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Carbon nanotubes (CNT) are promising materials for biomedical applications, especially in the field of neuroscience; therefore,
it is essential to evaluate the neurotoxicity of these nanomaterials. The present work assessed the effects of single-walled CNT
functionalized with polyethylene glycol (SWCNT-PEG) on the consolidation and retrieval of contextual fear memory in rats and on
oxidative stress parameters in the hippocampus. SWCNT-PEG were dispersed in water at concentrations of 0.5, 1.0, and 2.1 mg/mL
and infused into the rat hippocampus. The infusion was completed immediately after training and 30 min before testing of a
contextual fear conditioning task, resulting in exposure times of 24 h and 30 min, respectively. The results showed that a short
exposure to SWCNT-PEG impaired fear memory retrieval and caused lipid peroxidation in the hippocampus. This response was
transient and overcome by the mobilization of antioxidant defenses at 24 h. These effects occurred at low and intermediate but
not high concentration of SWCNT-PEG, suggesting that the observed biological response may be related to the concentration-

dependent increase in particle size in SWCNT-PEG dispersions.

1. Introduction

The unique physical properties and morphological char-
acteristics of carbon nanotubes (CNT) have made them
interesting for many biomedical applications, including ther-
apeutic strategies for the treatment of central nervous system
injuries [1-3]. However, few studies reported the effects of
CNT on the central nervous system of animals. Studies
of systemically exposed mice have shown cognitive deficits
and increased oxidative stress levels in brain [4], although
these effects were not observed in fishes [5, 6]. It should be
considered that systemic administration of CNT likely results
in different biodistribution and toxicity profiles based on the

type of nanomaterial, the route of administration, and the
animal model used [7-9]. Thus, an alternative method for
studying the interactions between CNT and neural tissue is
the direct administration of the nanomaterial into the brain
by stereotactic injection [10, 11].

Exposure to CNT is related to increased production of
reactive oxygen species (ROS) and depletion of the cellular
antioxidant defenses, culminating in damage to the cellular
components, as lipids, proteins, or DNA [4, 12, 13]. The
ability of CNT to induce oxidative stress in brain tissue is a
cause of concern, since this condition has been implicated in
the physiopathology of neurodegenerative disorders [14-16].
Functionalization of CNT with polyethylene glycol (PEG) has
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been studied as a strategy to prevent neurotoxicity [17] and
optimize neurite-outgrowth-promoting properties of CNT
[3]. However, more studies regarding the effects of PEGylated
CNT on brain and behavior of animals are required prior to
their applications in neurology.

The present study aimed to investigate the effects of
single-walled CNT functionalized with polyethylene glycol
(SWCNT-PEG) directly infused into the hippocampus, a
brain structure critical for episodic and spatial memory that
plays an important role in processing contextual information
[18]. Contextual fear conditioning task was employed to
evaluate the consolidation and retrieval of contextual fear
memory. Oxidative stress parameters were determined by
measuring reactive oxygen species (ROS) levels, lipid per-
oxidation (LPO), total antioxidant capacity against peroxyl
radicals (ACAP), glutathione (GSH) content, and glutamate-
cysteine ligase (GCL) activity in the rat hippocampus. The
contributions of physicochemical characteristics to the effects
of SWCNT-PEG dispersions in the hippocampus were dis-
cussed.

2. Material and Methods

2.1. Chemicals. Tris-HCI (Trizma hydrochloride), ethylene-
diaminetetraacetic acid (EDTA), 2,2'-azobis(2-methyl-
propionamidine) dihydrochloride (ABAP), glutathione
(GSH), adenosine triphosphate (ATP), glutamate, borate,
serine, cysteine, cumene hydroperoxide (CHP), and xylenol
orange were purchased from Sigma-Aldrich (St. Louis, MO,
USA). KCl, MgCl,, and FeSO, were purchased from Labsynth
(Diadema, SP, Brazil). 2'.7'-Dichlorofluorescein-diacetate
(H,DCF-DA) and  naphthalene-2,3-dicarboxaldehyde
(NDA) were purchased from Molecular Probes (Eugene, OR,
USA). Biuret protein assay kit was purchased from Doles
(Goiania, GO, Brazil).

2.2. Preparation of SWCNT-PEG Dispersions. Single-walled
carbon nanotubes (SWCNT) synthesized by electric arc
method and functionalized with polyethylene glycol (PEG,
Mw = 600 Da) were purchased from Sigma-Aldrich (Lot
MKBC 9435). The dispersion protocol of SWCNT-PEG was
adapted from the procedure of Kalinina et al. [19] and
employed several steps of mechanical disintegration and
centrifugation. SWCNT-PEG dispersed in water at 3 mg/mL
were subjected to ultrasonication for 48h using a bath
sonicator (Cole Parmer, model 08895-50, ~40kHz) and
subsequently placed in a high-shear rotor-stator mixer (IKA
Labortechnik, Ultra-Turrax T8) for 90 min. The mixture
was centrifuged (Eppendorf, 5417C) for 30 min at 5,000 g to
remove large particles and agglomerates and the supernatant
was carefully removed, diluted four times, and placed in an
ultracentrifuge (Sorvall, Ultra Pro 80) for 1h at 170,000 g to
remove any excess unbound PEG, nontubular carbon and
other impurities. Next, the resulting pellet was resuspended
in water to give a dispersion concentration of approximately
2mg/mL and then subjected again to ultrasonication for 4 h,
shear mixing for 30 min, and centrifugation for 30 min at
5,000 g. The final concentration of SWCNT-PEG in the final
dispersion was determined as previously described by Weber
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etal. [9] and was estimated to be 2.1+0.2 mg/mL based on the
intensity of light absorption at 700 nm. Dilutions of the final
dispersion were made by adding ultrapure water to obtain
concentrations of 0.5 and 1.0 mg/mL. After addition of the
water, dilutions underwent an ultrasonication for 30 min.

2.3. Physicochemical Characterization. The purity, size distri-
bution, and surface coating of the SWCNT-PEG sample were
previously described by our group [9]. In this work, SWCNT-
PEG dispersions were characterized by low resolution (LR)
transmission electron microscopy (TEM) (FEI Tecnai G2-
Spirit 120 kV microscope) before completion and at the end of
the dispersion protocol. The final dispersion of SWCNT-PEG
was also characterized by high-resolution (HR) TEM (FEI
Tecnai G2-20 Super-Twin 200 kV microscope) and Raman
spectroscopy. Raman spectra were obtained using a modu-
lar Raman system (Horiba Jobin Yvon, RMS-550) with an
excitation wavelength of 514 nm. Zeta potential of SWCNT-
PEG dispersions at 0.5, 1.0, and 2.1 mg/mL was determined
by electrophoretic light scattering (Zetasizer Nano ZS system,
Malvern Instruments) after diluting the original dispersion 10
times following a 30 min bath sonication, filtering through
a 0.45 ym membrane, and adjusting the ionic strength to
10 mM using NaCl. Size distribution, polydispersity index
(PDI), and hydrodynamic particle diameter (z-average) were
analyzed by dynamic light scattering (DLS) (Zetasizer Nano
ZS system, Malvern Instruments). Z-average and PDI were
calculated using a cumulant analysis. The hydrodynamic
diameter of SWCNT-PEG measured by DLS corresponds to
the equivalent hydrodynamic diameter of a sphere that has
the same translational diffusion coefficient. Thus, the data
obtained do not correspond to a single dimension (length or
diameter) of the nanomaterial, but rather to a combined value
of both dimensions.

2.4. Animals. Wistar male rats (2-3 months of age, weight
250-320g) were obtained from a breeding colony at the
Universidade Federal do Rio Grande (RS, Brazil) and ran-
domly housed in polypropylene cages of 41 x 34 x 16 cm in
number of five rats per cage with free access to water and
food. The animals were kept under a 12 h light/dark cycle and
constant temperature (23 + 1°C) and were frequently handled
to avoid neophobia. All animal procedures were approved by
the Ethics Committee for Animal Use of the Universidade
Federal do Rio Grande (FURG; Permit Number: P029/2011).

2.5. Experimental Design. After a week of acclimation, the
rats were bilaterally implanted with stainless steel guide
cannulae (22-gauge, 9 mm in length) in the dorsal CAl region
of hippocampus. Stereotaxic coordinates were 4.3 anterior,
3.0 lateral, and 1.8 ventral according to the atlas by Paxinos
and Watson [20]. After 48-72h of recovery from surgery,
rats were distributed randomly into treatment groups (n =
10-12). SWCNT-PEG dispersions of 0.5, 1.0, or 2.1 mg/mL
or a 0.9% NaCl solution (control group) was infused using
27-gauge injection needles inserted into each guide can-
nula and connected by polyethylene tubing to a Hamilton
microsyringe. All infusions were 1uL in volume and were
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completed one hemisphere at a time. The infusions were
performed immediately after the training session or 30 min
before testing of a contextual fear conditioning task, resulting
in the exposure times of 24 h and 30 min, respectively.

2.6. Contextual Fear Conditioning Task. The contextual fear
conditioning (CFC) apparatus consisted of a box (dimensions
28 x 26 x 23 cm) with three aluminum walls, one Plexiglas
front wall, and a floor made of parallel stainless steel bars
connected to a shock scrambler deliver apparatus (shock
generator, Insight Scientific Equipment, Brazil). The CFC
task was performed as previously described by Bekinschtein
et al. [21]. Briefly, the training session consisted of three
consecutive single electric foot-shocks (1 sec duration, 0.7 mA
intensity) at 10 sec intervals. The test session was performed
twenty-four hours after training. During the 5min test,
animals were monitored for freezing (absence of any move-
ment except breathing). Both training and test sessions were
performed between 8:00 and 12:00 a.m., and after each session
the floor and walls of the CFC apparatus were cleaned with
70% ethanol. The results are expressed as the percentage of
time spent in freezing during a 5 min period.

2.7. Tissue Dissection and Sample Preparation. At the end of
the CFC test, all animals were euthanized by decapitation. The
hippocampi were quickly dissected and stored at —80°C or
immediately homogenized (1:5w/v) in 40 mM ice-cold Tris-
HCI buffer (pH 7.4) for ROS measurements. For antioxidant
capacity against peroxyl radicals (ACAP), glutamate cysteine
ligase (GCL) activity, and glutathione (GSH) content analysis,
hippocampi were thawed on ice and homogenized in a
buffer containing 100 mM Tris-HCl, 2 mM EDTA, and 5 mM
MgCl, (pH 7.75). Tissue homogenates were centrifuged at
20,000 g at 4°C for 20 min. The total protein content was
measured in the supernatant with the Biuret method using
a microplate absorbance reader (BioTek LX 800). The final
protein concentration was adjusted to 3 mg/mL. For LPO
analysis, hippocampi were homogenized (1:15w/v) in 100%
ice-cold methanol and centrifuged at 1000 g for 10 min at 4°C.
Supernatants were used in all assays.

2.8. Measurement of Reactive Oxygen Species Levels. Reac-
tive oxygen species (ROS) levels in rat hippocampus were
determined by measuring the oxidation of H,DCF-DA as
previously described for brain tissue analysis [22, 23]. Briefly,
the samples were placed in a reaction buffer (pH 7.2)
containing 200 mM KCl, 30 mM HEPES, 1mM MgCl,, and
16 uM H,DCFDA. Formation of the oxidized fluorescent
product dichlorofluorescein (DCF) was monitored with a
fluorescence microplate reader (485nm excitation/520 nm
emission; Victor 2, Perkin Elmer). Data were collected every
5min for a total of 30 min. ROS levels were calculated
by integrating the fluorescent units (FU) over time and
fitting the data to a second order polynomial function. Two
parallel experiments were conducted and values of FU were
normalized to a percentage of the control group.

2.9. Total Antioxidant Capacity against Peroxyl Radicals.
Determination of total antioxidant capacity against peroxyl

radicals (ACAP) was performed as described by Amado et al.
[24]. The assay employed ROS quantification using H,DCF-
DA (40 uM final concentration) in hippocampal samples
treated with or without a peroxyl radical generator (ABAP,
4mM). DCF formation was recorded by a fluorescence
microplate reader (485 nm excitation/520 nm emission; Vic-
tor 2, Perkin Elmer). Data were collected every 5min for
a total of 30 min. The relative difference between ROS area
with and without ABAP was calculated and the inverse of the
relative difference was considered as a measure of antioxidant
capacity.

2.10. Glutathione Reduced Content and Glutamate-Cysteine
Ligase Activity. Glutathione reduced (GSH) content and
glutamate-cysteine ligase (GCL) activity were determined
according to the methods of White et al. [25]. This technique
is based on the reaction of naphthalene-2,3-dicarboxaldehyde
(NDA) with GSH or y-glutamylcysteine (y-GC) to form
cyclic products that are highly fluorescent. Further assay
details were outlined by da Rocha et al. [26]. NDA-GSH
fluorescence was measured (485 nm excitation/530 nm emis-
sion) using a fluorescence microplate reader (Victor 2, Perkin
Elmer). GSH content was expressed in uM per mg of protein
and GCL activity in uM of GCL h™! per mg of protein.

2.11. Measurement of Lipid Peroxidation. Lipid peroxide lev-
els were measured using a spectrophotometric ferrous oxi-
dation/xylenol orange (FOX) modified method as previously
described by Monserrat et al. [27] except for adjustments
in the time of incubation and sample dilution which were
based on work by de Aguiar et al. [22]. This method is
based on the oxidation of Fe(II) under acidic conditions,
and the quantification of lipid hydroperoxides was obtained
using 0.1mM CHP as a standard. The assay was performed
in a microplate using 5uL of sample volume or 5uL of
methanol as negative control. The absorbance (550 nm) was
determined using a microplate reader (BioTek LX 800). Lipid
peroxidation (LPO) was expressed as nM CHP per gram of
wet tissue.

2.12. Statistical Analysis. Statistical analysis and graph cre-
ation was carried out in GraphPad Prism 5.0 (GraphPad
Software, Inc. La Jolla, CA, USA). The hydrodynamic size,
polydispersity index, and zeta-potential data were analyzed
using a one-way statistical analysis of variance (one-way
ANOVA) followed by a Tukey post-hoc test. Biochemical
and behavioral data were analyzed using a one-way ANOVA
followed by the Newman-Keuls multiple comparisons test.
Normality and variance homogeneity were verified. A P <
0.05 was considered statistically significant.

3. Results

3.1. SWCNT-PEG Characterization. By LRTEM we observed
that SWCNT were completely enveloped by the polymer
and formed large aggregates that could be separated into
fibers after the combination of ultrasonication and high
shear mixing (Figures 1(a) and 1(b)). Besides these fibers,
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FIGURE 1: Low-resolution transmission electronic microscopy images of SWCNT-PEG dispersion after dispersed by (a) 48 h ultrasonication
and (b) after the combination of ultrasonication and high-shear mixing. High-resolution transmission electronic microscopy image (c) and

Raman spectra (d) of the final dispersion.

impurities and isolated polymer plates were also observed.
HRTEM analysis revealed that SWCNT were functionalized
in the form of bundles and even after the dispersion protocol
was not possible to completely break down into individual
tubes (Figure 1(c)). The Raman spectra of the SWCNT-PEG
presented a well-defined and intense G band and radial
breathing mode (RBM), even after the dispersion protocol
(Figure 1(d)). This result confirmed that not all tubes were
functionalized; that is, the functionalization mainly occurred
on the SWCNT bundle surface rather than on individual
nanotubes.

The DLS analysis revealed a bimodal particle size dis-
tribution (Figure 2(a)) with a smaller-sized mode between
10 and 1000nm and a larger-sized mode between 1000
and 10000 nm. The heterogeneous particle size distribution
observed in this study was confirmed using PDI analysis
(Figure 2(b)), which provides a measure of the broadness of
the particle size distribution. PDI values of SWCNT-PEG
dispersions were in the range from 0.373 to 0.436, and a lower
PDI value was observed for the 0.5 mg/mL dispersion. The z-
average revealed a concentration dependent increase in the
particle size of SWCNT-PEG dispersed in water (Figure 2(c)).
The zeta potential values were between —23 and —-33mV
(Figure 2(d)) and did not correlate with the mean particle size
of SWCNT-PEG dispersions.

3.2. Behavioral Parameter. As shown in Figure 3(a), SWCNT-
PEG dispersions infused immediately after the training ses-
sion did not affect fear memory consolidation. The animals
treated with SWCNT-PEG dispersions presented a similar
freezing time when compared with the control group, reveal-
ing that these animals could discriminate fear context. On the
other hand, infusions of SWCNT-PEG dispersions at 0.5 and
1.0 mg/mL that occurred 30 min before the test session caused
a deficit in the retrieval of fear memory (Figure 3(b)). This
impairment was not observed in the group that received the
SWCNT-PEG dispersion at 2.1 mg/mL.

3.3. ROS Levels. As shown in Figure 4(a), there was a signif-
icant increase in ROS levels in the hippocampus 24 h after
the infusion of SWCNT-PEG dispersions at 0.5 mg/mL. This
increase was approximately 23% above the average of the
control group. There was no significant difference in ROS
generation between SWCNT-PEG dispersions and control
group 30 min after the infusion treatment (Figure 4(b)).

3.4. ACAP Determination. Hippocampal ACAP was signif-
icantly reduced 24 h after infusion of SWCNT-PEG disper-
sions at 0.5 and 1.0 mg/mL (Figure 5(a)). The decrement in
ACAP was 35% and 30% in the groups receiving the disper-
sions of 0.5 and 1.0 mg/mL, respectively, when compared with
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FIGURE 2: Intensity based particle size distribution (a), polydispersity index (PDI) (b), z-average (c), and zeta-potential (d) of SWCNT-PEG
dispersions. Different letters indicate a significant difference (n = 3; P < 0.05).

the control group. There was no difference in ACAP among
the experimental groups 30 min after treatment (Figure 5(b)).

3.5. GSH Content and GCL Activity. The results of GSH
content and GCL activity are presented in Figure 6. GSH
content of the hippocampus was unaltered at both 30 min
and 24 h after injection for the SWCNT-PEG groups (Figures
6(a) and 6(b)). A significant increase was found in GCL
activity 24 h after the infusion of SWCNT-PEG dispersions
at 0.5 and 1.0 mg/mL (Figure 6(c)). There was no difference
in GCL activity among the treatments 30 min after infusion
(Figure 6(d)).

3.6. LPO Measurement. Lipid hydroperoxide levels in
the hippocampus were unaltered 24 h after SWCNT-PEG

infusion (Figure 7(a)). However, there was a significant
increase in LPO 30min after the infusion of SWCNT-
PEG dispersions at 0.5 and 1.0 mg/mL (Figure 7(b)). The
increase was approximately 34% and 39% for SWCNT-PEG
dispersions at 0.5 mg/mL and 1.0 mg/mL, respectively, when
compared with the control group.

4. Discussion

Neurobehavioral studies are of great importance in toxico-
logical research because they assess the functional integrity
and latent damage of the nervous system and the mechanism
of action behind chemically induced neurotoxicity [28, 29].
There are a limited number of studies that have assessed
neurobehavioral changes after CNT exposure, despite the
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growing interest in nanodevices based on CNT for applica-
tions in neuroscience. Here, we used stereotactic surgery to
infuse SWCNT-PEG dispersions into the rat hippocampus
and then evaluated changes in two important stages of fear
memory processing.

The hippocampus is one of the most sensitive brain
regions to oxidative stress [30], particularly the CAl subre-
gion of the dorsal hippocampus, which is highly vulnerable
to oxidative stress due its high demand for reactive species
as signaling molecules and the lower ATP production when
compared to resistant neurons [31]. Moreover, CAl subregion
is required for the encoding, consolidation, and retrieval of
contextual memories [32, 33]. The occurrence of cognitive
deficits accompanied by oxidative damage and histopatho-
logical changes in hippocampus has been reported after
the exposure to different nanoparticles [34, 35], including
CNT [4]. In this work, SWCNT-PEG dispersions at 0.5 and
1.0 mg/mL induced lipid peroxidation in the hippocampus
and impaired memory retrieval 30 min after infusion. The
fact that ROS levels remained almost constant at this time
point suggests that SWCNT-PEG reacted probably with
unsaturated lipids, leading to lipid peroxidation. This oxida-
tive damage induced by SWCNT-PEG probably culminated
in the impairment of memory retrieval.

On the other hand, the infusion of SWCNT-PEG dis-
persions at 0.5 and 1.0 mg/mL did not result in oxidative
damage or memory impairment 24h after exposure but
decreased the antioxidant capacity in the hippocampus at
this time, although GSH content was unaltered. Besides
these changes, there was an increase in ROS levels in

the dispersion at low SWCNT-PEG concentration, which did
not result in lipid peroxidation or impairment in memory
consolidation. We suggest that this antioxidant mobilization
may have contributed to reduce oxidative stress levels in
the hippocampus. According to the hierarchical oxidative
stress model proposed by Xiao et al. [36], the lowest lev-
els of oxidative stress can induce cytoprotective responses
that include expression of proteins involved in antioxidant
defense. So, the antioxidant mobilization may have prevented
the persistence of oxidative damage in the hippocampus after
24 h.

The biological response observed in this study occurred
at low and intermediate but not high concentration of
SWCNT-PEG dispersions, suggesting that the effects may be
due to a concentration-dependent increase in hydrodynamic
diameter. Thus, it is reasonable to propose that the effects of
the nanomaterial in the hippocampus can be related to other
physicochemical characteristics, including size, agglomera-
tion state, and surface chemistry [37-39]. We used a DLS
technique to determine the hydrodynamic properties of the
CNT, including particle diameter and size distribution [40,
41).

The particle size distribution of SWCNT-PEG disper-
sions was a bimodal curve, indicating the presence of well-
dispersed SWCNT-PEG and their agglomerates. This finding
supports previously reported data on CNT dispersions [42—
44]. It was observed that PDI values and z-average positively
correlated with the concentration of SWCNT-PEG disper-
sions, suggesting a higher agglomeration tendency with
larger concentrations of CNT. The concentration-dependent



Consolidation

.;?/ 24h

Training Test

60
=
3
]
& _|_
2 40
£ —_ L
E —= 1 1
S
=
[
s 20 4
S
jan)
w
Q
0 T T T T
Control 0.5 1.0 2.1
SWCNT-PEG (mg/mL)
(a)
300 -
=]
L
2 *
¥
3 ==
= 200
T
7] —1
o o —
3
£
~ 100 4
o
=
3
—
O
U 0 T T T T
Control 0.5 1.0 2.1

SWCNT-PEG (mg/mL)
(c)

BioMed Research International

Retrieval
¥ 24h
. 30min |
T T
Training Test
60
=
123
2 ——
_
2 40 —
3
= J o
g —T—
g
= 20
S
jan)
w
Q
0 T T T T
Control 0.5 1.0 2.1
SWCNT-PEG (mg/mL)
(b)
500
=
3
]
—
a, 400 -
5 - =
=
= 300 -
w
Q
°
g 200 -
>
Z
& 100 -
3
|
O
U O T T T T
Control 0.5 1.0 2.1

SWCNT-PEG (mg/mL)
(d)

FIGURE 6: Glutathione (GSH) content 24h (a) and 30 min (b) after intrahippocampal infusion of SWCNT-PEG dispersions. Activity of
glutamate cysteine-ligase (GCL) 24 h (c) and 30 min (d) after infusion of SWCNT-PEG dispersions. Data represent mean + standard SEM
(n = 4-6). *Significant difference from the control group (P < 0.05). *Significant difference from SWCNT-PEG 2,1 mg/mL (P < 0.05).

change in particle size was previously demonstrated for
nanomaterials of different compositions [39].

It has been demonstrated that micron-sized agglomerates
of SWCNT are more cytotoxic [38, 45, 46] than better
dispersed SWCNT bundles. On the other hand, micron-
sized agglomerates of CNT at high concentrations may have
reduced toxicity because of the decrease in the reactive
surface area, limiting their translocation and interaction with
cells [47]. In agreement with these observations, Hirano
et al. [48] reported a concave dose response curve in the
cell viability of multiwalled CNT (MWCNT) exposed cells.
The agglomeration of the nanomaterial occurred at high
concentrations and it was suggested that this accumulation

may have reduced MWCNT-cells interactions and prevented
toxicity [48].

The effects of SWCNT-PEG on memory retrieval and
oxidative stress observed in this study were produced by
dispersions with a mean particles size of 88.1 and 104.8 nm,
but not 108.9 nm. Although the difference in mean particle
size between the dispersions at 1.0 and 2.1 mg/mL appears
to be too small to justify distinct biological responses, it
should be noted that the dispersion with 2.1 mg/mL SWCNT-
PEG showed the most heterogeneous particle size distribu-
tion. The infusion of the dispersion at 2.1mg/mL possibly
resulted in few small-sized particles that were able to interact
with hippocampal cells and cause neurotoxic effects. Thus,
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FIGURE 7: Effects of SWCNT-PEG dispersions on lipid peroxidation (LPO) 24 h (a) and 30 min (b) after treatment infusion. Data represent
the mean + standard SEM (n = 4-6). *Significant difference from the control group (P < 0.05).

the adverse interactions of SWCNT-PEG with cellular targets
may be facilitated by the smaller particles present in the
dispersions at low and intermediate concentrations.

In addition to particle size, the surface functionalization
of CNT may be an important factor for toxicity because it
can modify water solubility, agglomeration state, and surface
charge of these nanomaterials [49]. The zeta potential is
an indicator of the magnitude of electrostatic interactions
between colloidal particles, and its measurement has been
used to determine the density of acidic sites on the surface
of CNT [50, 51]. The negative zeta potential values found for
SWCNT-PEG dispersions indicate the presence of multiple
unreacted carboxyl acid groups (-COOH).

Functionalization by carboxylation decreased CNT toxi-
city in vitro [52] and in vivo [8]. However, it was also demon-
strated that PEGylation of free carboxyl groups mitigated the
cytotoxicity of shorter MWCNT with a high surface carboxyl
density [53]. In this study, the dispersions of SWCNT-
PEG at 1.0 and 2.1 mg/mL presented similar zeta potential
values but had distinct effects on fear memory retrieval and
oxidative stress parameters. It was unclear if a negative zeta
potential affected dispersibility and subsequent toxicity of
SWCNT-PEG; thus, more studies are required to ascertain
the contribution of carboxyl groups and zeta potential in the
biological response to CNT.

In conclusion, our results showed that SWCNT-PEG
caused distinct behavioral and biochemical changes based
on the time of their infusion in the hippocampus and
particle size of the SWCNT-PEG agglomerates. A short-
term exposure to SWCNT-PEG was able to impair memory
retrieval and cause lipid peroxidation in the rat hippocampus.

However, a longer exposure to the nanomaterial resulted in
antioxidant mobilization, overcoming the oxidative damage.
These effects occurred in the dispersions of SWCNT-PEG
that presented smaller particle size. The results of this work
have important implications for the safety assessment of CNT,
particularly with regard to the influence of physicochem-
ical characteristics and temporal variations on the biolog-
ical responses to nanomaterial exposure. Notwithstanding,
further studies on the interactions between SWCNT-PEG
and neural tissue are of great importance considering the
potential use of these nanomaterials in neurology.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the Instituto Nacional de Ciéncia
e Tecnologia de Nanomateriais de Carbono (National Coun-
cil for Scientific and Technological Development-CNPq,
process number 574020/2008-0) and research grants from
Fundagdo de Amparo a Pesquisa do Estado do Rio Grande
do Sul (FAPERGS-PRONEM, process number 11/2037-9) and
Nanotoxicology Network (MCTI/CNPq, Process no. 552131/
2011-3). Daniela M. Barros, José M. Monserrat, Adelina P.
Santos, and Clascidia A. Furtado were sponsored by produc-
tivity research fellowships from the Brazilian National Coun-
cil of Scientific and Technological Development (CNPq).



References

[1] D. Zhao, D. Alizadeh, L. Zhang et al,, “Carbon nanotubes

enhance CpG uptake and potentiate antiglioma immunity;’
Clinical Cancer Research, vol. 17, no. 4, pp. 771-782, 2011.

J. Ren, S. Shen, D. Wang et al,, “The targeted delivery of
anticancer drugs to brain glioma by PEGylated oxidized multi-
walled carbon nanotubes modified with angiopep-2,” Biomate-
rials, vol. 33, no. 11, pp. 3324-3333, 2012.

J. A. Roman, T. L. Niedzielko, R. C. Haddon, V. Parpura,
and C. L. Floyd, “Single-walled carbon nanotubes chemically
functionalized with polyethylene glycol promote tissue repair
in a rat model of spinal cord injury;’ Journal of Neurotrauma,
vol. 28, no. 11, pp. 2349-2362, 2011.

X. Liu, Y. Zhang, J. Li et al., “Cognitive deficits and decreased
locomotor activity induced by single-walled carbon nanotubes
and neuroprotective effects of ascorbic acid,” International
Journal of Nanomedicine, vol. 9, no. 1, pp. 823-839, 2014.

A. M. da Rocha, J. R. Ferreira, D. M. Barros et al.,, “Gene
expression and biochemical responses in brain of zebrafish
Danio rerio exposed to organic nanomaterials: Carbon nan-
otubes (SWCNT) and fullerenol (C4(OH) 5 ,,(0K,)),” Com-
parative Biochemistry and Physiology A: Molecular & Integrative
Physiology, vol. 165, no. 4, pp. 460-467, 2013.

D. Boyle, J. E. Fox, J. M. Akerman, K. A. Sloman, T. B. Henry,
and R. D. Handy, “Minimal effects of waterborne exposure to
single-walled carbon nanotubes on behaviour and physiology
of juvenile rainbow trout (Oncorhynchus mykiss), Aquatic
Toxicology, vol. 146, pp. 154-164, 2014.

P. Cherukuri, C. J. Gannon, T. K. Leeuw et al., “Mammalian
pharmacokinetics of carbon nanotubes using intrinsic near-
infrared fluorescence,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 103, no. 50, pp.
18882-18886, 2006.

S. Jain, V. S. Thakare, M. Das et al., “Toxicity of multiwalled
carbon nanotubes with end defects critically depends on their
functionalization density,” Chemical Research in Toxicology, vol.
24, no. 11, pp. 2028-2039, 2011.

G. E. Weber, L. Dal Bosco, C. O. Goncalves et al., “Biodistri-
bution and toxicological study of PEGylated single-wall carbon
nanotubes in the zebrafish (Danio rerio) nervous system,”
Toxicology and Applied Pharmacology, vol. 280, no. 3, pp. 484-
492, 2014.

A. Nunes, C. Bussy, L. Gherardini et al., “In vivo degradation of
functionalized carbon nanotubes after stereotactic administra-
tion in the brain cortex,” Nanomedicine, vol. 7, no. 10, pp. 1485-
1494, 2012.

G. Bardi, A. Nunes, L. Gherardini et al., “Functionalized
carbon nanotubes in the brain: cellular internalization and
neuroinflammatory responses,” PLoS ONE, vol. 8, no. 11, Article
ID e80964, 2013.

A. R. N. Reddy, M. V. Rao, D. R. Krishna, V. Himabindu, and
Y. N. Reddy, “Evaluation of oxidative stress and anti-oxidant
status in rat serum following exposure of carbon nanotubes,”
Regulatory Toxicology and Pharmacology, vol. 59, no. 2, pp. 251-
257, 2011.

[13] J. Wang, P. Sun, Y. Bao, B. Dou, D. Song, and Y. Li, “Vitamin

E renders protection to PCI2 cells against oxidative damage
and apoptosis induced by single-walled carbon nanotubes,”
Toxicology in Vitro, vol. 26, no. 1, pp. 32-41, 2012.

[14] P. Agostinho, R. A. Cunha, and C. Oliveira, “Neuroinflam-

mation, oxidative stress and the pathogenesis of Alzheimer’s

BioMed Research International

disease,” Current Pharmaceutical Design, vol. 16, no. 25, pp.
2766-2778, 2010.

H.-L. Hsieh and C.-M. Yang, “Role of redox signaling in
neuroinflammation and neurodegenerative diseases,” BioMed
Research International, vol. 2013, Article ID 484613, 18 pages,
2013.

P. Wang, K. Xie, C. Wang, and J. Bi, “Oxidative stress induced
by lipid peroxidation is related with inflammation of demyeli-
nation and neurodegeneration in multiple sclerosis,” European
Neurology, vol. 72, no. 3-4, pp. 249-254, 2014.

Y. Zhang, Y. Xu, Z. Li et al., “Mechanistic toxicity evaluation
of uncoated and PEGylated single-walled carbon nanotubes in
neuronal PCI2 cells,” ACS Nano, vol. 5, no. 9, pp. 7020-7033,
2011.

S. Maren, K. L. Phan, and 1. Liberzon, “The contextual
brain: Implications for fear conditioning, extinction and psy-
chopathology;,” Nature Reviews Neuroscience, vol. 14, no. 6, pp.
417-428, 2013.

I. Kalinina, K. Worsley, C. Lugo, S. Mandal, E. Bekyarova,
and R. C. Haddon, “Synthesis, dispersion, and viscosity
of poly(ethylene glycol)- functionalized water-soluble single-
walled carbon nanotubes,” Chemistry of Materials, vol. 23, no.
5, pp. 1246-1253, 2011.

G. Paxinos and C. Watson, The Rat Brain in Stereotaxic Coordi-
nates, Elsevier Academic Press, Amsterdam, The Netherlands,
6th edition, 2007.

P. Bekinschtein, M. Cammarota, L. M. Igaz, L. R. M. Bevilaqua,
I. Izquierdo, and J. H. Medina, “Persistence of long-term
memory storage requires a late protein synthesis- and BDNEF-
dependent phase in the hippocampus,” Neuron, vol. 53, no. 2,
pp. 261-277, 2007.

R. B. de Aguiar, O. E. Dickel, R. W. Cunha, J. M. Monserrat, D.
M. Barros, and P. E. Martinez, “Estradiol valerate and tibolone:
effects upon brain oxidative stress and blood biochemistry
during aging in female rats,” Biogerontology, vol. 9, no. 5, pp.
285-298, 2008.

E Galhardi, K. Mesquita, J. M. Monserrat, and D. M. Barros,
“Effect of silymarin on biochemical parameters of oxidative
stress in aged and young rat brain,” Food and Chemical Toxi-
cology, vol. 47, no. 10, pp. 2655-2660, 2009.

L. L. Amado, M. L. Garcia, P. B. Ramos et al,, “A method
to measure total antioxidant capacity against peroxyl radicals
in aquatic organisms: application to evaluate microcystins
toxicity,” Science of the Total Environment, vol. 407, no. 6, pp.
2115-2123, 2009.

C. C. White, H. Viernes, C. M. Krejsa, D. Botta, and T.
J. Kavanagh, “Fluorescence-based microtiter plate assay for
glutamate-cysteine ligase activity;” Analytical Biochemistry, vol.
318, no. 2, pp. 175-180, 2003.

A. M. da Rocha, D. P. Salomao de Freitas, M. Burns, J. P. Vieira,
E R. de la Torre, and J. M. Monserrat, “Seasonal and organ
variations in antioxidant capacity, detoxifying competence and
oxidative damage in freshwater and estuarine fishes from
Southern Brazil,” Comparative Biochemistry and Physiology—C
Toxicology and Pharmacology, vol. 150, no. 4, pp. 512-520, 2009.

J. M. Monserrat, L. A. Geracitano, G. L. L. Pinho et al.,
“Determination of lipid peroxides in invertebrates tissues using
the Fe(IIT) xylenol orange complex formation,” Archives of
Environmental Contamination and Toxicology, vol. 45, no. 2, pp.
177-183, 2003.



BioMed Research International

(28]

(29]

(30]

(31]

(32]

(36]

(37]

(38]

(39]

[41]

(42]

(43]

H. A. Tilson, “Behavioral indices of neurotoxicity: what can be
measured?” Neurotoxicology and Teratology, vol. 9, no. 6, pp.
427-443,1987.

D. C. Dorman, “An integrative approach to neurotoxicology,
Toxicologic Pathology, vol. 28, no. 1, pp. 37-42, 2000.

X. Wang and E. K. Michaelis, “Selective neuronal vulnerability
to oxidative stress in the brain,” Frontiers in Aging Neuroscience,
vol. 2, article 12, 2010.

X. Wang, R. Pal, X.-W. Chen, N. Limpeanchob, K. N. Kumar,
and E. K. Michaelis, “High intrinsic oxidative stress may
underlie selective vulnerability of the hippocampal CAl region,”
Molecular Brain Research, vol. 140, no. 1-2, pp. 120-126, 2005.

S. Daumas, H. Halley, B. Francés, and J.-M. Lassalle, “Encoding,
consolidation, and retrieval of contextual memory: differential
involvement of dorsal CA3 and CALl hippocampal subregions,”
Learning and Memory, vol. 12, no. 4, pp. 375-382, 2005.

B. J. Wiltgen, M. Zhou, Y. Cai et al., “The hippocampus plays a
selective role in the retrieval of detailed contextual memories,’
Current Biology, vol. 20, no. 15, pp. 1336-1344, 2010.

L. An, S. Liu, Z. Yang, and T. Zhang, “Cognitive impairment
in rats induced by nano-CuO and its possible mechanisms,”
Toxicology Letters, vol. 213, no. 2, pp. 220-227, 2012.

Y. Ze, L. Sheng, X. Zhao et al., “Neurotoxic characteristics
of spatial recognition damage of the hippocampus in mice

following subchronic peroral exposure to TiO, nanoparticles,”
Journal of Hazardous Materials, vol. 264, pp. 219-229, 2014.

G. G. Xiao, M. Wang, N. Li, J. A. Loo, and A. E. Nel, “Use
of proteomics to demonstrate a hierarchical oxidative stress
response to diesel exhaust particle chemicals in a macrophage
cell line,” The Journal of Biological Chemistry, vol. 278, no. 50,
pp- 50781-50790, 2003.

H. Jin, D. A. Heller, R. Sharma, and M. S. Strano, “Size-
dependent cellular uptake and expulsion of single-walled car-
bon nanotubes: single particle tracking and a generic uptake
model for nanoparticles,” ACS Nano, vol. 3, no. 1, pp. 149-158,
2009.

J. Kolosnjaj-Tabi, K. B. Hartman, S. Boudjemaa et al, “In
Vivo behavior of large doses of ultrashort and full-length
single-walled carbon nanotubes after oral and intraperitoneal
administration to Swiss mice,” ACS Nano, vol. 4, no. 3, pp. 1481-
1492, 2010.

S. K. Sohaebuddin, P. T. Thevenot, D. Baker, J. W. Eaton, and L.
Tang, “Nanomaterial cytotoxicity is composition, size, and cell
type dependent,” Particle and Fibre Toxicology, vol. 7, article 22,
2010.

M. A. Chappell, A. J. George, K. M. Dontsova et al., “Surfactive
stabilization of multi-walled carbon nanotube dispersions with
dissolved humic substances,” Environmental Pollution, vol. 157,
no. 4, pp. 1081-1087, 2009.

A. S. Adeleye and A. A. Keller, “Long-term colloidal stability
and metal leaching of single wall carbon nanotubes: effect
of temperature and extracellular polymeric substances,” Water
Research, vol. 49, pp. 236-250, 2014.

M. Nadler, T. Mahrholz, U. Riedel, C. Schilde, and A. Kwade,
“Preparation of colloidal carbon nanotube dispersions and their
characterisation using a disc centrifuge,” Carbon, vol. 46, no. 11,
pp- 1384-1392, 2008.

B. Krause, M. Mende, P. Potschke, and G. Petzold, “Dis-
persability and particle size distribution of CN'Ts in an aqueous
surfactant dispersion as a function of ultrasonic treatment
time,” Carbon, vol. 48, no. 10, pp. 2746-2754, 2010.

(44]

(48]

(49]

(50]

(51]

1

T. R. Frmyr, E K. Hansen, and T. Olsen, “The optimum disper-
sion of carbon nanotubes for epoxy nanocomposites: evolution
of the particle size distribution by ultrasonic treatment,” Journal
of Nanotechnology, vol. 2012, Article ID 545930, 14 pages, 2012.
P. Wick, P. Manser, L. K. Limbach et al., “The degree and kind of
agglomeration affect carbon nanotube cytotoxicity,” Toxicology
Letters, vol. 168, no. 2, pp. 121-131, 2007.

L. Belyanskaya, S. Weigel, C. Hirsch, U. Tobler, H. E. Krug, and
P. Wick, “Effects of carbon nanotubes on primary neurons and
glial cells,” NeuroToxicology, vol. 30, no. 4, pp. 702-711, 2009.

T. Coccini, E. Roda, D. A. Sarigiannis et al., “Effects of water-
soluble functionalized multi-walled carbon nanotubes exam-
ined by different cytotoxicity methods in human astrocyte D384
and lung A549 cells,” Toxicology, vol. 269, no. 1, pp. 41-53, 2010.
S. Hirano, S. Kanno, and A. Furuyama, “Multi-walled carbon
nanotubes injure the plasma membrane of macrophages,” Tox-
icology and Applied Pharmacology, vol. 232, no. 2, pp. 244-251,
2008.

S. Vardharajula, S. Z. Ali, P. M. Tiwari et al., “Functionalized car-
bon nanotubes: biomedical applications,” International Journal
of Nanomedicine, vol. 7, pp. 5361-5374, 2012.

J. Sun, L. Gao, and W. Li, “Colloidal processing of carbon
nanotube/alumina composites;,” Chemistry of Materials, vol. 14,
no. 12, pp. 5169-5172, 2002.

B. Kim, H. Park, and W. M. Sigmund, “Electrostatic interactions
between shortened multiwall carbon nanotubes and polyelec-
trolytes,” Langmuir, vol. 19, no. 6, pp. 2525-2527, 2003.

R. E Hamilton Jr., Z. Wu, S. Mitra, P. K. Shaw, and A. Holian,
“Effect of MWCNT size, carboxylation, and purification on in
vitro and in vivo toxicity, inflammation and lung pathology;,
Particle and Fibre Toxicology, vol. 10, no. 1, article 57, 2013.

R. P. Singh, M. Das, V. Thakare, and S. Jain, “Functionalization
density dependent toxicity of oxidized multiwalled carbon
nanotubes in a murine macrophage cellline,” Chemical Research
in Toxicology, vol. 25, no. 10, pp. 2127-2137, 2012.



