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Polyethylene glycol-functionalized single-walled carbon nanotubes (SWCNT-
PEG) have been studied formany biomedical applications because of their unique
physicochemical properties. Due to their reduced size and high stability in
physiological media, SWCNT-PEG are candidates for crossing the blood–brain
barrier (BBB), with potential use in treating central nervous system diseases that
are currently unresponsive to pharmacological interventions because of the
tightly regulated permeability of the BBB. In this study, we investigated the
biodistribution of intravenously delivered SWCNT-PEG using Raman
spectroscopy, as well as possible toxicological outcomes using morphological,
histological, biochemical, and behavioral analyses. SWCNT-PEG were identified
in the brain cortex, blood, spleen, and liver of rats. Biochemical and histological
analyses did not reveal toxic effects in rats 24 h after SWCNT-PEG injection.
Additionally, no behavioral impairments were observed in treated animals
subjected to the Morris water maze task. Our preliminary experimental results
clearly indicate that SWCNT-PEG were able to cross biological membranes and
reach the rat brain cortex parenchyma (but not other brain structures) after
systemic administration without the presence of acute toxic effects. The
biodistribution of SWCNT-PEG in a specific region of the brain tissue
encourages further studies regarding the application of SWCNTs in neuroscience.
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1 Introduction

One of the greatest challenges in neuroscience is the search for an effective and non-
invasive treatment for central nervous system (CNS) diseases. The efficacy of available
treatments are limited because most therapeutic molecules are unable to permeate the brain
parenchyma due to the blood–brain barrier (BBB) (Huang et al., 2017; Fernandes et al.,
2018). The BBB is a complex physical and functional barrier that regulates the flux of blood-
borne solutes into the brain, protecting the CNS from physical and chemical threats
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(Irudayanathan et al., 2016; Pardridge, 2012). To overcome this
problem, the use of nanomaterials has been proposed as a non-
invasive strategy for the delivery of drugs across the BBB (Khongkow
et al., 2019; Tam et al., 2016).

Among the various nanomaterials studied recently, carbon
nanotubes (CNTs) have attracted immense interest in the
neuroscience field, with promising results regarding BBB
permeability and biosafety after local (Dal Bosco et al., 2015a;
Dal Bosco et al., 2015b; Lee et al., 2011; Nunes et al., 2012) and
systemic (Yang et al., 2007; Kafa et al., 2015; Kafa et al., 2016; Soligo
et al., 2021) administration in rodents. Because of their small and
controllable dimensions, unique physicochemical properties, and
ease of chemical modification to improve biocompatibility either
by covalent bonding (e.g., with polyethylene glycol—PEG) or by
adsorption (e.g., with DNA), CNTs are considered strong
candidates for many neurobiological applications.
Furthermore, the unique properties of single-walled carbon
nanotubes (SWCNTs), including their near-infrared
photoluminescence with minimal tissue interference, make
them ideal optical probes for biological applications
(Fernandes et al., 2018).

Despite several possible applications of CNTs in biomedicine
and neuroscience, much remains to be known about their biological
implications. Although many studies have examined CNT effects
using in vitro systems, there is a lack of information about the
interactions of these materials with the CNS of animals under
physiological conditions. It is thus essential to consider the
importance of a detailed investigation of the effects of different
types of CNTs (single walled–SWCNT and multi walled–MWCNT),
with different levels of functionalization and purity, and diverse
states of aggregation (Mann et al., 2022; Metternich et al., 2023).

Kafa et al. (2015) used two different methods to demonstrate the
ability of MWCNTs to cross the BBB using a BBB co-culture in vitro
model comprising primary porcine brain endothelial cells and
primary rat astrocytes exposed to amino-functionalized
MWCNTs, and an in vivo analysis consisting of the systemic
administration of MWCNT radio-labelled with fluorescein
isothiocyanate in mice. Another study showed that the
intracerebroventricular injection of amine-modified SWCNTs
resulted in brain protection from ischemic damage by reducing
apoptosis, inflammation, and glial cell activation in a rat stroke
model (Lee et al., 2011). In addition, studies using pristine SWCNTs
(Yang et al., 2007), angiopep-2 targeted chemically-functionalized
MWCNTs (Kafa et al., 2016), and Gd (L2) and Gd (L3) loaded onto
different functionalized MWNTs (Costa et al., 2018) have been
developed in order to enhance the biodistribution of CNTs and the
ability to cross the BBB.

When in aqueous media, pristine SWCNTs tend to form
aggregates that are associated with several toxic responses
(Alshehri et al., 2016; Elsaesser and Howard, 2012; Kavosi et al.,
2018; Pinals et al., 2020; Gravely et al., 2022). One of the most
successful strategies for overcoming this limitation is the
functionalization of SWCNTs with PEG chains (SWCNT-PEG),
which results in CNTs with more hydrophilicity and electrical
neutrality (Dos Santos et al., 2007; Yang et al., 2020; Son et al.,
2023; Lemos et al., 2023; Iverson et al., 2013). However, very little
information is presently available regarding the rate and brain
region-specific biodistribution of SWCNT-PEG in the CNS.

SWCNT-PEG are promising nanomaterials for many
biomedical applications, thus requiring a better understanding of
their behavior in biological systems (Zhu, 2017). Therefore, the aim
of this study was to determine the presence of SWCNT-PEG in the
CNS after intravenous injection in Wistar rats and to assess possible
implications in spatial memory. We also investigated the presence of
SWCNT-PEG in important organs for metabolization and excretion
(liver, spleen, and kidney) and evaluated their interactions with the
blood. Raman spectroscopy was used to detect nanotubes in the
tissues because of its strong sensitivity based on
resonance phenomena.

2 Results

2.1 Biodistribution

SWCNT-PEG distribution was assessed using Raman
spectroscopy. SWCNT-PEG Raman signatures were observed in
the liver, bone, blood, CNS (cerebral cortex), lung, and spleen
(Figures 1A–F, respectively). The data provide direct evidence for
the presence of SWCNT-PEG in the analyzed tissues. The detection
of SWCNT-PEG was based on both the radial breathing mode
(RBM) and tangential graphite-like phonon mode (G band). Our
results show that, even though part of the nanomaterial accumulated
in the liver and in the spleen, a considerable amount of CNTs were
detected in the brain cortex.

2.2 Toxicity

To evaluate any potential toxic effects of SWCNT-PEG in the
treated rats, we performed biochemical analyses of hepatic and renal
key biomarkers. All tested parameters were within normal limits, not
showing any obvious toxic effects in the liver or in the kidney after
SWCNT-PEG treatment (Supplementary Figure S2).

We investigated the effects the presence of SWCNT-PEG in
blood by assessing hematological parameters. The only variations
observed were in the indexes for platelet and white blood cells, as
there was a decrease in the number of platelets in the animals treated
with higher concentrations of SWCNT-PEG (Table 1). Additionally,
monocytosis and eosinophilia were observed in animals treated with
the highest concentration of SWCNT-PEG (Figures 2A, B,
respectively), while no differences were detected among
treatments in the number of neutrophils, lymphocytes, and
basophils (Figures 2C–E, respectively).

No toxic effects were detected based on necropsy, histology, and
overall health (such as weight loss and fatigue) in rats injected with
SWCNT-PEG. Similarly, histological analysis of the brain (Figure 3),
lung, spleen, and kidney (Figure 4) showed no evidence for extensive
cell injury, even though SWCNT-PEG could be identified within
the tissues.

2.3 Behavioral testing

Considering the presence of SWCNT-PEG in the brain cortex,
we subjected the animals to the Morris water maze (MWM) to
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evaluate possible implications of the presence of these
nanomaterials in the CNS. The animals were trained for
5 days and were able to learn the task as expected, showing no
difference in total traveled distance (Supplementary Figure S3).
They were treated with SWCNT-PEG or saline after the last
training session, and the test session was performed 24 h later.
SWCNT-PEG did not cause impairments in spatial learning 24 h
after treatment. Interestingly, the groups treated with the two
lowest tested doses showed an improvement in memory

evocation, observed by the time spent in the TQ during the
test session (Figure 5).

3 Discussion

SWCNT are usually not observable through optical microscopy,
but this was possible in the present case because they were found to
lodge in the biological tissue in the form of large aggregates. The

FIGURE 1
Raman spectra of lyophilized tissue samples 24 h after SWCNT-PEG intravenous delivery. Liver (A), bone (B), blood (C), brain cortex (D), lung (E), and
spleen (F) after injection of SWCNT-PEG dispersions at different concentrations (n=5 per group).
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sample used in this experiment was dispersed in water, and the
characterization by TEM analysis (Weber et al., 2014) showed that
the SWCNT-PEG used in this study were functionalized in bundles
(two to five tubes) that were occasionally connected by polymeric
masses that presumably led to the formation of larger aggregates.
Long periods of bath-sonication were not sufficient to separate the
aggregates, which probably become even larger with time. As
suggested by the zeta potential of −60 mV and as observed by
TEM analysis, the PEGylation of our sample was not homogeneous
and was considerably unstable, featuring uncovered portions in the

SWCNT surface that were free to interact with the molecules of the
biological medium. This outcome is explainable by the combination
of the functionalization method and the length of the PEG chains we
used. SWCNTs were subjected to a strong acid treatment for the
addition of carboxyl groups, introduced to interact with PEG
hydroxyl groups (Sacchetti et al., 2013). It is both possible that
some carboxyl groups did not react with PEG (as a result of steric
hindrance) and that the PEG chains were not long enough to
completely cover the SWCNT surface (Zhao et al., 2005). Thus,
not only were the uncovered areas hydrophobic, as is common with

TABLE 1 Hematological parameters.

Parameter Control SWCNT-PEG 0.05 mg/kg SWCNT-PEG 0.25 mg/kg SWCNT-PEG 1.25 mg/kg

RBC (1012/L) 8.47 ± 0.31 8.57 ± 0.18 7.98 ± 0.18 8.25 ± 0.40

HGB (g/L) 15.5 ± 0.46 15.9 ± 0.25 14.9 ± 0.28 15.1 ± 0.85

MCV (fL) 51.1 ± 0.39 51.8 ± 0.38 52.8 ± 0.51 51.5 ± 0.57

HCT (%) 43.4 ± 1.37 44.5 ± 0.68 42.1 ± 0.64 42.3 ± 1.75

MCH (pg) 18.3 ± 0.20 18.5 ± 0.18 18.7 ± 0.18 18.3 ± 0.23

MCHC (g/L) 35.6 ± 0.34 35.7 ± 0.11 35.3 ± 0.12 35.6 ± 0.20

PLT (109/L) 703.2 ± 42.3 737.0± 53.0 595.4 ± 45.0 373.2 ± 78.0 p

MPV (fL) 67.4 ± 2.7 68.4 ± 1.3 71.7 ± 1.8 75.0 ± 3.4

PCT (%) 0.47 ± 0.017 0.50 ± 0.026 0.40 ± 0.034 0.35 ± 0.033p

WBC (109/L) 4.85 ± 0.72 5.20 ± 0.58 5.36 ± 0.40 4.80 ± 0.60

Red blood counting (RBC), blood count hemoglobin (HGB), mean corpuscular volume (MCV), hematocrit (HCT), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin

concentration (MCHC), platelet count (PLT), mean platelet volume (MPV), plateletcrit (PCT), and white blood cell count (WBC) from blood samples of animals treated with saline (Control) or

different amounts of SWCNT-PEG. * = p < 0.05 compared to the control group (one-way ANOVA, followed by Tukey’s post-test) (n=5 per group). All data are expressed as mean ± SEM.

FIGURE 2
White blood cell differential count number of monocytes, eosinophils, neutrophils, lymphocytes, and basophils in blood samples of animals treated
with saline or SWCNT-PEG suspensions at different concentrations. * = p < 0.05 compared to the control group (one-way ANOVA followed by Tukey’s
post-test) (n=5 per group). All data are expressed as mean ± SEM.
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FIGURE 3
Histological analysis of brain tissues from rats injected with a saline solution or SWCNT-PEG dispersions. Representative images of brain coronal
sections of control animals (A, B) and animals treated with SWCNT-PEG dispersions at concentrations of 0.05 mg/kg (C, D), 0.25 mg/kg (E, F), or
1.25 mg/kg (G, H) 24 h after infusion. Black arrowheads in C, E, and G indicate the presence of SWCNT-PEG in the tissue parenchyma without signs of
cellular or tissue damage. B, D, F, and Hmicrographs are high-magnification images of specific areas in A, B, C, and D, respectively (n=5 per group).
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non-functionalized SWCNT, but they also contained carboxyl
groups that were free to interact with the many different
molecules present in the biological medium.

Our histological analysis revealed that SWCNT-PEG
accumulated in both the liver and the spleen, which can be
explained due to opsonization and scavenging by the
mononuclear phagocytic system (MPS) (García et al., 2014; Liu
et al., 2008). It is well-known that the size, shape, degree, and
arrangement of functionalization are important variables for CNT
pharmacokinetics, biodistribution, and tissue penetration (Lemos
et al., 2023; García et al., 2014; Serpell et al., 2016). As reported by

Liu et al. (2007), PEGylation reduces CNT uptake by the liver and
the spleen and increases the blood circulation of SWCNT-PEG5400
(PEG, MW = 5,400 Da), avoiding rapid in vivo clearance. Elsewhere,
Liu et al. (2008), showed that the PEG chain length and structure
(branched or linear) as well as the quality and coverage of
PEGylation affect CNT in vivo biodistribution. Important
characteristics to highlight are the aggregation state of nanotubes
in the dispersion. Xue et al. (2016) reported that individualized and
aggregated SWCNTs exhibit different bioactivities. They found that
the intracranial delivery of aggregated SWCNTs attenuated the
increase of extracellular dopamine release induced by

FIGURE 4
Histological analysis of tissues from rats injected with a saline solution or SWCNT-PEG. Representative images of histological sections of the lung,
spleen, liver, and kidney of control animals (A, D, G, and J) and animals treated with SWCNT-PEG dispersions at 1.25mg/kg. Black arrows in (B, E, H, and K)
indicate the presence of SWCNT-PEG in the tissue parenchymawithout signs of cell or tissue damage. (C, F, I, and L) are high-magnificationmicrographs
of specific areas in (B, E, H, and K) (n= 5 per group).
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methamphetamine in the ventral striatum through the oxidation of
tyrosine and dopamine.

Our results are consistent with these findings and show the
presence of SWCNT-PEG in the brain. Al-Jamal et al. (2011)
previously showed that MWCNTs were able to successfully
deliver siRNA to rat brain cells, confirming direct membrane
penetration. Interestingly, we could only detect SWCNT-PEG in
the brain cortex (Figure 1D) and not in other brain structures
(Supplementary Figure S4). To the best of our knowledge, this is the
first report of the biodistribution of SWCNT-PEG in a specific
region of the brain tissue after intravenous injection. This raises
several questions and hypotheses about the interactions of CNTs
with the BBB and specific brain regions. However, it is possible that
the SWCNT-PEG went from the bloodstream to the brain
parenchyma in regions other than the cerebral cortex but below
the detection limit of our methodology. The BBB spreads
throughout the brain in a nonhomogeneous fashion, possibly
containing regions that are more permeable to the SWCNT-PEG
near the cortex. Paviolo et al. (2019) showed the presence of
individual SWCNTs (functionalized with phospholipid-
polyethylene glycol—PL-PEG) in the CA1 and dentate gyrus
(DG) of rat hippocampal organotypic slices and the presence of
carbon nanotubes in the cortex, striatum, hippocampus, and ventral
midbrain in mouse acute slices either by incubation (organotypic
slices) or injection into the cerebral lateral ventricle of live adult
mouse (acute slices). This study provides interesting information
about the understanding of SWCNT diffusion in different brain
extracellular space.

Moreover, Kateb et al. (2007) demonstrated the spontaneous
uptake of MWCNTs by the microglia. If SWCNT-PEG of smaller
particle size were able to penetrate the brain tissue in other regions, it
is possible that the cerebral defenses affected the material, hindering
its detection.

Blood analysis revealed an increase in platelets and white blood
cells. This observation probably indicates platelet activation
resulting from an acute inflammatory response due to the
contact of blood cells with SWCNT-PEG (Budak et al., 2016).
Although the SWCNTs were pre-coated with PEG in order to
form stable dispersions in biological milieu, it has been shown
that this does not prevent the activation of the complementary
system (Rybak-Smith and Sim, 2011). PEG functionalization did not
cover the entire CNT structure, and this uncoated portion was
probably almost immediately covered by a corona composed of
proteins naturally found in the biological medium which triggers
immune responses (Pinals et al., 2020; Yang et al., 2020; Budak et al.,
2016; Rybak-Smith and Sim, 2011). Vlasova et al. (2012),
demonstrated that these unprotected areas of the CNT may be
the primary sites for oxidative damage and the degradation of the
nanomaterial. When the immune system recognizes SWCNT-
PEG, the first cellular lines of defense of the body, such as
monocytes/macrophages and neutrophils (Yang et al., 2019),
are among the first to encounter the nanomaterials injected
into the blood stream.

The highest SWCNT-PEG dose resulted in monocytosis and
eosinophilia. Monocyte activation and inflammation apparently
were the first event after the intravenous injection of our
SWCNT-PEG. Eosinophil activation is associated with lung
dysfunction (such as cystic fibrosis) (Davies et al., 2008) and it is
probably related to the biodegradation and clearance of the
SWCNT-PEG injected into blood stream that were quickly
trapped in the lungs (Vlasova et al., 2012; Ijaz et al., 2023).

To evaluate whether the presence of SWCNT-PEG in the CNS
could have led to alterations in behavior, we subjected the animals to
the MWM as a method of assessing spatial or place learning. The
prefrontal cortex is one of the brain structures involved in learning
and memory in this task (Vorhees and Williams, 2006). The MWM
has already been used by Yang et al. (2010) as one parameter to
evaluate therapeutic effects of SWCNT-acetylcholine in a mouse
model for Alzheimer disease. SWCNT-PEG did not lead to
behavioral impairments in this task. On the contrary, the animals
treated with the two lowest doses showed an improvement in
memory evocation according to the tested parameters (more time
spent in the target quadrant during the test session). It is important
to highlight that, in the biodistribution analysis using Raman
spectroscopy, we did not detect the presence of nanotubes in the
cerebral cortex at the lowest concentration (0.05 mg/kg). This may
be due to the concentration being below the detection limit of the
technique, despite the memory improvement observed in the MWM
experiment at this dose. Furthermore, at lower nanomaterial
concentrations, less aggregation is expected. Consequently, the
increased dispersion of nanomaterials may lead to a greater
biological effect. However, this possible effect of unknown
underlying mechanisms requires further confirmation.

Based on our results, we suggest that the tested nanomaterial can
cross the BBB and reach the brain cortex without leading to acute
toxicity. These findings encourage the use of SWCNT-PEG in small
bundles as a platform for applications in the CNS. Further studies,
such as more detailed behavioral tasks, BBB penetration assays, and
toxicological tests involving different routes of administration and
long-term effects, need to be performed to determine the safest
approach for the in vivo use of CNT.

FIGURE 5
Effects of SWCNT-PEG intragingival vein injection on spatial
memory, as assessed with the Morris water maze task. Animals treated
with the least concentrated SWCNT-PEG suspensions spent more
time in the target quadrant (TQ) than controls, suggesting that
SWCNT-PEG can improve spatial memory. * = p < 0.05 compared to
the control group (one-way ANOVA followed by Tukey’s post-test)
(n=7-9 per group). All data are expressed as mean ± SEM.
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4 Materials and methods

4.1 SWCNT-PEG dispersions and
characterization

SWCNTs (Sigma-Aldrich, St. Louis, MO, United States) were
synthesized by electric arc discharge and functionalized with PEG
(MW = 600 Da). SWCNT-PEG preparation was carried out
following our previous protocol (Weber et al., 2014). In brief, we
prepared the dispersion in deionized water at a high concentration
(greater than 2 mg/mL). A multi-step process employing several
cycles of sonication, high-shear mixing, centrifugation, and
ultracentrifugation was required to prepare a stable dispersion.
SWCNT-PEG were previously characterized in another study
from our group (Weber et al., 2014) and showed ~25 wt% of
grafted PEG, ~60 wt% of SWCNT, and ~20 wt% of 20–40 nm
diameter carbon-coated catalyst particles (Ni–Y). As detailed in
Weber et al. (2014) and Dal Bosco et al. (2015b), low-resolution
TEM analyses showed that this commercial SWCNT-PEG sample
formed large aggregates in water even after prolonged bath
sonication. The concentration of the final dispersion obtained
after the entire process was of approximately 2.1 mg/mL. The
Zeta potential of the sample was approximately −60 mV,
indicating the presence of many unreacted carboxylic acid
groups (–COOH).

4.2 Animals and treatments

Male Wistar rats (2–3 months old, weighing 250–320 g) were
purchased from the breeding colony at the Federal University of Rio
Grande–FURG (Rio Grande, RS, Brazil) and randomly distributed
up to five animals per cage. The animals were kept under standard
laboratory conditions (12 h light/dark photoperiod and 23°C ± 1°C)
with free access to food pellets and water. The animals were
subjected to intragingival vein administration of SWCNT-PEG
dispersion (1 mg/mL) at 0.05, 0.25, and 1.25 mg/kg or to saline
(control group). Intragingival vein administration was performed
under light anesthesia with halothane. The animal was held in a
supine position, and the lower lip was retracted to expose the
gingiva. A 28–30 gauge needle was then inserted at a 20°–25°

angle, approximately 2 mm into the gingiva. (de Oliveira et al.,
2009). All procedures were performed according to the guidelines of
the Brazilian National Council for the Control of Animal
Experimentation (CONCEA) and authorized by the Ethics
Committee for Animal Use of the Federal University of Rio
Grande–FURG (permission number P006/2014).

4.3 Raman spectroscopy

All animals were killed by decapitation 24 h post-injection, and
the organs of interest were carefully removed for biodistribution
analysis. Samples were lyophilized, sprayed with mortar, and Raman
spectroscopy was performed using a FT-Raman spectrometer (RAM
II - Bruker Inc., Karlsruhe, Germany) with excitation source at
1,064 nm (1.16 eV) and 150 mW. This excitation energy is below the
self-fluorescence range of the tissues, allowing us to obtain

background-free Raman spectra (Supplementary Figure S1). The
characteristic Raman spectrum of SWCNT-PEG in the lyophilized
tissues presented peaks approximately 180, 1,300, and 1,600 cm-1,
corresponding to RBM, D, and G bands, respectively. The laser
excitation energy used was in resonance with the second optical
transitions (E22S) of semiconducting SWCNT. All spectra were
normalized to the 1,448 cm-1 band, relative to the proteins obtained
from the control group.

4.4 Histological analysis

The animals were euthanized and tissues of interest were
isolated, fixed in 10% neutral buffered formalin for 12 h at room
temperature, and processed according to histological routine. The
samples were embedded in paraffin, sectioned at 5 μm, and stained
with hematoxylin and eosin (H&E). The sections were observed and
examined under a clear field microscope (Zeiss Primo Star) by a
certified pathologist (L.A.R.).

4.5 Behavioral assessment

The implications of SWCNT administration on spatial memory
were evaluated using the model described by Morris (1984). This
Morris water maze (MWM) apparatus consisted of a circular tank
divided into four imaginary quadrants and filled with water (24°C ±
1°C) dyed with non-toxic food colorant. A black platformwas placed
in one of the quadrants (2 cm below water surface level) and visual
cues were distributed on the walls of the room. On the first training
day, animals were subjected to a four-stage training session (120 s
with 70 s interval), starting each stage in a different quadrant. The
training sessions were repeated for another 4 days, and the learning
progress—time taken to find the platform—was quantified. At the
end of the last training session (day 5), the animals received an
injection of SWCNT-PEG or saline. On the sixth day, the platform
was removed, and the animals were placed in the tank to swim freely
for 90 s (test session). Memory consolidation was assessed as the
time spent by the animals in the quadrant where the platform was
previously placed. Data for this test were acquired using a video
tracking system (EthoVision® 3.2, Noldus).

4.6 Hematological and biochemical analysis

Blood was collected 24 h after injection. The rats were
euthanized, and blood was collected by cardiac puncture into
ethylenediamine tetra acetic acid (EDTA) bottles to evaluate
hematological parameters. We performed red blood counting
(RBC), blood count hemoglobin (HGB), mean corpuscular
volume (MCV), hematocrit (HCT), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), platelet count (PLT), mean platelet volume (MPV),
plateletcrit (PCT), and white blood cell count (WBC) for
monocytes, neutrophils, lymphocytes, eosinophils, and basophils
using an automated dialysis machine. For the biochemical analysis,
another portion of blood was dispensed into plain bottles, allowed to
clot, and centrifuged at 3,500 rpm for 10 min, and the clear sera were
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aspirated for biochemical evaluation. Creatinine, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST)
were analyzed using commercial kits obtained from Doles (Go,
Brazil) following the manufacturer’s instructions.

4.7 Statistical analysis

Results were analyzed using one-way ANOVA (STATSOFT
Statistica, version 7.0) followed by Tukey’s post hoc test. All data
are presented as mean ± SEM, and p-values < 0.05 were considered
statistically significant.

5 Conclusions

In this study, we used Raman spectroscopy to detect SWCNT-
PEG in the major organs of rats following intravenous
administration. The presence of SWCNT-PEG in the liver, bone,
blood, lungs, cerebral cortex, and spleen 24 h post-injection was not
associated with significant signs of toxicity, as demonstrated by
biochemical, histological, and behavioral analyses. These findings
are consistent with other studies evaluating the toxicity of PEG-
functionalized CNTs. However, certain factors must be considered,
such as the length of the PEG chains, the purity of the nanomaterial,
and the degree of functionalization. In this study, we utilized a
commercial sample of SWCNTs covalently functionalized with PEG
(MW = 600 Da), which formed large aggregates in water even after
prolonged bath sonication. This aggregation state of the nanotubes
in the dispersion may explain why they were observable in biological
tissues using optical microscopy, which is uncommon.

Our biodistribution analysis revealed that SWCNT-PEG reached
the cerebral cortex but not other brain structures. Despite the presence
of these nanomaterials in the CNS, no behavioral impairments were
observed in treated animals, as demonstrated by theMorris water maze
task. Interestingly, animals injected with the two lowest doses exhibited
an improvement in spatial learning based on the tested parameters. This
effect onmemory evocation was observed even in animals injected with
the lowest concentration (0.05mg/kg), where the SWCNT-PEGRaman
signature was not detected. Therefore, we cannot rule out the possibility
that this material reached other regions of the brain parenchyma at
concentrations below the detection limit of the technique.

This study provides an initial evaluation of the fate and biological
effects of PEG-functionalized carbon nanotubes (CNTs) shortly after
systemic administration. To achieve a more comprehensive
understanding of the safety profile and potential biomedical applications
of SWCNT-PEG-based delivery systems, further investigations are
required. These should focus on the biodistribution, toxicity, and
clearance of these nanomaterials, employing varying dosages,
administration routes, and exposure durations.
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