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Purpose: Although single-walled nanotubes (SWNTs) with functional groups have been 
suggested as a potential nanomedicine to treat neuronal disorders, effective routes to admin-
ister SWNTs have not been compared thus far. The blood–brain barrier is a considerable 
challenge for the development of brain-targeting drugs, and therefore functionalized SWNT 
routes of administration have been needed for testing Parkinson’s disease (PD) treatment. 
Here, effective administration routes of functionalized SWNTs were evaluated in PD mouse 
model.
Methods: Three different administration routes were tested in PD mouse model. 
Functionalized SWNTs were injected directly into the lateral ventricle three days before 
(Method 1) or after (Method 2) 6-hydroxydopamine (6-OHDA) injection to compare the 
protective effects of SWNTs against dopaminergic neuronal death or functionalized SWNTs 
were injected intravenously at three and four days after 6-OHDA injection (Method 3). 
Asymmetric behaviors and histological assessment from all animals were performed at two 
weeks after 6-OHDA injection.
Results: Ventricular injections of SWNTs both before or after 6-OHDA exposure protected 
dopaminergic neurons both in the substantia nigra and striatum and alleviated rotational 
asymmetry behavior in PD mice. Moreover, intravenous administration of SWNTs three and 
four days after 6-OHDA injection also prevented neuronal death and PD mice behavioral 
impairment without apparent cytotoxicity after six months post-treatment.
Conclusion: Our study demonstrates that functionalized SWNTs could effectively protect 
dopaminergic neurons through all administration routes examined herein. Therefore, SWNTs 
are promising nanomedicine agents by themselves or as therapeutic carriers to treat neuronal 
disorders such as PD.
Keywords: single-walled nanotubes, Parkinson’s disease, intracranial, intravenous, 
nanomedicine

Introduction
Parkinson’s disease (PD) is the second-most common neurodegenerative disorder 
after Alzheimer’s disease, and leads to various impairments in the patients’ motor 
abilities and system.1 PD is known to induce the malfunction or death of neurons in 
the brain, particularly those in the substantia nigra (SN) region.2 In turn, this 
neuronal degeneration leads to a reduction in dopamine (DA) production, which 
induces ataxia and tremors in the hands, as well as balance and coordination 
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difficulties.3 Despite the ongoing progress on PD treatment 
research, a cure for this condition has not yet been devel-
oped. Symptoms of PD can be alleviated with a DA pre-
cursor (ie, levodopa) or DA agonist; however, many side 
effects including nausea or orthostatic hypotension have 
been reported as a result of their chronic administration.

Over the past decades, nanotechnology and nanomedi-
cine have been considered promising therapeutic tools for 
neurodegenerative diseases, including PD. Among them, 
carbon nanotubes (CNTs) have been shown to possess a 
wide applicability range for the relief of neural disorder 
symptoms via neural interfaces,4 neuronal differentiation,5 

and neural stimulation.6 In the aforementioned studies, 
single-walled nanotubes (SWNTs) or multi-walled nano-
tubes (MWNTs) were functionalized with a chemical 
group or copolymer to enhance biocompatibility and 
reduce cytotoxicity. Additionally, CNT functionalization 
has not been linked to harmful effects such as reductions 
in agglomeration, chirality, and impurities, all of which 
contribute to CNT toxicity.7 Many in vitro studies have 
shown improvements in the growth and differentiation of 
neural stem cells by creating a conductive environment 
with functionalized CNTs.8 Although the outstanding con-
ductivity and favorable neural properties of CNTs have 
been shown in many in vitro studies,9 only a few in vivo 
applications of CNTs have been reported so far regarding 
the neuroprotective effects of CNTs in the brain tissue. 
Moon et al reported the ability of hydrophobic CNTs 
impregnated with subventricular-zone neural progenitor 
cells to repair damaged neural tissues following stroke.10 

Moreover, SWNTs functionalized with an amine group 
ameliorated damage and sped up the recovery of post- 
stroke brain tissue compared to other groups.11 Among 
these studies, CNTs were administered in vivo directly 
into the ventricle or parenchyma of the brain via intracra-
nial injection, a procedure that is both invasive and pain-
ful. However, given that one of the largest limitations for 
brain-targeting drug delivery systems or treatment meth-
ods is the restricted entry of active compounds to the 
central nervous system via the blood–brain barrier, nano-
medical approaches have been limited to directly target 
brain tissue through intracranial injections. Thus, mini-
mally invasive approaches need to be developed to 
enhance nanoparticle delivery, including nanomedicine.

In this study, the effects of different administration routes 
on the neuroprotective effects of SWNTs were estimated and 
analyzed in PD mice. Routes of administration have a direct 
impact on drug bioavailability. Here, SWNTs were 

functionalized with polyethylene glycol (PEG) to improve 
biocompatibility, and their function was compared based on 
exposure route (intracranial or intravenous injections). We 
found that intracranial injection of SWNTs before or after 6- 
hydroxydopamine (6-OHDA) administration in PD mice 
brains could prevent dopaminergic neuron death and beha-
vioral asymmetry. Moreover, intravenous injection of 
SWNTs after 6-OHDA administration also alleviated neuro-
nal damage of the SN and striatum (ST) of PD mice brains 
and reduced abnormal behaviors in PD mice, suggesting that 
functionalized SWNTs possess PD therapeutic potential both 
via intracranial and intravenous administration. Therefore, 
functionalized SWNTs could be applied as a nanomedicine 
using a less invasive approach.

Materials and Methods
FE-TEM Specimen Preparation and 
Imaging PEG-SWNTs
Commercially available SWNTs functionalized with poly-
ethylene glycol (PEG-SWNTs) were purchased from 
Sigma Aldrich (St. Louis, MO, USA). The morphology 
and dispersibility of PEG-SWNTs in a water suspension 
were analyzed via field-emission transmission electron 
microscopy (FE-TEM; JEM-F200, JEOL); 300 mesh cop-
per TEM grids (TED PELLA, Inc., Redding, CA, USA) 
were used for TEM experiments. For TEM specimen pre-
paration, the PEG-SWNTs were suspended in distilled 
water (D.W.). The vials were bath sonicated for 24 hours 
or until agglomerates broke apart. Afterward, the PEG- 
SWNT suspensions were drop-casted onto the TEM grids 
and dried in a 70°C dry oven for at least 24 hours.

Animal Preparation and Surgical Procedures
Male ICR mice (25–30 g) were purchased from Samtako 
(Osan-si, Gyeonggi-do, Korea). All animals were caged at 
5 mice per cage density for least 1 week prior to the start 
of the experiments and maintained on a normal laboratory 
diet and tap water ad libitum in an air-conditioned room 
(21 ± 2°C) with a 12 hours light cycle. All experimental 
procedures were approved by the Institutional Animal 
Care Use Committee (IACUC) of Chung-Ang University 
(Approval ID:11–0012) and carried out according to the 
‘Guide for the Care and Use of Laboratory Animals’ 
published by the National Academy Press (NIH 
Publication No. 85–23, revised 1996). For the PD model, 
desipramine (25 mg/kg; Sigma-Aldrich) was intraperitone-
ally injected 1 hour before 6-OHDA (Sigma-Aldrich) 
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administration. Animals were anesthetized using intraper-
itoneal injections of zoletil (30 mg/kg, Virbac, Carros, 
France) and rompun (10 mg/kg, Bayer, Leverkusen, 
Germany) and then placed in a stereotaxic frame (David 
Kopf Instruments, Tujunga, CA, USA) using a 10 μL 
Hamilton syringe fitted with a steel cannula. 6-OHDA 
(10 μg; 4 μg/μL, 2.5 μL) dissolved in 0.2 mg/mL 
L-ascorbic acid was injected into the right ST (AP: 
0.8 mm, ML: −2.0 mm, DV: −3.3 mm from bregma and 
dura). Applied dose was chosen as 2 μg per mouse for 
intracranial injection and 400 μg per mouse for intrave-
nous injection according to previous studies.12–14 PEG- 
SWNTs (2 μg; 1mg/mL, 2 μL) dissolved in DW were 
injected into the right lateral ventricle (AP: −0.22 mm, 
ML: −1.1 mm, DV: −2.2 mm from the bregma and dura) at 
an injection rate of 0.5 μL/min. After injection, the can-
nula remained in situ for an additional 5 min before being 
withdrawn. Control treatments were conducted by inject-
ing 2 μL of DW as described above. In sham-operated 
mice, only the scalps were dissected under anesthetization 
(n=10). The experiment was conducted with different 
PEG-SWNT infusion routes. 1) Either PEG-SWNTs 
(n=16) or DW (n=18) were injected into the ventricle 3 
days prior to 6-OHDA injection into the ST; 2) PEG- 
SWNTs (n=16) or DW (n=16) were injected into the 
ventricle 3 days after 6-OHDA administration; 3) PEG- 
SWNT (n=20, 200 μg, 1 mg/mL, 200 μL) or DW (n=18) 
were injected into the tail vein once a day (200 μL/day) on 
days 3 and 4 after 6-OHDA administration. Animals

Behavioral Tests
Rotation was measured using modified automated 
“Rotometer” bowls.15 Drug-induced asymmetric rotational 
behaviors were tested using apomorphine (0.5 mg/kg, sub-
cutaneous injection) 2 weeks after 6-OHDA administration. 
Ten minutes after apomorphine injection, animal activity 
was recorded for 60 minutes. Net rotations (contralateral 
turns-ipsilateral turns) were counted over a 60-min period 
beginning 10 min after the administration of apomorphine. 
6-OHDA-exposed mice developed a preference for sponta-
neous turning toward the side contralateral to 6-OHDA 
injection. Results were expressed as net turns/60 min.

Cell Culture and Differentiation of SH- 
SY5Y Cells
The human neuroblastoma SH-SY5Y cell line was 
obtained from American Type Culture Collection (ATCC, 

CRL-2266, Rockville, MD, USA). Cells were maintained 
in DMEM (GE Healthcare, Chicago, IL, USA) supplemen-
ted with 10% FBS (GE Healthcare) and 1% penicillin/ 
streptomycin (ThermoFisher Scientific, Waltham, MA, 
USA) in a 5% CO2 humidified atmosphere at 37°C. 
Upon reaching 80% confluence, the cells were disaggre-
gated by trypsinization and seeded onto glass-bottomed 6- 
well plates at a 105 cells per glass density. SH-SY5Y cells 
were differentiated using retinoic acid (RA, Sigma- 
Aldrich) with 2.5% serum at a final concentration of 
10 μM. The cells were differentiated for 7 days, and the 
medium was replenished every 2 days. Neurite length was 
assessed from five microscopic images taken at random 
locations using the ImageJ software.

Cell Viability
Cell viability was determined with the alamarBlue cell 
viability assay kit (Molecular Probes, Eugene, Oregon, 
USA) following the manufacturer’s instructions. Briefly, 
SH-SY5Y cells were seeded onto 96-well culture plates 
at a 4 × 104 cell per well density and allowed to adhere 
overnight. Various concentrations (0, 5, 10 and 
20 μg/mL) of PEG-SWNT were added into cells with or 
without 50 μM of 6-OHDA, and cells were allowed to 
incubate for 24 hours. PEG-SWNTs were pretreated 1 
hour prior to 6-OHDA treatment or treated with 6- 
OHDA simultaneously. At the end of the experiment, 
10% v/v alamarBlue (10 μL) was added into each well 
and fluorescent intensity was measured (excitation 530 
nm, emission 590 nm) using a fluorescence plate reader 
(Glomax, Promega; Madison, Wisconsin, USA).

Reactive Oxygen Species Measurement
A 2ʹ,7-dichlorofluorescein diacetate (DCF-DA) assay 
(DCFDA/H2DCFDA-Cellular ROS Assay Kit, Abcam; 
Cambridge, England) was performed to characterize intra-
cellular ROS (reactive oxygen species) levels. The cells 
were plated onto a 96-well plate and exposed to different 
doses of PEG-SWNT and 6-OHDA. Three hours after 
treatment, the cells were stained with 20 μM H2DCFDA 
and incubated at 37°C for 45 min in the dark. The fluor-
escence intensity of the cells was detected at 485 nm 
excitation and 535 nm emission with a fluorescence plate 
reader (Glomax, Promega); images were captured using a 
fluorescence microscope (Eclipse Ti2, Nikon, Minato-ku, 
Tokyo, Japan).
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Measurement of Mitochondrial 
Membrane Potential
Changes in mitochondrial membrane potential were esti-
mated using tetramethylrhodamine ethyl ester (TMRE), 
which is a cationic potentiometric dye that accumulates 
preferentially in energized mitochondria driven by the 
membrane potential. The cells were incubated with 100 
nM TMRE for 15 min at 37°C and the TMRE fluorescent 
intensity was then measured at a 549 nm excitation and 
574 nm emission using a fluorometer (Glomax, Promega); 
images were captured using a fluorescence microscope as 
described above.

Immunohistochemistry
After 2 weeks of 6-OHDA injection, the animals were 
deeply anesthetized and transcardially perfused with phos-
phate-buffered saline (PBS) followed by 4% paraformalde-
hyde in PBS. Harvested brains were stored in 4% 
paraformaldehyde for 24 hours and then sequentially trans-
ferred to 15%, 20%, 25%, and 30% sucrose solutions until 
they sank. After overnight storage in 30% sucrose, the 
brains were removed from the solution and stored at 
−80°C until needed. Sections (20-μm thick) were prepared 
and then processed for immunohistochemical detections. 
Free-floating sections were incubated with 0.3% H2O2 for 
30 min, placed in a blocking buffer for 1 hour at 37°C, and 
then incubated with anti-tyrosine hydroxylase (TH) (1:200, 
Merck Millipore, Burlington, MA, USA) overnight at room 
temperature. After washing, the sections were incubated 
with appropriate biotinylated secondary antibodies (1:200, 
Vector Laboratories Inc., San Francisco, CA, USA), fol-
lowed by avidin-biotin-peroxidase (1:200, Vector 
Laboratories) for 1 hour at 37°C. Immunoreactivity was 
visualized with 0.05% diaminobenzidine tetrahydrochlor-
ide, and sections were imaged with an inverted microscope 
(Leica microscope system, Wetzlar, Hesse, Germany) 
equipped with a Leica camera (Leica).

Western Blot Analyses
For Western blot analyses, animals were sacrificed 2 
weeks after 6-OHDA injection. Brains were rapidly 
removed from mice, and the ST was dissected immediately 
on ice. Each tissue was homogenized with a lysis buffer 
(137 mM NaCl, 20 mM Tris, pH 8.0, 1% NP40, 10% 
glycerol, 1 mM PMSF, 10 mg/mL aprotinin, 1 mg/mL 
leupeptin, and 0.5 mM sodium vanadate). The homoge-
nates were centrifuged at 13,000 rpm at 4°C for 15 min, 

and supernatants were collected for Western blot analysis. 
Protein content was determined using the Bradford 
method. Equal amounts of protein extracts from brain 
tissue were separated by SDS-PAGE and then transferred 
to a nitrocellulose membrane; blots were probed with 
antibodies specific for TH (1:1000, Thermo Fisher 
Scientific), N-Cadherin (1:1000, Santa Cruz 
Biotechnology, Dallas, TX, USA), and β-actin (1:1000, 
Santa Cruz Biotechnology). The blots were then probed 
with the appropriate horseradish peroxidase (HRP)-conju-
gated secondary antibodies, and immunoreactive proteins 
were detected using an ECL detection system (Thermo 
Fisher Scientific). The intensities of protein bands were 
quantified using ImageJ. Quantification of relative protein 
levels was performed by comparing each protein to β-actin 
or its non-phosphorylated isoform. The value was 
expressed as a percentage by normalizing the ipsilateral 
region to the contralateral region.

GOT and GPT Assay
Blood was collected for analysis via a cardiac puncture at 
the time of sacrifice. Afterward, glutamate oxalate transa-
minase (GOT) and glutamate pyruvate transaminase 
(GPT) assays were used to measure hepatotoxicity via 
serum analysis using commercially available kits (Asan 
Pharmaceutical, Seoul, Korea) according to the manufac-
turer’s instructions.

Statistical Analysis
Data were expressed as the mean ± SEM. Group results 
were analyzed using a t-test or one-way analysis of var-
iance (ANOVA) and Holm–Sidak’s method for multiple 
comparisons using the GraphPad Prism 8 software 
(GraphPad, Inc., CA, USA). P-values of <0.05, <0.01, 
and <0.0001 were considered to be significant.

Results
Characterization of PEG-SWNTs
Commercially available PEG-SWNTs were acquired to 
conduct the experiments described herein. The PEGs 
were linked to the surface of the SWNTs at a 20 to 80 
weight ratio (Supplementary Figure 1). Prior to its admin-
istration, 1 mg/mL PEG-SWNT solution was prepared in 
DW and dispersed by ultrasonication for 24 h. After dis-
persion, PEG-SWNTs were scanned by TEM. Figure 1 
shows that the PEG-SWNTs were well separated and 
evenly distributed.
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PEG-SWNTs Ameliorate Abnormal 
Behavior of PD Mice
Unilateral 6-OHDA-induced lesions lead to behavioral 
abnormalities in apomorphine-injected mice, which 
exhibited ipsilateral loss of TH+ neurons in the SN pars 
compacta (SNpc) and ST, which is the golden standard 
for PD mimicking.16 To investigate the protective effect 
of PEG-SWNTs and compare their effectiveness as a 
function of administration route, three different experi-
ments were conducted, as shown in Figure 2A: method 1) 
intracranial injection of PEG-SWNTs 3 days before 6- 
OHDA injection; method 2) intracranial injection 3 days 
after 6-OHDA injection, or method 3) intravenous injec-
tion at days 3 and 4 after 6-OHDA injection. All mice 
from each method were assessed for behavior asymmetry 
and sacrificed for histological analyses 14 days after 6- 
OHDA injection. For behavior tests, apomorphine was 
subcutaneously injected into each mouse at a 0.5 mg/kg 
dose, and asymmetrical rotation of mice to their contral-
ateral side was monitored for 1 hour. In method 1, the 6- 
OHDA-injected group showed 334.6 net turns per hour, 
whereas the PEG-SWNT pre-administered group showed 
a significant reduction in abnormal rotation induced by 6- 
OHDA (334.6±13.6 for 6-OHDA only vs 186.2±12.2 for 
PEG-SWNT pre-injection before 6-OHDA, *P<0.05). In 
method 2, the 6-OHDA group exhibited 418.2 net turns 
per hour, whereas the post-injection of PEG-SWNTs 
resulted in 168.2 net turns per hour (418.2±21.5 for 6- 
OHDA only vs 168.2±49.6 for post-injection of PEG- 
SWNTs after 6-OHDA; ***P<0.001). Moreover, intrave-
nous injection of PEG-SWNTs after 6-OHDA treatment 
resulted in a significant reduction of abnormal rotation 
compared to the 6-OHDA-only group (408.2±59.7 for 6- 
OHDA-only vs 253.8±22.2 for the intravenous injection 
of PEG-SWNTs after 6-OHDA; *P<0.05). In summary, 
all PEG-SWNT-injected groups exhibited a reduced 

rotation number regardless of the administration route 
(Figure 2B).

TH+ Neurons are Rescued by PEG- 
SWNTs
Given that PEG-SWNTs were found to prevent abnormal 
behavior in PD mice, histological analysis was performed 
to determine whether dopaminergic neurons in ST and 
SNpc could also be protected by PEG-SWNTs. As 
shown in Figure 3A, the ipsilateral loss of tyrosine hydro-
xylase (TH)-positive neurons was observed in 6-OHDA- 
induced PD mice brains compared to the contralateral side 
of each group or the sham group. However, the PEG- 
SWNT-injected group showed a higher population of TH 
+ neurons in the ST regardless of the method of adminis-
tration (Figure 3A). Interestingly, intracranial injection of 
PEG-SWNTs (both pre- and post-) resulted in a greater 
population of TH-positive neurons than the intravenous- 
injected PEG-SWNTs group. The TH+ neurons in the 
SNpc were also protected significantly in the PEG- 
SWNTs group compared to the 6-OHDA-only group 
(Figure 3B).

Although TH protein expression levels in the ST in the 
ipsilateral hemisphere were also markedly reduced by 6- 
OHDA injection, pre- and post-PEG-SWNTs-injected 
mice exhibited further less reductions in TH protein in 
the ipsilateral hemisphere under all three administration 
methods (Figure 4). Moreover, pre-intracranial injection of 
PEG-SWNTs significantly protected TH-positive neurons 
in 6-OHDA-exposed mice, which showed similar levels of 
TH expression to those of the sham group (Figure 4B).

PEG-SWNTs Promote Neural 
Differentiation and Neurite Outgrowth
Since neural cadherin (N-cadherin) is a known regula-
tor of neural polarity and neuron development,17 we 

Figure 1 Characterization of PEG-SWNTs. PEG-SWNTs were dissolved in distilled water at a 1 mg/mL concentration and dispersed by ultrasonication for 24 hours. (A) 
Transmission electron microscope (TEM) images of dispersed PEG-SWNTs. (B and C) are magnified versions of the colored box in (A).
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confirmed N-cadherin expression in the PD mouse 
model. In our previous study, N-cadherin expression 
was significantly enhanced in cases of SWNT-induced 
neuroprotection against brain damage by stroke.11 As 
shown in Figure 5, N-cadherin expression was signifi-
cantly decreased in the ipsilateral hemisphere of the 
PD mouse model compared to the contralateral hemi-
sphere. Interestingly, the ipsilateral side in the PEG- 
SWNTs-injected PD mouse model exhibited a highly 

enhanced expression of N-cadherin compared to the 
contralateral side. Chen et al reported that N-cadherin 
is an important regulator of neurite outgrowth.18 To 
investigate PEG-SWNT-induced neurite outgrowth 
enhancement, human neuroblastoma SH-SY5Y cells 
were differentiated into neurons on the surface of a 
PEG-SWNT-treated or control glass coverslip, after 
which the length of each neurite was estimated. After 
seven days of differentiating the SH-SY5Y cells with 

Figure 2 Experimental design and assessment for Parkinson’s disease model. (A) The PD model was administered with PEG-SWNTs via different routes. In Method 1, PEG- 
SWNTs (2 µL; 2 µg) or DW (2 µL) were injected into the lateral ventricle of each mouse three days before 6-OHDA (10 µg) was injected into the ipsilateral ST. In Method 2, 
PEG-SWNTs or DW were injected three days after 6-OHDA administration. In Method 3, PEG-SWNTs (200 µL; 200 µg) or DW (200 µL) were injected into the tail vein 
once per day at the third and fourth day after 6-OHDA administration. At two weeks after 6-OHDA injection, apomorphine-induced rotation tests and histological 
assessment were performed. (B) Apomorphine was subcutaneously injected into mice, after which rotation behavior was evaluated. The number of rotations (net turns = 
contralateral turns-ipsilateral turns) was recorded for an hour. All data were expressed as mean ± S.E.M. (One way ANOVA, all pair-wise multiple comparisons were 
performed with Holm–Sidak’s method, *P < 0.05, ***P < 0.0001; n = 5 for each group).
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Figure 3 Histological assessment of PEG-SWNTs injected PD animals. (A) Immunohistochemistry staining for TH+ neurons in the ST two weeks after 6-OHDA injection. 
Scale bar = 1 mm. (B) Immunohistochemistry staining for TH+ neurons in the SN pars compacta (SNpc) two weeks after 6-OHDA injection. Scale bar = 200 µm.

Figure 4 Western blot analysis of TH protein level in mice ST by PEG-SWNTs. The effect of PEG-SWNT administration route on TH protein expression was evaluated in 
PD mice ST. (A and B) TH expression in Method 1; (C and D) TH expression in Method 2; (E and F) TH expression in Method 3. (One-way ANOVA, all pair-wise multiple 
comparisons were performed with Holm–Sidak’s method, *P < 0.05; n = 4 for each group).
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10 µM of retinoic acid (RA), cellular morphology was 
captured and the neurite length of each cell was quan-
tified with the ImageJ software. At day 7 post-differ-
entiation, PEG-SWNT-treated SH-SY5Y cells showed 
higher MAP2 expression than the cells on the control 

glass coverslip (lower panel in Figure 6A). 
Additionally, as shown in Figure 6A (upper panel) 
and B, the neurites of the PEG-SWNT-treated SH- 
SY5Y cells were also longer and more complexed 
than the control cells.

Figure 5 Western blot analysis of N-cadherin expression in the mouse ST by PEG-SWNTs. The effect of PEG-SWNT administration route on N-cadherin expression was 
evaluated in PD mice ST. (A and B) N-cadherin expression in Method 1; (C and D) N-cadherin expression in Method 2; (E and F) N-cadherin expression in Method 3. 
(One-way ANOVA, *P < 0.05; n = 4 for each group).

Figure 6 Effect of PEG-SWNTs on SH-SY5Y cell neurite outgrowth. SH-SY5Y cells were differentiated with 10 µM of retinoic acid for seven days on either a PEG-SWNT- 
treated surface or a control glass coverslip. (A) The upper panel shows bright field images for each group and the lower panel indicates microtubule-associated protein 2 
(MAP2) stained cells on each surface. (B) The neurite length of differentiated SH-SY5Y cells on each surface was quantified with the ImageJ 1.52a software. (unpaired t-test, 
*P < 0.05; n = 5 for each group).
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PEG-SWNTs Attenuate 6-OHDA- 
Induced Oxidative Stress
To investigate how PEG-SWNTs prevent neuronal death 
induced by 6-OHDA, the oxidative stress level of SH- 
SY5Y cells with and without PEG-SWNTs was estimated. 
As shown in Figure 7, exposure to 50 μM of 6-OHDA 
resulted in high levels of reactive oxygen species (ROS) 
after 3 hours in SH-SY5Y cells cultured on glass 

coverslips, whereas cells grown on a PEG-SWNT coated 
surface exhibited only small increases in ROS 
(Figure 7A). When the cells were directly co-treated with 
PEG-SWNTs and 6-OHDA (Figure 7B) or pre-treated 
with PEG-SWNTs 1 hour prior to 6-OHDA exposure 
(Figure 7C), ROS levels were also dramatically reduced. 
Given that mitochondrial impairment and oxidative 
damage in the brain play a key role in PD 

Figure 7 Antioxidant effect of PEG-SWNTs on SH-SY5Y cells. (A) SH-SY5Y cells were differentiated with 10 μM retinoic acid for seven days on either a PEG-SWNT- 
treated surface or a control glass coverslip. Each group was treated with a vehicle solution or 50 μM of 6-OHDA for 3 hours, after which DCF-DA was added and allowed to 
incubate for 45 min at 37°C; representative images were the captured. (B and C) The cells were seeded in 96-well plates and treated with different PEG-SWNT 
concentrations either simultaneously with 6-OHDA (B) or 1 hour prior to 6-OHDA treatment (C). Three hours after 6-OHDA treatment, DCF-DA was added and allowed 
to incubate, after which fluorescence intensity was detected with a fluorescence plate reader (See Materials and Methods for detail) (n=3 independent experiments; One- 
way ANOVA, #P<0.05 Con vs 6-OHDA; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 6-OHDA vs 6-OHDA+PEG-SWNTs groups). (D) The differentiated cells were then 
seeded on either PEG-SWNT-coated surfaces or control glass coverslips. Each group was treated with vehicle or 50 μM of 6-OHDA for 6 hours, after which TMRE was 
added and allowed to incubate for an additional 15 min at 37°C. Fluorescent images were chosen randomly per each group. (E and F) The cells were seeded onto 96-well 
plates and treated with different PEG-SWNTs concentrations either simultaneously with 6-OHDA (E) or 1 hour prior to 6-OHDA treatment (F). Six hours after 6-OHDA 
treatment, 100 nM of TMRE was added and allowed to incubate for 15 additional minutes, after which the fluorescence intensity of each well was measured with a 
fluorescence plate reader (see the Materials and Methods for more details) (n=3 independent experiments; one-way ANOVA, #P<0.05, ##P<0.001 Con vs 6-OHDA; 
**P<0.01, ****P<0.0001 6-OHDA vs 6-OHDA+PEG-SWNTs).
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pathogenesis,19,20 mitochondrial membrane potential was 
also evaluated. TMRE, a cationic potentiometric dye, is 
used as an indicator of mitochondrial membrane potential 
integrity. As shown in Figure 7D, vehicle-treated cells 
showed bright red fluorescence, whereas 6-OHDA treat-
ment significantly reduced the mitochondrial membrane 
potential of SH-SY5Y cells cultured on a glass surface. 
In contrast, the cells grown on the PEG-SWNT coated 
surface exhibited relatively intact mitochondrial mem-
brane potentials. 100 μM of Vitamin C (L-ascorbic acid) 
was used as a positive control in this experiment, as it is 
known to act as a free radical scavenger and possesses 
antioxidant effects. When the cells were directly co-treated 
with PEG-SWNTs and 6-OHDA (Figure 7E) or pre-treated 
with PEG-SWNTs 1 hour prior to 6-OHDA exposure 
(Figure 7F), collapsed mitochondrial membrane potential 
was significantly recovered. Additionally, the alamarBlue 
assay demonstrated that PEG-SWNTs prevented neuronal 
cell death caused by a 24 h exposure to 6-OHDA 
(Supplementary Figure 2A and B). PEG-SWNT co-treat-
ment or pre-treatment attenuated neuronal cell death 
caused by 50 μM 6-OHDA exposure, and PEG-SWNTs 
alone did not induce cellular damage (Supplementary 
Figure 2C).

Discussion
This study demonstrated the neuroprotective effect of 
functionalized SWNTs on a 6-OHDA-induced PD model. 
Additionally, various SWNT routes of administration into 
the brain tissue were compared to assess their effective-
ness. Pre-intracranial injection of SWNTs resulted in the 
most effective protection of TH-positive neurons in the ST 
compared to the other administration methods. Moreover, 
PEG-SWNT pre-administration through the skull of PD 
mice enhanced TH protein expression to levels as high as 
those of the sham group (Figure 4A and B). Nonetheless, 
all SWNT-injected groups showed significant brain tissue 
neuroprotection and SWNT treatment also alleviated 
asymmetric behavior in PD mice compared to the 6- 
OHDA-only group.

CNTs have been previously applied to reduce neuronal 
damage or improve neural function in PD models.13,21 

Vitale et al utilized CNT fiber as a microelectrode to 
enhance neural activity and reduce inflammatory responses 
in PD mice due to its great biocompatibility.21 For PD 
treatment, Guo et al utilized PEG-SWNTs as a drug carrier 
and linked DA onto the surface of PEG-SWNTs to deliver 
DA into the parkinsonian brain.13 Although CNTs have 

been proposed as devices or vehicles to deliver bioactive 
compounds to treat neurodegenerative diseases, we 
demonstrate here that functionalized SWNTs per se have 
the potential to prevent ST and SNpc neuronal damage in 
the pre-injected group, as well as protect TH-positive 
neurons in the post-administered group. Additionally, this 
study monitored the long-term toxicity of PEG-SWNTs for 
treated all animals over six months (Supplementary 
Figures 3 and 4). Animal body weights were only affected 
by 6-OHDA injection for acute monitoring, whereas PD 
mice and PEG-SWNT-treated PD mice showed similar 
body weights at the end of long-term tracking. Moreover, 
we found that systemic intravenous injection of PEG- 
SWNTs did not increase GOT or GPT blood levels at 
two weeks, three months, and six months after SWNT 
injection, suggesting that functionalized SWNTs do not 
pose significant long-term cytotoxicity. A few previous 
studies regarding the in vivo application of CNT have 
also reported that intravenously injected CNTs were 
rapidly cleared through renal excretion22 or opsonization 
through reticuloendothelial system (RES) capture,23 result-
ing in low toxicity. Moreover, Nunes et al reported that 
intracranial-injected CNTs could be partially biodegraded 
or uptaken by microglia,24 thus supporting the safety of 
direct CNT application as a nanomedicine.

Early studies on CNTs revealed that they raised cyto-
toxicity and inflammation in the lung and liver.25,26 CNT 
length and surface modifications (ie, functionalization) 
may result in different CNT toxicities after in vivo appli-
cation. Long fibers and large CNT aggregates typically 
induce asbestos-like toxicity, which is characterized by 
chronic inflammation and the formation of fibrosis in the 
lungs.25 In contrast, short and functionalized CNTs tend to 
be more easily cleared by phagocytosis or excreted 
through other routes.27 Kolosnjaj-Tabi et al exposed 
Swiss mice to SWNTs of different lengths and reported 
that well-functionalized SWNTs (<300 nm) were elimi-
nated via the kidneys and bile ducts.28 However, large 
aggregates of SWNTs (>10 µm) induced severe granuloma 
formation, whereas smaller aggregates (<10 µm) could be 
engulfed by phagocytes but were not cleared for several 
months. The PEG-SWNTs utilized in this study were 0.5– 
0.6 µm long; thus, we assume that our SWNTs could be 
cleared rapidly, thereby delivering protective effects with-
out cytotoxicity or inflammation.

Moreover, our results demonstrated that pre- and post- 
administration of SWNTs protects dopaminergic neurons 
in PD mice. Moreover, the in vitro results demonstrated 
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that the neurite outgrowth of SH-SY5Y cells was elon-
gated and more branched on the PEG-SWNT-treated sur-
face than on glass coverslips. Additionally, PEG-SWNTs 
could visibly reduce oxidative stress caused by 6-OHDA 
exposure by preventing the collapse of mitochondrial 
membrane potential in SH-SY5Y cells, which indicated 
that PEG-SWNTs act as potent antioxidants. A few studies 
have also reported the antioxidant activity of SWNTs due 
to their high electron affinity.29,30 It is assumed that the 
antioxidant properties of SWNTs might potentiate the pro-
tective effect of PEG-SWNTs on dopaminergic neurons. 
Nevertheless, the molecular mechanisms underlying these 
protective effects must be further elucidated in future 
studies.

This study demonstrated that intravenous injection of 
SWNTs protected mice from dopaminergic neuronal death 
and reduced abnormal behavior induced by 6-OHDA. 
Kafa et al demonstrated that functionalized MWNTs 
were able to cross the blood–brain barrier (BBB) by 
using an in vitro co-culture system and in vivo systemic 
injection.31 In their study, CNTs were proven to effectively 
penetrate the BBB via receptor-mediated transcytosis. 
Moreover, 6-OHDA-induced brain lesions may alter 
BBB permeability,32 meaning that intravenously injected 
CNTs can cross the BBB more easily. In the present study, 
intravenously injecting PEG-SWNTs after 6-OHDA treat-
ment attenuated abnormal behavior and neuronal loss in 
PD mice; thus, it was assumed that injected PEG-SWNTs 
could penetrate the BBB and act as a nanomedicine. In 
summary, PEG-SWNTs have great potential to protect 
dopaminergic neurons in a PD mouse model by either 
intracranial or intravenous injection, indicating that PEG- 
SWNTs could become promising materials as nanomedi-
cine either alone or in combination with other drugs.

Conclusion
In this study, PEG-SWNTs were administered for treating 
PD mouse model through different routes. Both pre- and 
post-intracranial injection of PEG-SWNTs in PD mice 
significantly protected dopaminergic neurons from 6- 
OHDA induced brain damage and reduced abnormal beha-
vior of PD mice. Moreover, intravenous injection of PEG- 
SWNTs also reduced neuronal damage and behavioral 
abnormality by 6-OHDA in PD mice, indicating PEG- 
SWNTs are promising materials to treat Parkinson’s dis-
ease. Further, less invasive route of PEG-SWNTs, intrave-
nous injection also showed significant protection of ST and 
SNpc in PC mice, suggesting PEG-SWNTs have a great 

potential as nanomedicine agents combined with or with-
out therapeutic drugs.
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SWNT, single-walled nanotube; MWNT, multi-walled 
nanotube; CNT, carbon nanotube; PD, Parkinson’s disease; 
6-OHDA, 6-hydroxydopamine; SN, substantia nigra; 
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PEG, polyethylene glycol; ST, striatum; RA, retinoic 
acid; BBB, blood–brain barrier.
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