then embedded in
optimal cutting temperature (OCT) compound (Tissue-Tek " ;
Fisher Scientific, Pittsburg, PA) and stored at —80°C. Serial
longitudinal sections (30 um) were sliced on a cryostat (Leica
Microsystems, Inc., Bannockburn, IL), such that the entire
spinal cord was sectioned from left to right. Tissue sections
were serially placed on 1% gelatin-coated slides and stored at
—20°C until further analysis.

Glial fibrillary acidic protein (GFAP) immunohistochemis-
try. A subset of every fifth tissue section was used for GFAP
immunohistochemistry. The sections were encircled with a
hydrophobic barrier (ImmEdge™’; Vector Laboratories, Burlin-
game, CA), and then dried overnight at room temperature. The
slides were processed through graded ascending percentages
of alcohol, and blocked with 0.5% H,0O,. The sections were then
washed and non-specific reactivity was blocked with 3% goat
serum +0.3% Triton X +3% bovine serum albumin +0.1M
phosphate-buffered saline (PBS) at 37°C for 1h. The tissue
sections were rinsed and then incubated in rabbit polyclonal
anti-GFAP antibody (1:4000, Z0334; Dako, Carpinteria, CA) for
25h at 4°C. Afterward, the sections were washed in PBS and
incubated in Alexa Fluor® 488 goat anti-rabbit secondary an-
tibody (1:4000, A-11008; Invitrogen) at 4°C for 24h. The sec-
tions were then rinsed, dried overnight, and cover-slipped with
Permount mounting medium (Fischer Scientific).

Neurofilament immunohistochemistry. Adjacent serial
sections (every fifth section) to those utilized for GFAP
staining were used for neurofilament immunohistochemistry.
The general procedure outlined above for GFAP staining was
used for the section preparation, blocking, and tissue/cell
permeabilization. The tissue sections were then rinsed and
incubated in mouse monoclonal antibody against the 200-kD
neurofilament heavy subunit (1:1000, ab24572; Abcam,
Cambridge, MA) for 25h at 4°C. Afterwards, the sections
were washed in PBS and incubated in Alexa Fluor 488 goat
anti-mouse secondary antibody (1:4000, A-11001; Invitrogen)
at4°C for 24 h. The sections were then rinsed, dried overnight,
and cover-slipped with Permount mounting medium.

Cresyl violet histochemistry. Adjacent serial sections
(every fifth section) to those used for neurofilament staining
were processed for histochemistry using cresyl violet acetate
(Sigma-Aldrich, St. Louis, MO) as previously described (Ka-
chadroka et al., 2010). Briefly, slide-affixed tissue sections
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were dehydrated through ascending ethanol concentrations
(70-100%), cleared with xylene, rehydrated in descending
concentrations of ethanol (100—70%), and stained in 0.1%
cresyl violet acetate (Sigma-Aldrich) for 5min. The tissue was
rinsed in double distilled water (ddH,0), and differentiated in
95% ethanol with acetic acid for 2min, dehydrated with al-
cohol, washed in xylene, and cover-slipped with Permount.

Stereological quantification

Microscopy. All microscopy was conducted on an
Olympus BX51 microscope (Olympus Microscopy, Center
Valley, PA) equipped with a motorized stage, and Stereo-
Investigator analytical software (MicroBrightField Inc., Col-
chester, VT). All micrographs were captured as digital images
(12-bit color) using a MicroFire 1600 x 1200-pixel progressive
scan interline CCD camera (Optronics, Inc., Goleta, CA).

Quantification of GFAP immunoreactivity. GFAP immu-
noreactivity was measured by calculating the fluorescence in-
tensity in a 50 x 50-um sampling box. Three non-overlapping
sampling boxes were randomly placed in regions of interest at
the epicenter, and in regions rostral and caudal to the epicenter
such that the medial-most edge of the sampling box was at least
2mm from the epicenter. Fluorescence intensity (in intensity
units) was imaged using a 4x or 10X objective. All intensity
values shown in the figures represent raw data, with their pixel
intensities within the camera’s dynamic range (0-4095) without
pixel saturation. All imaging parameters including gain, offset,
and exposure time, were set such that intensity values fell
within the middle of the dynamic range to avoid pixel satura-
tion. All images were captured with identical settings. Three
intensity values per region were averaged. Collecting of images
and placement of the sampling boxes for analysis of fluores-
cence intensity was conducted by a single investigator who was
blinded to treatment group.

Quantification of neurofilament immunoreactivity. Num-
bers of neurofilament-positive (NF +) fibers were quantified
with unbiased stereology using an optical fractionator probe
as previously described (West et al., 1991). Briefly, the epi-
center of the lesion was bisected into two regions of interest
(ROIs). The rostral-epicenter ROI was comprised of tissue
from the left half of the epicenter of the lesion to 500 um rostral
to the epicenter. Similarly, the epicenter-caudal ROI included
tissue from the right half of the lesion epicenter to 500 um
caudal to the lesion. NF+ fibers were counted using the op-
tical fractionator probe with a 20x objective in every fifth
serial section. Inclusion criteria were set such that only NF +
fibers with a minimum length of 5 um were counted. Out-
lining of the serial sections and counting was conducted by a
single investigator blinded to treatment group. The total ap-
proximation by the optical fractionator and the second coef-
ficient of error were calculated, and a value of 0.1 for the
second coefficient of error was accepted.

Quantification of lesion volume. Lesion volume was as-
sessed in tissue sections processed for cresyl violet histo-
chemistry, and was quantified based using the Cavalieri
estimator. Briefly, the border of intact and damaged tissue
was delineated by an investigator blinded to treatment group
using a 10-20 x objective, and the lesion area of each section
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was obtained. Cystic cavities were included in the analysis as
lesion tissue (see black arrows in Fig. 2). The Cavalieri probe
was then used to estimate total lesion volume.

Corticospinal tract (CST) axonal counting. A single in-
vestigator who was blinded to treatment group quantified
BDA-positive axons. In order to quantify these axons, a line
was drawn across the spinal cord transversely 500 um rostral
from the lesion epicenter, and BDA-labeled axons intersecting
this line were counted in every fifth serial section throughout
the spinal cord.

Functionalization of SWNT

We used commercially-available, purified P3-SWNT with
carboxylic acid groups at their ends (SWNT-COOH; Carbon
Solutions) that were functionalized as we previously de-
scribed (Ni et al., 2005; Malarkey et al., 2008). Briefly, the acyl
chloride intermediate product SWNT-COCl was generated by
adding oxalyl chloride drop by drop to the dispersion of
SWNT-COOH. After removal of oxalyl chloride excess,
SWNT-COCI were functionalized with polyethylene glycol
(PEG) to form the graft copolymer. Following removal of
PABS excess, the final product SWNT-PEG was collected on
the membrane, dried under a vacuum overnight, and then
reconstituted in ddH,O, yielding a 5-mg/mL stock solution.
This stock solution was diluted in the normal external (vehi-
cle) saline composed of (in mM): NaCl (140), KCl (5), CaCl,
(2), MgCl, (2), glucose (5), and HEPES (10) (pH=7.4).

Statistical analysis

Data are shown as meanztstandard error of the mean
(SEM), and were analyzed using SigmaPlot® (v11; Systat
Software Inc., San Jose, CA). Data were analyzed using one-
way analysis of variance (ANOVA), or a repeated-measures
ANOVA, followed by the Holm-Sidak post-hoc analysis for all
pair-wise multiple comparisons. Pearson product moment
calculations were conducted using SigmaStat. Statistical sig-
nificance was set at p <0.05.

Results

Acute post-SCI administration of SWNT-PEG promotes
tissue repair and does not increase reactive gliosis

In the first experiment, we evaluated the effect of acute
(5min) post-SCI administration of SWNT-PEG on axonal
morphology using immunohistochemistry of NF+ fibers in
serial longitudinal sections of the rat spinal cord at the epi-
center. Comparisons were made between uninjured controls
receiving only laminectomy (LAM), SCI with no SWNT-PEG,
SCI+25uL of SWNT-PEG (10 ug/mL), or SCI+50uL of
SWNT-PEG (10 ug/mL). Stereological quantification (Fig. 1)
showed that, as expected, SCI caused a significant decrease in
NF+ fibers compared to animals receiving only laminectomy
(LAM), but no SCI. Additionally, we found that acute post-SCI
administration of 25 or 50 uL of 10 ug/mL SWNT-PEG induced
a significant increase in NF + fibers compared to non-treated,
injured animals (SCI). These data suggest that acute post-SCI
treatment with SWNT-PEG promotes axonal survival and re-
pair in tissue surrounding the transection cavity after a spinal
cord injury. Since both the 25- and 50-uL infusions had similar
effects when administered acutely after SCI, the 25-uL volume
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FIG. 1. Effect of acute post-SCI administration of SWNT-PEG after SCI. Animals received a complete transection SCI, and
immediately following injury either 25 or 50 uL. of SWNT-PEG (10 ug/mL) was stereotaxically injected into the lesion
epicenter. At 35 days post-SCI, tissue was extracted and the numbers of neurofilament-positive (NF +) fibers were counted in
regions of interest rostral-epicenter (Rostral) and epicenter-caudal (Caudal). SCI induced a significant reduction in NF + fibers
compared to the uninjured controls (LAM, laminectomy only) group (*). Both the 25- and 50-uL volumes of SWNT-PEG
significantly increased the number of NF+ fibers as compared to the SCI group (+; SCI, spinal cord injury; SWNT-PEG,
single-walled carbon nanotubes functionalized with polyethylene glycol).

was used in the subsequent experiments to evaluate the effect
of delayed post-SCI administration of SWNT-PEG.

Delayed administration of SWNT-PEG reduces lesion
volume in a concentration-dependent manner

After determining that acute post-SCI administration of
SWNT-PEG promoted axonal sparing and/or repair, we
evaluated a more clinically-relevant delayed administration
at 1 week post-injury. The experimental groups evaluated
were SCI+25 uL of either 0, 1, 10, or 100 ug/mL SWNT-PEG
in normal saline. Lesion volume was calculated in longitudi-
nal serial sections at the epicenter in tissue extracted at 35 days
post-SCI, and subsequently processed for cresyl violet histo-
chemistry (Fig. 2). As seen in Figure 2A, animals that received
delayed post-SCI administration of vehicle (0 ug/mL SWNT-
PEG; sham-treatment) had very large lesion areas. As seen in
Figure 2B-D, the lesion area was reduced by post-SCI ad-
ministration of SWNT-PEG, particularly at higher concen-
trations. Quantification of the total lesion volume (Fig. 2E)
using the Cavalieri estimator showed that post-SCI adminis-
tration of 100 ug/mL of SWNT-PEG significantly reduced
lesion volume compared to the 0-ug/mL group. This reduc-
tion occurred as an overall decrease in lesion volume, and was
visible in both the white and gray matter.

Delayed administration of SWNT-PEG increases
the number of neurofilament-positive fibers
in the lesion epicenter

We next sought to determine the effect of delayed admin-
istration of SWNT-PEG on the number of NF+ fibers in the

epicenter and adjacent regions as an indicator of regeneration
and repair. As shown in Figure 3A, NF+ fibers were visual-
ized in ROIs rostral-epicenter (white box) and epicenter-cau-
dal (yellow box). As expected, we observed many NF + fibers
in spinal cord tissue from control rats that received only la-
minectomy (Fig. 3B). SCI substantially reduced the number of
NF + fibers observed as compared to uninjured controls (Fig.
3C). Additionally we found that delayed post-SCI adminis-
tration of SWNT-PEG, in a concentration-dependent manner,
increased the number of NF+ fibers observed (Fig. 3D-F).
Quantification of the number of NF+ fibers (Fig. 3G) dem-
onstrated that there were significantly fewer NF+ fibers in the
SCI+vehicle (0ug/mL) group compared to the uninjured
control (LAM) group, in both the rostral-epicenter and epi-
center-caudal ROIs. Also, delayed post-SCI administration of
1ug/mL of SWNT-PEG did not significantly increase the
number of NF+ fibers, although a trend toward an increase
was observed. However, the medium (10 ug/mL) and high
(100 pug/mL) concentrations of SWNT-PEG caused a significant
increase in NF+ fibers in both the rostral-epicenter and epi-
center-caudal regions compared to the vehicle group (0ug/
mL). These data indicate that delayed post-SCI administration
of SWNT-PEG at the medium and high concentrations in-
creases the numbers of axons present at the lesion epicenter.

Delayed administration of SWNT-PEG promotes
modest sprouting of corticospinal tract axons
into the lesion epicenter

Although we found that administration of SWNT-PEG in-
creased NF+ fibers, NF is ubiquitously expressed in spinal
cord axons, and therefore is not specific for a particular tract or
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FIG. 2.

Effect of delayed post-SCI administration of SWINT-PEG on lesion volume. Animals received a complete transection

SCI and 7 days later 25 uL. of SWNT-PEG (0-100 ug/mL) was stereotaxically injected into the lesion epicenter. Tissue was
extracted at 35 days post-SCI and processed using cresyl violet histochemistry to identify the lesion cytoarchitecture. Re-
presentative micrographs from animals that received 0 ug/mL (A), 1 ug/mL (B), 10 ug/mL (C), or 100 ug/mL (D) of SWNT-
PEG are shown. Cystic cavities were included as lesion tissue, and examples are denoted by black arrows (scale bar =500 ym).
Total lesion volume was estimated using the Cavalieri estimator in serial sections (E). Delayed post-SCI administration of
SWNT-PEG (100 ug/mL) caused a statistically significant reduction in lesion volume (indicated by *; SCI, spinal cord injury;
SWNT-PEG, single-walled carbon nanotubes functionalized with polyethylene glycol).

subset of axons. Consequently, we used tract tracing of the
corticospinal tract (CST) to evaluate the effects of delayed
post-SCI administration of SWNT-PEG on CST axons in the
lesion. We quantified the number of labeled CST axons at a
site 500 um rostral to the epicenter of the lesion, which cor-
responds to the edge of the rostral-epicenter ROI used for
quantification of NF + fibers in Figure 3. As seen in Figure 4A,
few BDA-labeled CST axons were visualized in this rostral-
epicenter region. Quantification of BDA-labeled axons (Fig.
4B) indicated that very few axons were found in animals that
received vehicle or 1ug/mL SWNT-PEG 7 days after SCI.
Additionally, we found that post-SCI administration of the
medium (10 ug/mL) or high (100 ug/mL) concentration of
SWNT-PEG significantly increases the number of BDA-

labeled CST axons in the rostral-epicenter region, although
the total number of BDA-labeled axons in all SCI groups was
modest. No CST-labeled axons were identified in the epicen-
ter-caudal ROI (data not shown).

Delayed administration of SWNT-PEG does
not alter reactive astrogliosis at the lesion
epicenter or in proximal regions

GFAP immunoreactivity was analyzed to evaluate the ef-
fects of delayed post-SCI administration of SWNT-PEG on
reactive astrogliosis at the lesion epicenter and in proximal
regions in tissue extracted at 35 days post-SCI (Fig. 5A). As
seen in Figure 5B-E, little GFAP expression was detected at
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FIG. 3. Effect of delayed post-SCI administration of
SWNT-PEG on expression of neurofilament in regions of
interest (ROIs) at the lesion epicenter. Neurofilament-posi-
tive (NF+) fibers were analyzed in two regions of interest,
the rostral-epicenter (rostral, white box), and the epicenter-
caudal (caudal, yellow box), as shown in panel A (scale
bar=500 um). Representative micrographs from an unin-
jured control animal (LAM, B), and animals that received
SCI+0ug/mL (C), 1 ug/mL (D), 10 ug/mL (E), or 100 ug/
mL (F) are shown. Arrows indicate NF+ fibers (scale bar=
50 um). Stereological quantification of NF+ fibers (G) dem-
onstrated that SCI caused a significant decrease in NF+ fi-
bers (*=statistically significant between the LAM versus the
0-ug/mL SWNT-PEG group). Delayed post-SCI administra-
tion of SWNT-PEG caused a significant increase in NF + fi-
bers in the 10- and 100-ug/mL group compared to the 0-ug/
mL group in both the rostral and caudal ROIs (indicated by
+; SCI, spinal cord injury; SWNT-PEG, single-walled carbon
nanotubes functionalized with polyethylene glycol). Color
image is available online at www liebertpub.com/neu.
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the lesion epicenter, and a marked increase in GFAP-immu-
noreactivity was detected in regions rostral and caudal to the
lesion epicenter, consistent with the production of an astro-
cyte barrier to encapsulate the lesion. Upon quantification of
the GFAP immunoreactivity (Fig. 5F), we found no significant
differences between the sham-treated (0 ug/mL SWNT-PEG)
group and the SWNT-PEG-treated groups (1-100 ug/mL),
which suggests that delayed post-SCI administration of SWNT-
PEG did not alter or induce reactive astrogliosis in the lesion
epicenter or in adjacent regions rostral or caudal to the epicenter.

Delayed administration of SWNT-PEG promotes modest
functional recovery of hindlimb locomotion

We evaluated the effects of delayed administration of
SWNT-PEG on functional recovery of hindlimb locomotion
using the Basso-Beattie-Bresnahan (BBB) open field test as
previously described (Basso et al., 1995; Chaovipoch et al.,
2006; Kachadroka et al., 2010), and kinematic analysis of
hindlimb use with the CatWalk gait analysis system (Hamers
et al., 2006). Behavioral tests were conducted on post-SCI day
5 (prior to administration of SWNT-PEG), and then once per
week for 35 days post-SCI beginning 7 days after the ad-
ministration of SWNT-PEG, which corresponds to post-SCI
day 14. As shown in Figure 6, animals receiving SCI+SWNT-
PEG at either 1, 10, or 100 ug/mL showed a trend toward
improved BBB scores compared to animals that received
SCI+vehicle (0 ug/mL). However, this improvement reached
statistical significance only for the highest concentration
(100 ug/mL) on post-SCI day 35. Notably, there was a large
amount of variability in the BBB scores, and the functional
recovery observed was modest. Taken together, these data
suggest that there was a trend for delayed post-SCI admin-
istration of SWNT-PEG to increase recovery of locomotor
function compared to animals that received no treatment.

Figure 7 shows the results of the CatWalk kinematic anal-
ysis of hind pawprint area, which indicates the maximal con-
tact area of the plantar surface of the paw in stance, whereby
larger print areas indicate more plantar contact. Animals that
received the 100-ug/mL treatment showed a trend toward in-
creased maximum pawprint area at day 35 post-injury, but this
was not statistically significant. These data suggest that the 100-
ug/mL concentration of SWNT-PEG may improve the ability
of the animals to plantar-place the hindlimb, an indicator of
improved hindlimb locomotor recovery. Other kinematic
measures, including regularity index and stride length, were
analyzed; however, these measures require consistent plantar
placement and completion of at least one full step cycle, and
most animals did not regain enough functional recovery to be
included in these analyses (data not shown).

Post-SCI administration of SWNT-PEG
does not induce neuropathic pain

Allodynia was evaluated using von Frey filaments. How-
ever, similarly to the kinematic measures, this evaluation tool
requires consistent plantar placement of the hindpaw, and
very few animals were able to be analyzed after SCI, thereby
rendering the data inconclusive (data not shown). Figure 8
shows the latency of a response due to a thermal stimulus in
the tail-flick assay. After SCI but before administration of
SWNTs (post-injury day 5, black bars), the reaction time to the
thermal stimulus was decreased compared to the pre-injury
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FIG. 4.

Effect of delayed post-SCI administration of SWNT-PEG on corticospinal tract (CST) axonal growth. Prior to SCI,

the CST neurons were labeled with BDA (mini-ruby). Labeled CST axons that were identified in the rostral-epicenter region
of interest (ROI) were analyzed. (A) Representative micrograph from the 100-ug/mL SWNT-PEG group, showing a BDA-
labeled axon (arrow; scale bar=25um). (B) Quantification of BDA-labeled axons at the edge of the rostral-epicenter ROI
(500 um rostral to the epicenter) showed that delayed administration of 10 and 100 ug/mL SWNT-PEG induced a significant
increase in BDA-labeled CST axons (indicated by *; SCI, spinal cord injury; SWNT-PEG, single-walled carbon nanotubes
functionalized with polyethylene glycol; BDA, dextran tetramethylrhodamine and biotin in sterile water). Color image is

available online at www .liebertpub.com/neu.

values (white bars), indicating that SCI induced alterations in
reaction time. However, no significant differences in tail-flick
latency were observed between post-injury day 5 values
(before administration of SWNT), and post-injury day 14-35
values (after SWNT administration) for any treatment group.
Also, no significant differences in latency between post-SCI
day 14 and post-SCI days 21-35 were found for any treatment
group. These data suggest that delayed post-SCI adminis-
tration of SWNTs after SCI did not significantly alter pain
sensation below the level of the lesion, and that SWNT ad-
ministration did not induce hyperalgesia.

Delayed post-SCI administration of SWNT-PEG
does not induce overt toxicity

The overall health and well-being of the experimental ani-
mals was monitored daily, and the body weight of each ani-

mal was recorded in the morning after manual bladder
expression. As seen in Figure 9, the animals lost body weight
each day in the first 5 days post-SCI (before SWNT adminis-
tration), which is likely attributable to the stress induced by
the SCI. By post-SCI days 5-6, the body weights of the animals
in each treatment group stabilized. No significant differences
were found between the average body weights recorded on
post-SCI day 5 and post-SCI days 8-35 (after SWNT-PEG
administration) for any treatment group evaluated, which
suggests that delayed post-SCI administration of SWNT-PEG
does not cause a decline in overall health.

Functional outcome measures correlate with histological
markers of tissue sparing

The Pearson product moment correlation coefficient (r) was
calculated to determine the relationship between the BBB
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FIG. 5. Effect of delayed post-SCI administration of
SWNT-PEG on GFAP-immunoreactivity. GFAP-immunore-
activity (GFAP-IR) was measured in regions of interest
(ROIs) at the epicenter (red box), rostral (white box) and
caudal (yellow box), as shown in panel A. White arrows
indicate the border of reactive astrogliosis (scale bar=500
um). Representative micrographs from animals that received
SCI+0ug/mL (B), 1ug/mL (C), 10 ug/mL (D), or 100 ug/
mL (E) are shown. Arrows indicate the border of reactive
astrogliosis (scale bar=100 um). (F) Fluorescence intensity
was quantified (intensity units), and it was found that de-
layed post-SCI administration of SWNT-PEG did not sig-
nificantly alter GFAP-IR in any ROI compared to the sham
(0 ug/mL) treatment group (SCI, spinal cord injury; SWNT-
PEG, single-walled carbon nanotubes functionalized with
polyethylene glycol; GFAP, glial fibrillary acidic protein).
Color image is available online at www liebertpub.com/neu.
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score on day 35, lesion volume (um®), and neurofilament-
positive fibers rostral and caudal to the injury site. We found
that as lesion volume (data from Fig. 2) decreases, BBB scores
(data from Fig. 6) increase in a statistically significant rela-
tionship (r=—0.446; p <0.05). Additionally, we found that as
the number of neurofilament-positive fibers caudal to the in-
jury (data from Fig. 3) increases, the BBB score on day 35
increases in a statistically significant relationship as well
(r=0.635; p <0.05); such a correlation could not be established
when the number of neurofilament-positive fibers rostral
to the injury were considered (r=0.0167). These data indi-
cate that recovery of functional outcome was greatest in ani-
mals with lower lesion volumes and more axons caudal to the
lesion.

Discussion

In this study we evaluated the central hypothesis that
SWNT-PEG, a nanomaterial that has been shown to promote
neurite outgrowth in vitro (Ni et al., 2005), would promote
tissue repair and functional recovery after SCI in a rat model.
We report that acute post-SCI administration of SWNT-PEG
increased the numbers of neurofilament-positive fibers com-
pared to the injured, non-treated group. Secondly, we evalu-
ated a more clinically-relevant delayed administration time
point of 1 week post-SCI. We found that delayed post-SCI
administration of SWNT-PEG significantly reduced lesion
volume, significantly increased the number of neurofilament-
positive fibers and CST fibers in and around the lesion epi-
center, and did not induce reactive gliosis or overt toxicity.
Additionally, we found that delayed post-SCI administration
of SWNT-PEG at 100 ug/mL induced modest hindlimb
functional recovery, which was correlated with histological
markers of tissue repair. Importantly, this is the first report to
indicate that SWNT-PEG promotes repair and regeneration of
damaged CNS tissue in vivo.

The research idea of engineering a biocompatible material
to promote tissue repair and regeneration after SCI is well-
established (Bunge and Pearse, 2003; Novikova et al., 2003;
Potter et al., 2008; Tabesh et al., 2009); however, the devel-
opment of an efficacious substrate for use as scaffolding re-
mains an area of active, ongoing research by many teams.
Guidance channels or bioengineered scaffolds (i.e., fibrin or
hydrogel) have previously been evaluated in rodent in vivo
models of SCI with encouraging, albeit incomplete, success
(Calancie et al., 2009; Johnson et al., 2010a; Oudega et al., 2001;
Potter et al., 2008; Xu et al., 1995). An additional approach is to
enhance the scaffold characteristics by the addition of growth-
promoting cells, proteins, or drugs. For example, Wang and
colleagues developed an injectable hydrogel comprised of
hyaluronan and methylcellulose that releases nimodipine as a
potential regenerative scaffold (Wang et al., 2009). However,
this scaffold has not been evaluated in vivo. With regard to
in vivo studies, fibrin scaffolds modified to release growth
factors and seeded with embryonic stem cell-derived neuro-
nal progenitor cells were shown to increase the survival and
differentiation of neural progenitor cells following trans-
plantation in a rat model of SCI (Johnson et al., 2010b). Si-
milarly, a hydrogel (based on hyaluronic acid) containing
brain-derived neurotrophic factor and seeded with mesen-
chymal stem cells promoted modest regeneration, repair, and
functional recovery in a rat model of SCI (Park et al., 2010).
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FIG. 6.  Effect of delayed post-SCI administration of SWNT-PEG on hindlimb locomotor recovery. Hindlimb locomotion
was rated in the open field by two evaluators who were blinded to treatment group using the BBB scale. On day 5 post-SCI
and prior to administration of SWNT-PEG, the animals showed little to no spontaneous movement of the hindlimbs. Animals
that received the SCI+0 ug/mL SWNT-PEG treatment showed very little functional recovery, while post-SCI administration
of SWNT-PEG induced improvements in BBB scores, reaching statistical significance on post-SCI day 35 for the 100-ug/mL
SWNT-PEG group compared to the 0-ug/mL group (indicated by *). SWNT-PEG administration time is indicated by the
arrow (post-SCI day 7; SCI, spinal cord injury; SWNT-PEG, single-walled carbon nanotubes functionalized with polyethylene
glycol; BBB, Basso-Beattie-Bresnahan).
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FIG. 7.  Effect of delayed post-SCI administration of SWNT-PEG on hind pawprint area. Hind pawprint area during
overground locomotion was analyzed in the step cycle using the CatWalk kinematic analysis system. On day 5 post-SCI and
prior to administration of SWNT-PEG, the animals in all groups did not plantar-place the hindpaws. Animals that received
the 0-ug/mL concentration of SWNT-PEG showed very little hindpaw placement, and post-SCI administration of SWNT-
PEG induced a trend toward increased hindpaw placement, but this did not reach statistical significance. SWNT-PEG
administration is indicated by the arrow (post-SCI day 7; SCI, spinal cord injury; SWNT-PEG, single-walled carbon nano-
tubes functionalized with polyethylene glycol).
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FIG. 8. Effect of delayed post-SCI administration of SWNT-PEG on tail-flick latencies. Response latency (in seconds) to a
thermal stimulus applied to the tail was evaluated prior to SCI (white bars), after SCI but prior to treatment (black bars, 5
days post-injury), and at weekly intervals after delayed post-SCI administration of SWNTs (gray bars, days 14-35 post-
injury). SCI induced an acute reduction in latency in all conditions (pre-injury values versus post-SCI values on day 5,
indicated by *). However, no significant differences in tail-flick latency were observed between post-injury day 5 values
(before administration of SWNT), and post-injury day 14-35 values for any treatment group. Also, no significant differences
between post-injury day 14 (after SWNT administration) and post-injury day 21-35 values were found for any treatment
group (SCI, spinal cord injury; SWNT-PEG, single-walled carbon nanotubes functionalized with polyethylene glycol).
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FIG. 9. Effect of delayed post-SCI administration of SWNT-PEG on daily body weight. The animals were inspected daily
and the body weight (in grams) recorded as an indicator of overall health. SCI induced a loss of average body weight in all
treatment groups. No significant differences were found between the average body weights recorded on post-SCI day 5
(before SWNT-PEG administration) and post-SCI days 8-35 (after SWNT-PEG administration) for any treatment group
evaluated. SWNT-PEG administration is indicated by the arrow (post-SCI day 7; SCI, spinal cord injury; SWNT-PEG, single-
walled carbon nanotubes functionalized with polyethylene glycol).
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Also, Hejcl and colleagues demonstrated that hydrogel (based
on 2-hydroxypropylmethacrylamide) seeded with mesen-
chymal stem cells induces functional recovery after SCI in
adult rats (Hejcl et al., 2010). It has recently been shown that
the scale of the scaffold alters the extent of tissue repair and
regenerating axons in the transected spinal cord, with smaller-
scale scaffolds imparting greater improvement (Krych et al.,
2009).

Nanometer-scale materials, more specifically nanofibers,
may potentially afford increased biocompatibility, as the
small diameter more closely mimics the scale of CNS tissue.
Additionally, nanomaterials can be manipulated to enhance
the growth-promoting properties (Malarkey and Parpura,
2007; Sucapane et al., 2009), that when appropriately devel-
oped into regenerative scaffolds may obviate the need for
controversial and risky stem cell-based or tissue extract-based
components. Furthermore, since carbon nanotubes (CNTs)
are not biodegradable they can influence the recovery of in-
jured tissue for a prolonged period of time. We report in this
study that application of SWNT-PEG did not induce reactive
gliosis, which is similar to a previous finding that peptide
amphiphile nanofibers did not induce glial scar formation in a
mouse model of SCI (Tysseling-Mattiace et al., 2008). Fur-
thermore, we demonstrated in this study that delayed post-
SCI administration of SWNT-PEG induced tissue repair, ax-
onal repair/regeneration, and functional recovery. However,
the functional recovery and repair/regeneration in the CST
were both modest. An important caveat in the interpretation
of these data is that we utilized a complete transection injury
model that induces a sizeable lesion in the rat spinal cord. The
advantage to this SCI model is that all descending and as-
cending tracts are severed, thereby eliminating (or substan-
tially reducing) the contribution of uninjured (spared) tissue
to functional recovery (Steward et al., 2003). On the other
hand, substantial regeneration/repair are much more difficult
to achieve in a complete transection model than in models
with more limited injury. Although we observed modest
functional recovery using SWNT-PEG, this material could be
further improved to promote regeneration and regrowth.
Strategies for improving the growth-promoting characteris-
tics of SWNTs could include functionalization with growth
factors, as it is well-established that administration of neuro-
trophins (NTs), in particular nerve growth factor (NGEF),
neurotrophin-3, or brain-derived neurotrophic factor (BDNF),
to the injured spinal cord promotes axonal outgrowth and
regeneration (Blesch and Tuszynski, 2002). Proof of concept of
functionalization of nanotubes with growth factors has been
demonstrated by Matsumoto and colleagues (Matsumoto
etal., 2007), who covalently linked NGF or BDNF to MWNTs,
and demonstrated improved dorsal root ganglia neurite out-
growth.

An additional characteristic of SWNTs that may be har-
nessed to promote repair and recovery of neuronal circuitry
after SCI is the conductive properties of carbon nanotubes
(Lee and Parpura, 2009). It has previously been shown that
primary neuronal cultures grown on carbon nanotube sub-
strates demonstrate enhanced electrical activity (Lovat et al.,
2005; Mazzatenta et al., 2007). Also, Cellot and colleagues
(Cellot et al., 2009) recently found that carbon nanotubes can
function as an electrical shortcut between somatic and den-
dritic neuronal compartments, which results in enhanced
neuronal excitability. Similarly, we (Malarkey et al., 2009)
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systematically varied the conductivity of scaffolds made of
SWNT films and evaluated the effects on neurite outgrowth
in vitro. SWNT films with a certain conductance promoted
increased outgrowth of neurites and increased cell body area.
Thus, taken together, these studies indicate that the nanoscale
material substrate may be useful for enhancing neuronal
signaling by direct contact with neurons, and that the con-
ductive properties of the CNTs can be manipulated to opti-
mize neuronal repair/regrowth, making this material an
intriguing substrate for use as scaffolding after SCL

Another potential mechanism of the tissue repair that we
found with SWNT-PEG administration could be the effects of
PEG on resealing damaged cellular membranes, as previous
work in animal and tissue culture models of SCI has dem-
onstrated protective effects of PEG (Shi and Borgens, 1999,
2000; Shi et al., 1999). For example, Baptiste and colleagues
reported that post-SCI administration of PEG reduces injury-
induced tissue cavitation and increases tissue preservation,
reduces neurofilament degradation, and enhances axonal in-
tegrity. However, only modest functional recovery was ob-
served (Baptiste et al., 2009). Similarly, Ditor and colleagues
(Ditor et al., 2007) evaluated the effect of post-SCI adminis-
tration of PEG alone or in combination with MgSO, in a rat
model, and reported that PEG administration reduced at-level
neuropathic pain and modestly improved hindlimb locomo-
tor function, which was associated with decreases in lesion
volume. More recently it has been demonstrated that PEG-
decorated silica nanoparticles sealed damaged cell mem-
branes and improved axonal function after SCI (Cho et al.,
2010). Taken collectively, our data are consistent with this
previous literature that demonstrates the reparative proper-
ties of PEG after SCI. Indeed, since we have previously shown
that soluble SWNTs grafted by either PEG or poly-m-amino-
benzene sulfonic acid (PABS) enhance the outgrowth of se-
lected neurites (Ni et al, 2005) by blocking stimulated
endocytosis (Malarkey et al, 2009), we selected the grafted
copolymer SWNT-PEG in an attempt to combine PEG'’s effect
of resealing the plasma membrane with SWNT’s ability to
modulate neurite outgrowth in SCI. An important issue to
consider is that SWNT-PEG administration would not be ex-
pected to result in detectable levels of free PEG due to the
covalent bond. Additionally, in the current study we did not
directly compare the effects of SWNT-PEG to injection of PEG
alone. Thus it remains an open question if PEG chemically
bound to SWNTs can function in resealing plasma mem-
branes as has been demonstrated for the free form of PEG.

In conclusion, we report here that post-SCI administration
of SWNT-PEG, especially at a concentration of 100 ug/mL,
improves axonal repair and regeneration into the lesion cavity
and induces modest functional recovery, which suggests that
this may be an effective nanomaterial to apply for promoting
recovery after SCI. Future studies will explore the use of
SWNTs functionalized with growth factors, as well as the
evaluation of charged SWNTs, as strategies to further pro-
mote repair and regeneration of damaged spinal cord tissue.
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