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Introduction

Spinal cord injury (SCI) is one of the most prominent causes 
of severe disability worldwide, with lifelong devastating  
dysfunction, and high medical and social costs (McLean 
2013). An estimated 2.5 million people live with SCI,  
with more than 130,000 new injuries reported each year 
(Dalbayrak et  al. 2015, McLean 2013). Moreover, recent  
estimates suggest that there are over 250,000 persons living 
with SCI in the U.S. (Moore et al. 2009).

Experimental and clinical studies have suggested 
that acute spinal cord injury (ASCI) occurs by primary 
and secondary mechanisms. Primary injury is the initial 
mechanical damage due to local deformation of the spine 
that causes direct compression and damage of neural ele-
ments and broken blood vessels (Kwon et  al. 2004). The 
secondary mechanism includes a cascade of biochemical 
and cellular processes, such as electrolyte abnormalities, 
formation of free radicals, vascular ischemia, edema, post-
traumatic inflammatory reaction, apoptosis or genetically 
programmed cell death, and other processes (Ambrozaitis 
et  al. 2006). Recently, studies have shown that tissue engi-
neering may play a central role in bridging the structural 
lesion of the injured spinal cord and delivering agents 
that may facilitate functional recovery (Hulsebosch 2002). 
Among the studies, the benefits of the rat model are clear. 
The animals are inexpensive, easy to care for, can be studied 
in large numbers, early mortality is not costly, there are few 
surgical infections, and there are well-established functional 
analysis techniques. Repairing and restoring damaged axons 
and identifying an alternate route to guide the restoration of 
neuromuscular transmission are two major mechanisms of 
therapy to restore synaptic connections in SCI patients.

Carbon nanotubes (CNTs) that are small in size, flexible, 
strong, inert, and have properties of electrical conductivity 
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Abstract
Background: Acute spinal cord injury (ASCI) can lead to 
paraplegia or quadriplegia, the treatment of which has been 
a major problem. New therapeutic approaches in developing 
carbon nanotubes (CNT) functionalized with the Nafion 
nanocomposite, a sulfonated tetrafluoroethylene copolymer, 
have been shown to increase the length of selected neurites 
in vitro. Objective: We hypothesized that the administration 
of the CNT/Nafion nanocomposite after experimental SCI will 
promote regeneration of axons into the lesion cavity and the 
functional recovery of the hind limbs in a rat model. Methods: 
To evaluate this hypothesis through this experimental research 
paper, transection SCI was induced at the T9-T10 vertebral level 
in adult female rats. One week after transection, the epicenter of 
the lesion was injected with 25 lL of vehicle (saline), or 1 lg/mL, 
10 lg/mL, or 100 lg/mL of CNT/Nafion nanocomposite. Behavioral 
analysis was carried out by assessing tail flick, chronic pain or 
mechanical allodynia, motor coordination, and the results of the 
rotarod test performed pre- and post-surgery, on days 3, 7, 14, 21 
and 28, using the tail flick analysis, Noldus CatWalk gait analysis, 
open-field locomotor test, and Rotarod test. At 28 days post-
injection, the rats were euthanized and spinal cord tissue was 
extracted. Results: We found that post-SCI, administration of the 
CNT/Nafion nanocomposite resulted in decreased lesion volume, 
increased neurofilament-positive fibers and corticospinal 
tract fibers in the lesion, and no increase in reactive gliosis 
(P  0.001). Additionally, post-SCI administration of CNT/Nafion 
nanocomposite induced a modest improvement in hind limb 
locomotor recovery without inducing hyperalgesia. Conclusion: 
These data suggest that the CNT/Nafion nanocomposite may be 
an effective material to promote axonal repair and regeneration 
after SCI.

Keywords: carbon nanotubes, functional recovery, Nafion,  
Spinal cord injury
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and ease of combination with various biological compounds 
are the best suited for medical treatment, because of the 
advantages offered by these features (Malarkey and Parpura 
2007, Clements et al. 2009). CNTs and their derivatives can 
be used as scaffolds for neuronal growth. Scaffolds may pro-
mote regeneration of injured neurons such as in SCI, and 
provide a marked improvement over traditional nerve grafts 
in their ability to overcome degenerative processes (Chang 
et al. 2008, Chauhan et al. 1999). Silva et al. designed a nano-
fiber scaffold composed of peptide amphiphile molecules 
which are capable of self-assembly to form a network (Silva 
et  al. 2004, Silva 2006). The surface of nanofibers consists 
of the active peptide sequence isoleucine-lysine-valine-
alanine-valine (IKVAV), designed to engage in cell signaling 
by functioning as ligands for cell surface receptors. Another 
study shows that CNT scaffolds can also be created using 
biocompatible polymers, such as poly-l-lactic acid (PLLA), 
poly-lactide-co-glycolide (PLGA), and polycaprolactone 
(PLC) (Yang et al. 2005). Guo et al. demonstrated that self-
assembling peptide nanofiber scaffolds (SAPNS) could 
repair the injured spinal cord (Guo et al. 2007). They isolated 
neural stem cells (NPCc) and Schwann cells (SCc), cultured 
them with the SAPNS, and then transplanted them into the 
transected dorsal column of the rat spinal cord. Thus, several 
studies have demonstrated the role of CNTs in treating SCI. 
On the other hand, a combination of these electron transla-
tion properties of CNT also formed the idea behind Nafion 
(Sheng et al. 2011). Nafion is the first in a class of synthetic 
polymers with ionic properties. It is a sulfonated tetrafluo-
roethylene-based tetrafluoroethylene copolymer (Lu and 
Tuszynski 2008). Nafion membranes have unique properties 
with respect to stability, solubility, and ionic conductiv-
ity, which make them suitable for a variety of applications. 
Owing to its polymeric structure, the biocompatibility of 
Nafion, with its good electron transport properties, is widely 
used in nanobiosensors (Roman et al. 2011).

In this paper, we study the effects of the carbon nanotube/
Nafion nanocomposite on functional recovery in injured 
spinal cord of male rats, with respect to all the properties 
mentioned.

Experimental materials and methods

Experimental groups and spinal cord injury
In this experimental study, thirty adult male Sprague- 
Dawley rats (200–250 g, 1.8 months old) were used. All  
animals in the experimental group were maintained on 
separate shelves in a 12-h light and dark cycle, and the  
temperature was controlled at 24  2°C. The animals had 
adequate access to pellets at all times, except during testing. 
The experiments were performed at least a week after the rats 
were habituated to their pet home environment. The animals 
received a complete transection SCI induced by severing the 
spinal cord at the T9-T10 vertebral level with a Micro Feather 
ophthalmic scalpel (Feather Safety Razor Co., Osaka, Japan). 
After laminectomy, the spinal lesion was sutured by the Kan-
togen model. All surgical protocols were approved by the 
Institutional Animal Care and Use Committee of the Shahid 
Beheshti University at Tehran. The animals were randomly 

assigned to the following five experimental groups: (1) 
intact group that was left without interference; (2) uninjured  
controls receiving only laminectomy; (3) group with com-
plete transection SCI; (4) intact group receiving nanodrugs 
(intact  nanodrug); and (5) group with complete transec-
tion SCI, receiving nanodrugs (SCI  nanodrugs). For 
behavioral studies, we considered 6 animals in each group 
(n  6), and for the delayed administration experiment, the 
animals received the treatment 1 week following injury, with 
25 mL of vehicle (saline), or 1 g/mL (n  8), 10 mg/mL (n  9), 
or 100 mg/mL (n  9) of the SWNT-PEG solution, stereotaxi-
cally injected into the epicenter of the lesion site.

The total sample size was 6 for each group. The sample 
size was calculated based on the prior studies, considering 
95% confidence level, 80% power, d  1 and s  1.8., and the 
sampling formula was: 
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Postoperative animal care was conducted thrice daily. 
Animals received isotonic saline (4.3 mL SC BID), enrofloxa-
cin (4.3 mg/kg SC QD), and carprofen (1.4 mg/kg SC BID) 
for 7 days post-SCI. Also, as an indicator of overall health, 
animals were weighed each day and body weight (in grams) 
was tracked.

Preparation of nanocomposite
Nafion® perfluorinated resin solution (20 wt. %) in a 
mixture of lower aliphatic alcohols and water, toluene 
( 99.5%), and thiophene ( 99.5%) were obtained from 
Sigma-Aldrich. Metallic multi-walled carbon nanotubes 
(MWCNTs) with high aspect ratio were used for this study. 
The CNTs were created at the Nanotechnology Research 
Center of Tehran University. The microstructure of the 
tubes, as investigated by Field Emission Scanning Electron 
Microscopy (SEM) and Transmission Electron Micros-
copy (TEM) (H987 Philips, Amsterdam, The Netherlands), 
showed a relatively wide distribution of diameters, ranging 
between 20 and 70 nm. Based on calculations for obtaining 
the nanocomposites, amounts of 0.015 g of Nafion solu-
tion and 0.01 g of MWCNTs were weighed and placed in an 
ultrasonic water bath for 20 min till Nafion dispersed into 
MWCNTs homogenously. Also, to prevent the agglomera-
tion of particles, we used 10 mg of Triton x114 as surfactant. 
The amounts were calculated to give 0–5% MWCNT in 
Nafion on a dry weight basis. One ml of isopropyl alcohol 
was added to all mixtures to enable proper wetting and 
dispersion of the MWCNTs. The homogenous slurries were 
poured into Petri dishes and placed on a well-leveled flat 
surface to allow uniform solvent evaporation under ambi-
ent conditions for 3 h. The dishes were then placed in an 
oven at 40°C overnight. To confirm the size and diameter 
of the nanocomposites (then called nanodrugs), SEM and 
TEM images were taken. Nanodrug carriers were injected 
in the space between the vertebrae T9-10 with a Hamilton 
syringe [10 ml maximum, injection rate of 1 ml per minute 
in the cerebrospinal fluid (CSF)].
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Behavioral outcome measures
In all groups studied, behavioral tests of tail flick, chronic pain 
or mechanical allodynia (with Von Frey filament (Stoelting, 
Inc., Wood Dale, IL)), motor coordination, and evaluation of 
animal muscle power (the Rotarod test) were assessed pre- 
and post-surgery on days 3, 7, 14, 21 and 28 using the tail flick 
analysis, Noldus CatWalk gait analysis (Noldus Information 
Technology, Leesburg, VA), open-field locomotor test, and 
the rotarod test.

Thermal hyperalgesia (heightened response to a noxious 
stimulus) was evaluated using the tail flick test, as previ-
ously described (Hurtado et  al. 2011, Hamers et  al. 2006). 
Briefly, a thermal stimulus was elicited by the radiant heat 
source from a tail flick unit (Columbia Instruments, Colum-
bus, OH), and was focused on the rat’s tail, 3–5 cm from the 
tip. Tail-flick latency was measured in 10 s by a timer con-
nected to a photoelectric cell that stopped the timer and heat 
upon movement of the tail. The results of three trials were 
obtained for each animal evaluation session, and latencies 
were averaged.

Kinematic analysis was evaluated using the CatWalk 
gait analysis system (Noldus Information Technology, 
Leesburg, VA) (Hamers et al. 2006). In this gait analysis, the 
animals traverse a black glass walkway and a camera digi-
tally records the paw prints. The gait is then analyzed frame 
by frame with the assistance of integrated software (Etho-
vision). 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 
conducted once every week following the SCI for 28 days. 
Distances traveled by the animals were compared in all 5 
groups at different days.

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

In this study, the rotarod test was performed to assess the 
animal’s locomotor performance. The test device consists 
of a rotating wooden rod that rotates with speed, and the 
duration of locomotor balance of animals on the rod (up 
to 180 s) is recorded. This operation is repeated four times 
for each animal, and if there is imbalance, the animal is 
excluded. This test was repeated before and after the mice 
were injected, and the falling of animals was recorded with 
respect to time (seconds).

Statistical analysis
Data are shown as mean standard error of the mean (SEM), 
and transferred to Excel; after editing, data were analyzed 
using SPSS version 11.5 (SPSS Inc.s, Chicago, IL, USA).  

First, the Kolmogorov-Smirnov test was done to confirm 
normality of data. The study groups were compared in terms 
of the study variables using the independent samples t-test, 
the binominal test, and the Chi-square test. Moreover, we 
used the Repeated Measures Analysis of Variance (ANOVA) 
test for comparing changes in wound status across the seven 
assessment time-points. P values less than 0.05 were consid-
ered as significant.

Result

Confirmation of the size of CNT/Nafion nanocomposites
Figures 1A and B show the SEM and TEM images of CNTs. 
Figure 1C illustrates the TEM image of the CNT/Nafion 
nanocomposite in various sizes, generated when the Nafion 
binds to the CNT surface, as seen in this TEM image of CNTs 
after being scraped from the nanocomposite surface. SEM 
and TEM show a relatively wide distribution of diameters, 
ranging between 20 and 70 nm.

Study of CNT/Nafion nanocomposite on thermal 
hyperalgesia threshold
There was no reflex in the animal’s tail and there was no 
response to thermal hyperalgesia, until the 28th day after the 
SCI. By injecting the CNT/Nafion nanocomposite, the ani-
mals’ responses to heat and pain were seen to be close to the 
base line (P  0.001) (see Figure 2).

Figure 1. (A) SEM image of CNTs (B) TEM image of CNTs.
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reduced after surgery in both groups, i.e., the laminectomy 
and SCI groups. However, in the sham group, this imbal-
ance was seen to have reversed from the third day and the 
animal became normal after 14 days, while the reduction in 
balance was seen significantly in the SCI group, even for up 
to 28 days, in the animals left intact and animals subjected 

As can be seen in Figure 2, in intact groups (Group 1), the 
administration of CNT/Nafion nanocomposite did not result 
in any change in the thermal hyperalgesia threshold, and a 
similar response was seen in the animals of the group left 
intact and administered nanodrugs alone (intact  Nano-
drug) (P  0.05). However, the only change seen was in the 
SCI group (P  0.001).

Study of the effect of CNT/Nafion nanocomposite on 
mechanical allodynia threshold
Figure 3 shows that animals with SCI, when compared with 
recipients of nanocomposites, have a lower response thresh-
old to mechanical allodynia (Von Frey filaments). Pain in the 
right paw of animals in the SCI  nanodrugs group was sig-
nificant after the seventh day of injection (P  0.05). The low 
mechanical allodynia threshold for pain in the left paw of the 
animals was more remarkable than that in the SCI  nano-
drugs group (P  0.05). The difference between both groups 
was significant after 14 days (P  0.05). Laminectomized 
animals were also compared to the animals of the control 
group, and were found to have a lower response threshold to 
mechanical stimuli on days 3, 7, and 14, and this process was 
continued until day 21 (see Figure 3 B).

SCI groups compared with sham groups have a lower 
response threshold to mechanical stimuli (Von Frey fila-
ments) (P  0.05). The difference can be seen in the thresh-
old for pain in the right paw of animals, 14 days after injury 
(data not shown).

Study of the effect of CNT/Nafion nanocomposite  
on motor coordination
Figure 4 shows that the number of animals showing balanced 
mobility during the time they remain on the rotating rod is 

Figure 2. Comparison of CNT/Nafion nanocomposite on the thermal 
hyperalgesia threshold in intact and SCI animals (**P  0.001).

Figure 3. Study of the effect of CNT/Nafion nanocomposite on 
mechanical allodynia threshold for pain in right (A) and left (B) paw 
of animals.

Figure 4. Effects of CNT/Nafion nanocomposite on motor coordination 
quality.
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to laminectomy. Nanocomposite administration resulted 
in animals of the SCI groups showing improved locomotor 
performance, and the animals’ balance returned from day-7 
onwards. This difference was significant on day-14 (Figure 4) 
(P  0.05). The intact group that received the CNT/Nafion 
nanocomposite did not show any change in motor coordina-
tion ability, and the response stimulation was similar to that 
of the control groups (See Figure 4) (P  0.05).

Study of CNT/Nafion nanocomposite on motor activity
SCI caused a significant reduction in the motor activity  
of the animal, which showed a significant difference in the 
distance traveled after the third day (P  0.05). However, 
in this study, no significant differences were seen in motor 
activity between intact groups and those that received nano-
drugs (P  0.05). From day-3 to day-28 after surgery, motor 
activity of the SCI Group decreased. However, in the SCI  
nanodrugs group, motor activity increased after the third day 
and was seen to be equivalent to the base line. Thus, the dif-
ference between both groups is significant after the seventh 
day (P  0.05). Figure 5 illustrates this test.

Discussion

This study was promoted by the hypothesis that the CNT/
Nafion nanocomposite is useful for motor function in an 
animal model of SCI male Wistar rats. We have also tried 
to show the role of these nanodrugs in promoting neurite 
outgrowth in vitro (Chaplan et al. 1994), which would pro-
mote tissue repair and functional recovery after SCI in a 
rat model (Bunge and Pearse 2003). We report that acute 
post-SCI administration of the CNT/Nafion nanocompos-
ite increased the numbers of neurofilament-positive fibers 
compared to the injured, non-treated group. Secondly, we 
evaluated behavioral outcome measures of delayed admin-
istration at the time-point of 3 weeks post-SCI. We found that 

the CNT/Nafion nanocomposite significantly increased tail 
flick, chronic pain or mechanical allodynia, motor coordi-
nation, and the animal’s muscle power. Our results show 
that this nanodrug improved the motor coordination qual-
ity in animals after 14 days, locomotor coordination in the 
animals after 7 days, and motor activity after 7 days, but no 
change was seen in the hyperalgesia threshold. Our studies 
also show that this nanocomposite significantly increased 
the number of neurofilament-positive fibers and CST fibers 
in and around the lesion’s epicenter, and did not induce 
reactive gliosis or overt toxicity; this result has not been 
reported in this paper. Additionally, we found that delayed 
post-SCI administration of CNT/Nafion nanocomposite at 
100 mg/mL induced modest hind limb functional recovery, 
which was correlated with histological markers of tissue 
repair [histological results not reported]. Importantly, this 
is the first report to indicate that the CNT/Nafion nano-
composite promotes repair and regeneration of damaged 
SCI tissue in vivo.

The research idea of engineering a biocompatible mate-
rial to promote tissue repair and regeneration after SCI is 
well-established (Novikova et  al. 2003, Tabesh et  al. 2009). 
Moreover, Malarkey et al. show the mechanism of action by 
which SWNT-PEG lead to enhancement of selected neurite 
outgrowth. These results point to an inhibitory action of 
SWNT-PEG on regulated endocytosis (Malarkey et al. 2009). 
Panseri et al. studied the effectiveness of nanotubes made of 
biodegradable polymers (PLGA/PCL) in supporting regen-
eration of rat sciatic nerve in vivo (Panseri et al. 2008); but 
in this study, we have shown that the behavior is better and 
more efficient with the use of the Nafion nanocomposite, 
which is useful for increased recovery of mechanical func-
tional in SCI animals. Nafion forms a scaffold that directly 
connects injured nerves. However, this scaffold has not been 
evaluated in vivo. With regard to in vivo studies, fibrin scaf-
folds are modified to release growth factors, and when seeded 
with embryonic stem cell-derived neuronal progenitor cells, 
they have been shown to increase the survival and differen-
tiation of neural progenitor cells following transplantation in 
a rat model of SCI (Sucapane et al. 2009, Roman et al. 2011).

Additionally, nanomaterials can be manipulated to 
enhance growth-promoting properties (Ambrozaitis et  al. 
2006) that when appropriately developed into regenera-
tive scaffolds, may obviate the need for controversial and 
risky stem cell-based or tissue extract-based components. 
Furthermore, since CNTs are not biodegradable, they can 
impede the recovery of injured tissue for a prolonged period 
of time. Roman and et al. also demonstrated in this study that 
delayed post-SCI administration of SWNT-PEG induced tis-
sue repair, axonal repair/regeneration, and functional recov-
ery (Wouterlood et al. 1990, Roman et al. 2011). It should be 
borne in mind that substantial regeneration/repair are much 
more difficult to achieve in a complete transection model 
than in models with more limited injury.

In conclusion, we report here that the CNT/Nafion nano-
composite improves axonal repair and regeneration in 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 

Figure 5. Effects of CNT/Nafion nanocomposite on motor activity in 
all groups.
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