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Extensive research on carbon nanotubes has been conducted due to their excellent physicochemical properties. Based on their
outstanding physicochemical properties, carbon nanotubes have the potential to be employed as theranostic tools for neurological
pathologies such as Alzheimer’s disease and Parkinson’s disease including ischemic stroke diagnosis and treatment. Stroke is
currently regarded as the third root cause of death and the leading source of immobility around the globe. The development
and improvement of efficient and effective procedures for central nervous system disease diagnosis and treatment is necessitated.
The main aim of this review is to discuss the application of nanotechnology, specifically carbon nanotubes, to the diagnosis
and treatment of neurological disorders with an emphasis on ischemic stroke. Areas covered include the conventional current
diagnosis and treatment of neurological disorders, as well as a critical review of the application of carbon nanotubes in the
diagnosis and treatment of ischemic stroke, covering areas such as functionalization of carbon nanotubes and carbon nanotube-
based biosensors. A broad perspective on carbon nanotube stimuli-responsiveness, carbon nanotube toxicity, and commercially
available carbon nanotubes is provided. Potential future studies employing carbon nanotubes have been discussed, evaluating their
extent of advancement in the diagnosis and treatment of neurological and ischemic disorders.

1. Introduction

Neurological and ischemic disorders incorporate a variety of
sporadic and hereditary conditions.They are characterized by
the progressive loss of structure and function of neurons often
associated with neuronal death. The causes of neurological
and ischemic diseases are very complex and are linked to
a variety of factors such as aging, lifestyle, environmental
factors, and heredity [1–3].

Alzheimer’s disease (AD) and Parkinson’s disease (PD)
are the most common neurodegenerative diseases. An esti-
mated 24 million people around the globe suffer from
dementia and AD comprises 60% of this number. AD is char-
acterized pathologically by cerebral atrophy and clinically

by memory and learning impairment [2]. According to the
Alzheimer’s Association, 13% of people over 65 suffer from
AD in developed countries. It is the fifth leading cause of
death in patients at this age [4]. The cause of AD is unknown
and current treatments are symptomatic. Current treatments
for cognitive impairment in AD are based on neurotransmit-
ter or enzyme replacement. These provide a wide spectrum
of symptomatic benefits and include acetylcholinesterase
inhibitors, antioxidants, amyloid-targeted drugs, and nerve
growth factors. It seems that none of the available therapies
are able to cure AD or to attenuate its progression. Nanotech-
nology may provide a possible solution to overcome many
obstacles for the treatment of AD by affording targeted drug
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delivery and enhancing the bioavailability and efficacy of
various drugs and other bioactive agents [5].

Parkinson’s disease (PD) is a central nervous system dis-
ease with difficulties in body movements. Typical symptoms
include tremor, rigidity and bradykinesia, unstable posture,
and difficulty in walking [6]. PD is the second most com-
mon neurodegenerative disorder after Alzheimer’s disease.
It affects more than 5 million people globally and approxi-
mately a million people in the USA. The hallmark features
of PD pathology include progressive loss of dopaminergic
neurons leading to significant loss of the dopaminergic levels.
Dopamine (DA) is the neurotransmitter responsible for
transmitting the electrical signals required for normal physi-
cal motion. This deficit is treated by restoration of dopamin-
ergic activity by levodopa (precursor of dopamine) and
dopamine receptor antagonist. Currently, frontline therapy
for PD is the oral administration of dopamine agonists such
as levodopa. Patients become less responsive to levodopa as
the disease progresses and begin to developmotor side effects.
Adverse effects include constipation, urinary retention, glau-
coma, and cognitive impairment [7]. PD remains incurable to
date. The current pharmacological and nonpharmacological
treatments are able to offer only symptomatic relief for
patients. Available therapies aim to improve the functional
capacity of the patient for as long as possible; however they do
notmodify the progression of the neurodegenerative disorder
[6]. The advent of nanotechnology may provide a solution to
overcome the diagnostic and neurotherapeutic challenges of
this disease.

Ischemic disorders include ischemic stroke which can be
defined as a rapid onset of a persistent neurologic deficit. It
is a cerebrovascular disorder whereby the brain is deprived
of oxygen, nutrients, and glucose as a result of obstruction of
the vessels supplying the brain [8, 9]. Symptoms are usually
sudden, within seconds to hours, and can include unilateral
weakness or numbness of the face, arms, or legs, aphasia,
visual impairment, dysarthria, confusion, loss of balance and
coordination, difficulty with walking, and, in severe cases,
even death. Stroke is considered as the fourth highest cause
of death in the United States. It is the third major cause of
death in developed countries and the second root cause of
death around the world [10]. Of all stroke cases, ischemic
stroke contributes to 80–87% of all the stroke cases, with the
remainder being hemorrhagic stroke. Current treatments of
ischemic stroke with tissue plasminogen activator (tPA) have
various drawbacks such as short window period, nonspeci-
ficity, cell death, cerebral oedema, and damage to blood brain
barrier (BBB) [11]. Nanotechnology has been widely consid-
ered as a promising tool for theranosis of neurodegenerative
diseases including ischemic disorders [10].

The main challenge of the successful diagnosis and
treatment of the neurological and ischemic disorders is
the central nervous system (CNS) access. The delivery of
drugs and imaging agents to the nervous system is mainly
limited by the presence of two anatomical and biochemical
dynamic barriers: the blood brain barrier (BBB) and blood-
cerebrospinal fluid barrier (BCSFB). These barriers tightly
seal the central nervous system (CNS) from the changeable
milieu of blood. There is a need to design novel therapeutic

systems to target the CNS in an effective and efficient manner
for successful diagnosis and treatment of neurological and
ischemic disorders.

Advances in nanomedicine are expected to have a major
impact in neurological research. These will significantly
contribute to our further understanding of the CNS and
the development of novel therapeutic approaches for neu-
rological intervention [3, 5]. The use of carbon nanotubes
(CNTs) is one of themost attractive strategies for neurological
applications.They are synthesized by using themost common
technique, namely, chemical vapour deposition (CVD), as
illustrated in Figure 1. CNTs can be synthesized and function-
alized for the intended purpose. They have shown evidence
of their electrical conductive capacity, strong mechanical
properties, and morphological similarity to neurites [12].
Therefore, the emergence of nanotechnology provides hope
that it will revolutionize diagnosis and treatment of CNS
disorders.

This paper discusses the application of carbon nanotubes
in neurological and ischemic disorders. In this paper, the
uses of carbon nanotubes in diagnosis and treatment of neu-
rological pathologies and ischemic disorders are discussed
in detail with more emphasis on ischemic stroke. Areas
covered include the conventional current diagnosis and treat-
ment of neurological disorders, as well as a critical review
of the application of carbon nanotubes in the diagnosis and
treatment of ischemic stroke, covering areas such as function-
alization of carbon nanotubes and carbon nanotube-based
biosensors. A broad perspective on carbon nanotube stimuli-
responsiveness, carbon nanotube toxicity, and commercially
available carbon nanotubes is provided. Potential future
studies employing carbon nanotubes have been discussed,
evaluating their extent of advancement in the diagnosis and
treatment of neurological and ischemic disorders.

2. Current Diagnosis and Treatment of
Ischemic Stroke

Radiation and chemotherapy are the current therapies for
stroke; however they produce notable adverse effects. They
are painful and inefficient and cause death to healthy cells
and tissues in addition to the diseased. The most commonly
used tools for diagnosis of stroke are computed tomography
and magnetic resonance imaging.Their use is very limited as
a result of cost, unavailability, and radiation exposure from
these instruments. Acute therapy, which involves the dissolu-
tion of blood clots, is currently preferred over radiation and
chemotherapy for ischemic stroke treatment [16].

Glucocorticoids such as methylprednisolone and dexam-
ethasone are utilized in ischemic stroke therapy. Glucocor-
ticosteroids possess anti-inflammatory properties rendering
them potentially effective in the treatment of ischemic stroke.
Glucocorticoids have been proven effective in the treatment
of cerebral edema and cerebrovascular disease inflammation
since they are able to cross blood brain barrier (BBB) [17].
However, the therapeutic potential of glucocorticoids is neg-
atively affected by the short circulatory half-lives and poor
pharmacokinetics. Administration of extremely high con-
centrations of glucocorticoids is required in order for the
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Figure 1: Schematic representation of a chemical vapour deposition tube furnace with a nebulizer. A catalyst reacts with a precursor in the
atomization chamber and the reactants are then carried into the high temperature furnace by argon gas. Nucleation sites are formed by the
nanoparticles from the catalyst for the growth of carbon nanotubes from the carbon source acetylene. The evolved gases from the reaction
are wiped out of the furnace by argon gas via the outlet. Adapted from Nunes and coworkers [13] with a permission from Elsevier.

glucocorticoids to be effective and this could result in serious
systemic side effects [18].

In addition, stenting is also used for treatment of ischemic
stroke but it has many disadvantages such as lysis of the
thrombus which circulates to adjacent arteries, invasiveness
as it requires surgery of the vessels, and possible damage to
vessels during surgery and the need of antiplatelet therapy
during this procedure [19].

Based on the current challenges, there is an urgent need
for proper diagnosis and effective and efficient treatment of
neurological diseases including ischemic stroke.

3. Carbon Nanotubes in the Diagnosis
and Treatment of Central Nervous
System Disorders

Nanomedicine is an emerging field where engineered nano-
materials are utilized for the detection, treatment, and pre-
vention of certain diseases including neurological disorders.
Despite impressive research that is adding value to the body
of knowledge in the field of nanomedicine at an alarming rate,
this field is currently at its embryonic stage [2, 3].

Carbon nanotubes (CNTs) are a new group of nanoma-
terials that has demonstrated promising outcomes for the
advancement in technology in the field of medicine [4–6].
They have a variety of properties making them useful tools in
neurobiological applications. Iijima discovered CNTs in 1991
[20]. CNTs are electrically and thermally conductive and have
ultralight weight. They are highly flexible, very strong, and
inert but can undergo chemical modification with various
functional groups depending on their intended use [8–10].
CNTs structural backbone consists of carbon atoms which
exhibit thermal and electronic conductivity including great
strength.

CNTs are synthesized by various methods; the widely
used approaches are chemical vapour deposition (CVD),
laser ablation, and arc discharge [11, 12]. CVD is themost suit-
able and preferredmethod of CNT synthesis (as illustrated in
Figure 1) formass production due to low deposition, low cost,
and scalability [21]. CNTs in their native state do not dissolve
in most aqueous solvents, with this property rendering their
application in nanomedicine extremely difficult. CNTs need
to be functionalized to enhance their distribution in aqueous
solvents and to improve their biocompatibility for application
in physiological conditions including the central nervous
system (CNS) [10, 17, 18].

The delivery of drugs to the nervous system is mainly
limited by the presence of two anatomical and biochemical
dynamic barriers: the blood brain barrier (BBB) and blood-
cerebrospinal fluid barrier (BCSFB) separating the blood
from the cerebral parenchyma [1]. These barriers tightly seal
the central nervous system (CNS) from the changeablemilieu
of blood.The presence of these barriers restricts drug delivery
to the CNS leading to inefficient and ineffective diagnosis and
therapy of neurological disorders [22, 23]. There is a promise
that nanotechnology will revolutionize neurological disease
diagnosis and treatment [3].

Feynman recognized the potential of engineering atoms
and molecules at the nanometer range in 1959. He suggested
that materials at this nanometer level are in possession of dis-
tinctive physical properties which could be of great benefit to
humankind [24]. Nanotechnology involves the development
and application of materials at nanometer level with very
distinctive functional properties lacking in huge materials.
Nanomaterials can interact with physiological systems at the
molecular and supramolecular level. They can be redesigned
to respond to particular cell milieu and trigger desired bio-
logical activities in cells and tissues while reducing adverse
effects [3].
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Notwithstanding the promising research outcomes, in
vivo implementation of nanotechnological procedures and
CNT platforms particularly for neuroregeneration is only at
an early stage with only a limited number of pilot studies
performed to date. CNTs have been utilized in vivowith great
success in bone implants and as drug delivery vehicles for the
treatment of rheumatoid arthritis and osteoporosis in bone
diseases and cancer in various body organs [9, 21, 25–29].
Very few preclinical studies for the successful in vivo usage of
CNTs in neuroregeneration and neuroprotection have been
performed [30].

CNTs have shown evidence of their electrical conductive
capacity, strong mechanical properties, and morphological
similarity to neurites [12]. Based on their unique properties,
CNTs seem to be promising in diagnosis and treatment of
neurological and ischemic diseases.

4. Carbon Nanotubes Potential Toxicity in
Living Cells including Neural Tissue

Clinical trials of CNTs for diagnostic and therapeutic appli-
cations can only be initiated when a clear picture about their
toxicity in the biological environment has been obtained [31].
CNT toxicity in living cells is currently a controversial issue.
CNTs have different effects in different cells, tissues, and
organs, being biologically benign in some cells and hazardous
in other cell types [32]. Efficacy and side effects of CNTs are
highly dependant on a variety of parameters including dose
and route of administration of CNTs, type of exposure, and
length and diameter of CNTs as illustrated in Table 1.

There is a need for research for determination of the
penetration mechanism of CNTs into cells, tracking of
location of CNTs once internalized, and identification of
relevant cytotoxic mechanisms. Furthermore, research needs
to be executed to relook the nanotoxicity effect as a result
of physicochemical parameters, which include impurities,
length and diameter, surface functionalization, and wettabil-
ity of CNTs. CNTs use three common routes to gain access
into the body, namely, ingestion, absorption through the skin,
and inhalation [33]. Other routes of administration include
intratracheal administration, abdominal implantation, and
intravenous injection with subsequent investigation of their
nanotoxicity [34].

Functionalized CNTs are internalized into the cells via
two most widely accepted mechanisms, namely, active endo-
cytosis and passive nanopenetration. Cells undergo oxidative
stress following CNT internalization as a result of induction
of oxidants and toxic enzymes. Oxidative stress generates free
radicals and reactive oxygen species (ROS). Excessive free
radicals stimulate lipid peroxidation, protein degradation,
and oxidative damage to DNA. ROS may lead to harmful
effects in cells such as apoptosis, DNA damage, amino acid
oxidation, and inhibition of enzymes [35]. Proinflammatory
cytokines and apoptosis are regulated by protein kinase
and nuclear factor kappa B (NF-𝜅B) signalling pathways in
response to oxidative stress [36]. Witzmann and Monteiro-
Riviere demonstrated that MWCNTs could initiate inflam-
matory responses. Incubation of human keratinocytes with

MWCNTs reduced cell viability and a rise in proinflamma-
tory cytokines was also noted [37].

Successful CNT application in the CNS depends on their
biocompatibility with the CNS cells. There is much concern
about their cytotoxicity as a result of their resemblance in
structure with asbestos. Moreover, the biological application
of CNTs requires their complete purification following their
synthesis to eradicate both metal and carbonaceous particles
that might be toxic to the cells and tissue [38]. It was demo-
nstrated for the first time by Ni and colleagues [39] that the
viability of the neurons from hippocampus incubated with
copolymer-SWCNTs was not affected although there were
changes in their morphology.

Gaiiiard and colleagues demonstrated the biocompatibil-
ity of functionalized MWCNTs with neuronal cells [40]. It
was found that there was no effect of functionalized MWC-
NTs on the cell viability and neuronal architecture and
normal function of primary neurons remained intact. In
another study, neurotoxicity as a result of the presence of
impurities from the metals during CNT synthesis was eval-
uated. The findings demonstrated that the impurities from
iron in MWCNTs had a negative impact on cell viability and
cytoskeleton. The ability of the neurons to produce mature
neurites was reduced [41].

Cell viability in PC12 neuronal cells was impaired and
damage on the cell membrane was observed during incuba-
tion of these cells with SWCNTs. Furthermore, there was a
reduction in the potential of the mitochondrial membrane.
SWCNTs triggered the formation of ROS and enhanced
lipid peroxidation. Reduction in superoxide dismutase, glu-
tathione peroxidase, catalase, andGSHwas observed [33, 34].
Exposure of PC12 cells to SWCNTs was also demonstrated to
lead to condensation of chromatin, fragmentation of nuclei,
and blockage of cell cycle in G2/M phase [42].These negative
impacts were prevented by preincubation of the cells with
vitamin E [43]. Toxicity to cells can be reduced by coating
CNTs with surfactants or polymers like polypyrrole (PPy) to
reduce direct contact between CNT and cells or tissues [44].
Further research on toxicity of carbon nanotubes has been
summarized in Table 1.

Based on the research findings till date, it is impossible to
decisively classify CNTs as toxic or nontoxic in vivo based on
the fact that their impacts on cells rely on their application.
It is indeed very difficult to draw clear conclusions about the
toxicity of carbon nanotubes at the present moment. Never-
theless, they should be treated as toxic until further research
confirms their classification.

5. Chemically Functionalized Carbon
Nanotubes for Biomedical Applications

Carbon-based nanomaterials have limited dispersion in
organic matrices as a result of their tendency to agglomerate
due to their chemical inertness and van der Waals forces on
their surfaces. Functionalization methods have been devel-
oped in order to eradicate this obstacle to augment biocom-
patibility [46]. Noncovalent and covalent functionalization
are two procedures that are utilized to functionalize CNTs in
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Figure 2: Oxidation and functionalization of CNTs. Pristine CNT has sidewalls and two tips (a). During oxidation carboxyl groups are
attached to the sidewalls and tips (b). Oxidized CNTs are further functionalized by acylation, amidation, and addition reactions (c and d).
Drug and fluorescent tagsmay be inserted inside the CNTs (e). Reproduced with permission from Prato and colleagues [14]. Copyright (2016)
American Chemical Society.

order to enable their applications in a physiological environ-
ment [17, 45]. These methods reduce agglomeration of native
CNTs hence debundling and enabling easy handling of the
CNTs (Figure 2).

In noncovalent functionalization, CNTs are coated with
hydrophilic macromolecules with their hydrophobic groups
attached to CNTs to create repulsive forces [37, 39, 40].This is
achieved by coating the CNTswith surfactants [47], polymers
[48], peptides [49], and ssDNA [50]. The drawback of this

method is the easy dissociation of the coatingmolecules from
the CNTs.

In covalent functionalization, the charged group is cou-
pled to the CNT backbone by organic reactions to create
repulsive forces between individual nanotubes [18, 43–45].
Covalent functionalization is achieved by covalent coupling
of functional groups on the sidewall and tip of the CNT.
Functionalization on the sidewall involves chemical reactions
by 1,3-dipolar cycloaddition. A highly soluble material was
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produced by attaching amino functional groups to the CNT
sidewalls and tips [17, 18]. This functionalization method is
robust and does not have the dissociation challenge.

Functionalization is a pivotal procedure in achieving
homogenous aqueous dispersion to tailor CNTs for biomed-
ical applications [6, 46]. This procedure modifies the physic-
ochemical properties of the CNTs, their pharmacokinetic
profiles, and biodegradability [14, 51]. It was found earlier that
pristine CNTs could not bemetabolized and their persistence
in vivo resulted in chronic inflammation. However, recent
findings demonstrated the phenomenon of oxidized SWCNT
biodegradation in neutrophils and macrophages, with no
inflammatory response following aspiration of CNTs into the
lungs of mice [52].

The biodegradation process of chemically functionalized
CNTs has been shown to be mediated by an oxidative milieu
in phagocytic cells and this has been demonstrated in in vivo
and ex vivo studies [6, 50]. Functionalized CNTs should
therefore not be regarded as toxic based on these findings.
Pristine CNTs have been found to have a tendency of
agglomeration and accumulation in reticuloendothelial sys-
tem (RES) while functionalized CNTs were better tolerated
[14, 47]. Pristine and functionalized MWCNTs accumulated
in RES following 30min intravenous injection whereas only
pristine CNTswere retained formonths in the liver and lungs.
Functionalized CNTs (fCNTs) were easily cleared from the
body via excretion in the urine and further investigations
confirmed these findings [48, 49].

Various types of chemical groups, for example, hydropho-
bic, hydrophilic, neutral, and charged, have an impact on
the dispersibility of the functionalized CNTs (fCNTs) as
illustrated in Table 2. The debundled fCNTs do not trigger
inflammatory responses as observed in the bundled pristine
and fCNTs [53]. Functionalization degree has an effect on
cytotoxicity of CNTs and this was demonstrated by Ji and col-
leagues [54] and Jain and colleagues [55]. Single-dose injec-
tions of pristineMWCNTs and low level functionalizedCNTs
induced liver damage in mice which became apparent 7 days
after treatment. Mice with single-dose injections of CNTs
with a high level of functionalized groups did not display any
toxicity in the work undertaken by Jain and colleagues [55].
Metal impurities associated with CNTs during synthesis also
contribute to cytotoxicity and this could bemitigated by acid-
oxidation of CNTs to remove the metals [55].

It is thus imperative to modify CNTs chemically by oxi-
dation and amidation to couple functional groups to CNTs in
order to overcome their toxic effects. Nonhomogeneity of the
coupled functional groups on the surface of the fCNT may
cause this approach to be suboptimal for biomedical applica-
tions [74, 75]. Polyethylene glycol (PEG) is most commonly
utilized to augment CNT blood circulation to achieve stable
and well dispersed drug delivery systems [76].

The PEGylation mechanism of action with regard to
CNTs is not clear at the current stage but PEG plays a
pivotal role in reducing opsonin binding to CNTs and hence
causes a reduction in early CNT removal from the blood
circulation [77]. Polymers such as PEG tend to adopt different
confirmations when they are attached to CNTs. A brush-
like conformation when PEG is coupled to SWCNTs reduces

CNT blood circulation and increases renal clearance and
relative spleen versus liver uptake as opposed to PEG with a
mushroom conformation [78].

Furthermore, the functionalization process, which
includes the level of functionalization, surface density, and
homogeneity of the functional group, contributes signifi-
cantly to the success of CNT application in the biomedical
field [76]. Cirillo and colleagues performed CNT covalent
functionalization with a molecule of biomedical interest,
namely, gallic acid, for the first time [79]. Gallic acid is a nat-
ural antioxidant found in various vegetables and possesses
antiallergic, antimutagenic, anti-inflammatory, anticarcino-
genic, and radical scavenging activities. Gallic acid-func-
tionalized CNTs were found to be effective in reducing oxi-
dative stress in biological environment [55, 57, 64].

Transport of fluorescein isothiocyanate- (FITC-) MWC-
NTs across immortalized murine microvascular cEND cells
using Transwell device was investigated by Shityakov and
colleagues. It was found that the FITC-MWCNT aggregates
were nonfluorescent and localized on the surface of the cell
whereas the dispersed FITC-MWCNTs were fluorescent and
localized intracellularly as well as on the cell membrane [80].

Oxidation of CNTs can also be undertaken which yields
pure and shorter CNTs using a strong oxidizing agent such as
nitric acid. The carboxylic acid groups might be coupled to
the carbon nanotubes and be further functionalized by cou-
pling with ester and amide groups. The enhanced attainment
of CNT dispersibility has widened the extent of their applica-
tion in physiological systems from diagnostics and therapeu-
tics in oncology [54, 73, 81] to neuroprosthetic devices [76–
79].

Functionalization can therefore be applied in carbon
nanotubes to convert their hydrophobic nature to hydrophilic
nature. In addition, their toxicity has been found to be
reduced or eliminated following functionalization as demon-
strated from the findings summarized in Table 2.

6. Carbon Nanotubes as Electrochemical
Biosensors in Neuroscience

There are two types of biosensors, namely, CNT field effect
transistors (CNT-FET) and CNT-electrochemical sensors. In
CNT-FET, the conductive channel can be SWCNTs and this
system has been proven to have superior performance by
Fam and colleagues [82].The CNT-FET biosensors have high
sensitivity; hence, they are suitable for detection of very low
concentrations of analytes in the sample.

The detection of chemical redox interactions has been
performed by CNT-based electrochemical biosensors. The
CNT unique properties, such as electrical conduction and
small size in particular, are preferred since they enable them
to act as electrodes with direct contact to the physiological
environment. CNT electrochemical biosensors have been
utilized successfully for detection of enzymes, H2O2, DNA,
RNA, proteins, glucose, and many other biomolecules. CNT
functionalization plays a vital role in augmenting the speci-
ficity of the electrochemical biosensors [70, 83].

Carbon-based electrochemical sensors have been used
widely for neurotransmitter analysis due to surface oxides,
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Table 2: Functionalized carbon nanotubes and reduced cytotoxic effects. Different functional groups on MWCNTs and SWCNTs have
different toxic effects on different cell types and animal types.

Functional group or structure Toxicological studies Application Target site Reference

Acid-oxidized SWCNTs Apoptosis studies showed
no apparent cell toxicity

Intracellular protein
transporters Mammalian cells Kagan et al., 2010 [52]

Acid-treated, water-soluble
SWCNTs

No changes in cell
viability or structure in
lysosomes and cytoplasm

Human
monocyte-derived
macrophage cells

Keefer et al., 2008 [56]

Purified COOH-SWCNTs No cytotoxicity Pharmacological
applications

Cultured
mammalian cells Al-Jamal et al., 2012 [57]

Oxidized ultrashort SWCNTs Showed no cytotoxic
effects

Intracellular delivery of
oligonucleotide

molecules

Human
macrophages Cellot et al., 2009 [58]

Amine-terminated CNTs Cross cellular membrane
without cytotoxicity

Delivery of amino acids,
peptides, nucleic acids,

or drugs

Webster et al., 2013 [59]
Shein et al., 2009 [60]
He and Dai, 2004 [61]

SWCNT-PL-PEG Gene silencing with no
apparent cytotoxic effects

SH-small interfering
RNA delivery Human T cells Modi et al., 2010 [2]

SWCNT-PEG-drug

Decreased reactive
oxygen species mediated
toxicological response and
exhibited less cytotoxicity

Drug delivery Neuronal PC12
cells

Grossman and
Broderick, 2013 [10]

SWCNT-PEG-
cisplatin/doxorubicin

Remarkable reduction of
cytotoxicity

Drug delivery and
imaging tool

Human cancer
cells/mice

Sharma et al., 2013 [62];
Ansari et al., 2011 [19]

SWCNT-PEG-mAb (𝛼v𝛽3) Without harming adjacent
normal cells Cancer-cell targeting 𝛼v𝛽3-positive

U87MG cells Tan et al., 2012 [63]

SWCNT-PEG Revealed no evidence of
toxicity over 4 months Mice Kotchey et al., 2013 [64]

MWNT-CS-(PC)

Chitosan and PC reduced
the cytotoxic effects on
normal cells with specific
photo-induced toxicity
towards malignant cells

Photothermal therapy MCF-7, HepG2,
L-O2 cell lines John et al., 2015 [65]

Polyoxyethylene sorbitan
monooleate (PS80) CNTs Suppressed cytotoxicity

Human lung
mesothelium cells
(MSTO-211-H)

Zheng et al., 2003 [50]

HMDA-SWCNTs; PDDA
chloride-SWCNTs

Negligible cytotoxic
effects

Intracellular delivery of
negatively charged

biomolecules
Rat heart cells Pardridge, 2012 [66]

SWCNTs with human serum
proteins

Blood proteins altered
SWCNT cellular

interaction pathways and
reduced cytotoxicity

Biological applications

Human acute
monocytic

leukemia cell lines
and human

umbilical vein
endothelial cells

Ciccone et al., 2011 [16]

BSA-dispersed SWCNTs No acute deleterious
cellular effects

Human
mesenchymal stem
cells and HeLa cells

Ben-Jacob and Hanein,
2008 [67]

Albumin-SWCNTs
Induced cyclooxygenase-2
and modulating toxicity

effects of SWCNTs

RAW264.7
macrophage cell

lines

Malarkey et al., 2009
[68]

DNA-encased MWCNTs Does not exert cytotoxic
effect on lymphocytes

Selective thermal
ablation of malignant

tissue in vivo
In vivo Vidu et al., 2014 [69]

Lectin-functionalized CNTs Increase in cell viability
without signs of apoptosis Nanovaccine fabrication J774A macrophage

(MOs) cell line
Kesharwani et al., 2012

[70]
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Table 2: Continued.

Functional group or structure Toxicological studies Application Target site Reference
Fluorescent CNT-FITC/biotin
conjugates Reduced cytotoxicity Delivery systems HL60 cells Nho et al., 2010 [71]

Cationic fCNTs Lowered cytotoxicity in
vitro

Delivery of drugs and
biomolecules

CHO, 3T3 fibroblast,
Jurkat, HL60 cell lines Kim et al., 2012 [72]

Adapted from Vardharajula et al. 2012 [73].
CNTs = carbon nanotubes; fCNTs = functionalized carbon nanotubes; SWCNTs = single-walled carbon nanotubes; PL = phospholipid; PEG = poly(ethylene
glycol); mAb = monoclonal antibody; MWCNTs = multiwalled carbon nanotubes; CS = chitosan; PC = phycocyanin; CTAB = cetyltrimethylammonium
bromide; HMDA = hexamethylenediamine; PDDA = polydiallyldimethylammonium; BSA = bovine serum albumin.

facilitating electron transfer and readily adsorbing neuro-
transmitters due to electrostatic interactions. Functionalized
CNT electrodes have been used for neurotransmitter detec-
tion with high sensitivity and selectivity. Vertically aligned
CNTs can lead to more reproducible surfaces with CNT
ends exposed to enhance sensitivity [84]. CNT yarns are
made of multiple CNT fibres twisted together and these have
been utilized by Yang and team for production of CNT yarn
microelectrodes (CNTYMEs). The CNTYMEs are used for
speedy measurements of dopamine [85].

CNTs can be used to determine the level of disease
severity and other pathological conditions. CNTs are utilized
as artificial smart intelligent tools such as nanosensors which
are designed in such a way so as to easily implant them in the
body. These devices are capable of detecting a slight change
in a physiological condition and may be used for qualitative
and quantitative work. CNTs are used to design pressure
nanosensors due to their physical properties [86].

Biosensors, nanosized materialistic devices applied in the
detection of biological disorders of human bodies, are man-
ufactured from CNTs. Sotiropoulou and Chaniotakis have
demonstrated that MWCNTs with vertical alignment can be
used as substrates to develop an amperometric biosensor [87].
The use of CNT-based nanobiosensors enables the detection
of DNA sequences in the body and this may play a crucial
role in the cancer treatment and other diseases [56, 88, 89].
Bionanosensors are also applied in determination of blood
glucose levels, monitoring of blood pressure, detection of
potassium and sodium, and measurement of blood pH. Fur-
thermore, CNTs can be used in measurement of respiratory
gases.

Ghosh and colleagues demonstrated that SWCNTs can
be used to design heart pacemakers with energy saving
mechanism [90]. CNTs presented themselves as excellent
candidates for the development of electrodes, namely, micro-
electrode arrays (MEAs), based on their large surface area
and outstanding electrical conductivity [8, 58, 76, 77, 82].
MEAs consist of metallic microelectrodes inserted in a
substrate which is well aligned and connected to an electrical
circuit. Neural electrical activity can be stimulated in a
noninvasivemanner using individualmicroelectrodes.MEAs
are biocompatible and have a large signal to noise ratio [46].
CNTs synthesised on silicon dioxide substrates enhanced the
electrical properties of CNT-MEAs [91].

Shein and colleagues confirmed that the MEAs tool
was capable of measuring the spontaneous activity in the
rat cortical neuron [60]. Neurons were cultured on MEAs

in which CNTs were deposited. Lin and colleagues were
the pioneers in the synthesis of CNT electrode arrays on
silicon substrates. The success in this work inspired Lin and
colleagues tomodify it for easy use.The systemwas applied in
recording the action potentials of nerves from crayfish [92].
There is a limited understanding of the interaction of CNTs
and the CNS and their potential application requires further
investigation as a result [93].

SWCNTs are fluorescent in the spectral region of 700–
1100 nm with minimal interference from biological media.
They have been functionalized for biocompatibility, stability,
and selective molecular recognition by Iverson and team for
use as in vivo biosensors [94]. The functionalized SWCNTs
were injected via the tail vein of the mouse and circulation
time and biodistribution studies were performed. Nitric
oxide produced during inflammation in vivo was detected
and the sensor was found to be stable for years. These
findings have demonstrated the potential of these SWCNTs
to be utilized as in vivo biosensors for biomarkers of various
inflammatory diseases including ischemic stroke.

MWCNTs functionalized with diethylene triaminepen-
taacetic acid and labeled with indium were delivered into
the brain by intravenous injection via mouse tail vein for
biodistribution studies [95]. DTPA-111In MWCNTs were
retained in the brain parenchyma for 24 hours following
intravenous injection while the levels in the blood capillaries
diminished considerably. These findings have demonstrated
that functionalized MWCNTs could be delivered to the
brain parenchyma via intravenous injection. Based on these
findings, CNTs have the potential to be used as vehicles to
transport molecules and therapeutics to the brain for target-
ing and neurological disease treatment including ischemic
stroke.

The findings demonstrate the potential of carbon nan-
otubes for use in the fabrication of carbon-based sensors
for the detection of biomarkers of various diseases including
neurological and ischemic disorders.

7. Carbon Nanotubes as Imaging Tools
in CNS for Localization and Detection of
Ischemic Stroke

CNTs are very useful in imaging of the tissues for location
of the diseased site and delivery of drug to the site of action
[61, 96]. Imaging is a pivotal tool in the study of physiological
and biochemical activities in theCNS, for the brain and spinal
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Figure 3: CNT equipped with a targeting ligand, drug, and
fluorescent tag. A drug of interest is coupled to carbon nanotube.
A targeting ligand such as monoclonal antibody is attached to the
carbon nanotube for targeting the site of interest. Fluorescent tag
is also coupled to carbon nanotube either externally or internally
for localization of the targeting ligand-drug complex. Reprinted
with permission from Prato and colleagues [14]. Copyright (2016)
American Chemical Society.

cord, in particular. Technological advancements in this area
improved understanding of the effect of cellular damage on
the CNS. The precision of neurological interventions and
reduced invasiveness to the CNS have been enhanced to a
greater extent [97].The current technologies in CNS imaging
include electroencephalography and magnetoencephalogra-
phy. In these techniques, electrodes are placed on the skull
to measure electrical signals coming from the brain. The
skull is surgically opened to gain access to the brain to insert
electrodes for the measurement of the signals directly from
the brain. This technique is very invasive and it requires an
alternative noninvasive approach.

Methotrexate has been demonstrated in cancer imaging
to improve visibility in the body when coupled with fluo-
rescein probe-functionalized CNTs (Figure 3). This system
could be tailored for use as an imaging tool for localization
of ischemic site and treatment of ischemic stroke.

A longer excitation time is achieved at higher laser
intensity when SWCNTs are utilized as a result of their high
photostability as opposed to quantum dots and fluorophores
[69]. Fluorescence, absorption, and scattering characteristics
of a biological material enable the visibility of the opaque
tissue in the range of 700–1400 nm. CNTs enhance the visi-
bility since they allow imaging of the entire thick tissue [98].
CNTs have large resonance and enhanced Raman scattering
properties; hence, they can be easily detected [99].

The imaging techniques, namely, magnetic resonance
imaging, position emission tomography, and computer
tomography, have led to a better understanding of neuronal
circuit functioning. Despite their benefits, they do have draw-
backs which include lack of sensitivity, inability to permeate
the BBB, and reduction of half-life following intravenous

administration [13]. Miniaturized video devices can be enca-
psulated into CNTs and be administered orally to assist in
imaging the diseased site within a tissue [86].

Biomedical imaging has a vital role to play in both testing
the efficacy of new therapies and investigating their biodistri-
bution. Attaching radionuclide labels onto CNTs allows three
dimensional (3D) whole body, in vivo molecular imaging
such as position emission tomography (PET), and single
photon emission computed tomography (SPECT). These
techniques have high sensitivity and moderate resolution
and have the advantage of being well established medical
techniques.

Hong and colleagues reported the first noninvasive brain
imaging in a narrow 1.3–1.4 𝜇m region (named as the NIR-
IIa region).This procedure allows penetration through intact
scalp and skull and resolves cerebral vasculatures with previ-
ously unattainable spatial resolution of sub-10 𝜇m at a depth
of >2mm underneath the surface of the scalp skin in an
epifluorescence imaging mode. Furthermore, dynamic NIR-
IIa cerebrovascular imaging with high temporal resolution
(<200ms/frame)was used to reveal drastically reduced blood
flow due to arterial occlusion in an acute stroke model on
mice [100].

The findings confirm that carbon nanotubes have a
potential to be used as noninvasive imaging tools in the brain
disorders.

8. Carbon Nanotubes as CNS Drug
Delivery Vehicles for the Treatment of
Ischemic Stroke

Stereotactic surgery is an invasive procedure which is clini-
cally used for delivering drugs and other biologically impor-
tant molecules into the brain. This procedure paves a way to
direct access to the specific site of interest within the brain
[67, 85]. Application of nanodrug delivery could be of great
benefit in the future for neuroprotection success in chronic
neurological diseases including ischemic stroke (Figure 4).

Delivery of drugs through the BBB could be attained
by application of nanotechnology [62]. Nanotechnological
advances for neurotrophin delivery systems are promising
regarding their ability to activate neurotrophin signalling for
neuroprotection and neuroregeneration [63]. Neurotrophins
are indispensable for the development and functions of
neurons and can be delivered to their site of action by CNTs
[92, 93].

Use of CNTs as delivery vehicle for CNS disease treatment
is dependant on their physicochemical properties, mainly
their improved solubility in physiological solvents due to
their functionalization, large surface area, ability to be easily
modified with drug molecules, and biocompatibility with the
neural system [65]. Antitumour drug molecules have very
low permeability across the BBB and this poses a negative
impact on brain tumour treatment.

Iverson et al. [94] used CNT drug delivery system to
enhance CpG oligodeoxynucleotide immunotherapy in the
treatment of glioma. SWCNTs were functionalized with PEG
followed by conjugation with CpG oligonucleotide. Toll-like
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Figure 4: Drug delivery system (DDS). An antitumour drug and tumour-targeting ligands are coupled to carbon nanotubes (CNTs). Tumour-
targeting ligands bind to the receptors on the cell membrane and the DDS is transported into the cell. Drug is released from the CNTs into
the cell as a result of an acidic milieu. Adapted from Ji and colleagues [15].

receptor (TLR) family members are located intracellularly
and recognize lipids, carbohydrates, nucleic acid structures,
and peptides expressed by microorganisms. When CpG was
conjugated to SWCNTs, there was an enhancement of the
uptake of CpG in both in vivo and intracranial gliomas. CpG
stimulated TLR in the glial cells to inhibit tumour growth in
gliomamodels [101]. Yang and colleagues had also shown that
CNTs are able to cross BBB for acetylcholine delivery into
neurons of mice for Alzheimer’s disease treatment [102].

Neurotherapy with the use of CNTs would be extremely
useful in the treatment of various neurological pathologies
including ischemic stroke. SWNCNT functionalized with
amine groups via amidation reaction enhances the tolerance
of neurons to ischemic injury. Neurons are protected from
injury and their functions are also regained with amine-
modified SWCNTs without therapeutic intervention [103].
Al-Jamal and colleagues demonstrated the effectiveness
of amine-MWCNTs in delivery of small interfering RNA
(siRNA) that decreased apoptosis at the injury site and
promoted recovery of functional motor neurons in a mouse
model of endothelin-1 stroke [104].

The presence of the BBB poses a major problem in
transporting drugs to the brain for tumour treatment and
other neurological disorders including stroke. The BBB is
rigorously selective and permits a very small amount of sub-
stances in the blood circulation to gain access to the CNS [98,
99]. It prevents therapeutic molecule delivery into the CNS
resulting in delivery of less than 1% of the administered drug
through intravenous injection to the CNS [100, 105]. This
intensive selection of substances into the brain plays a crucial
role in the regulation of homeostasis of the CNS. Moreover,
it protects the CNS from invasion by foreign material such
as toxins, viruses, bacteria, and other unwanted substances
[15, 62, 63, 100].

Neuroprotection could be achieved in the future by use
of nanodrug delivery in chronic neurological disorders. Neu-
rotrophins are proteins involved in neuroprotection. Neu-
rotrophins are essential for the development and function

of neurons in both CNS and PNS. They can be delivered
into the brain using CNTs. The use of CNTs as a delivery
mechanism for the treatment of CNS pathology is based on
their structural features, especially their improved solubility
in physiological solvents due to their functionalization, large
surface area, ability to be easilymodifiedwith drugmolecules,
and biocompatibility with neural systems [65]. Carbon nan-
otubes, therefore, have demonstrated their potential to be
used as delivery vehicles of drugs to the diseased site in the
brain.

9. Carbon Nanotubes in Neuroengineering in
Ischemic Stroke and Other CNS Disorders

CNT use in neuroengineering scaffolds is an emerging tech-
nology. Neural tissue engineering contributes significantly
to developing and improving biological scaffolds to promote
neural tissue functioning [97]. Neural tissue engineering is
a promising approach in recovery from neurodegenerative
disorders including stroke. Research in this field is extensive
to create an effective scaffold for the development of neural
networks.

There are two types of scaffold: CNT-scaffolds and CNT-
composite scaffolds. A major challenge in the development
of scaffolds is the limited methods for the production of
scaffolds with the structure of interest. The advantage of the
scaffolds is that they provide undilutedCNTphysicochemical
properties. Promising results recommend CNTs to be the
most relevant substrate for neural tissue growth, aiding
in repair and regeneration of damaged neurons, although
research work in this area is currently in the early stages.
Incorporation of CNTs into scaffolds facilitates interfacing of
neurons with CNTs hence stimulating neurons electrically to
reestablish neural interconnections [106].

Kuzmenko and colleagues developed an effective method
of scaffold fabrication for neuronal engineering [107]. This
method utilizes a renewable resource as a precursor and
exploits the advantages of an electrospun architecture
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together with conductive functionalization. All the scaffolds
provided attachment and growth of neural cells. CNTs can
act as substrates for the successful repair of damaged neurons
since they can integrate with neurons to promote their func-
tions due to their biocompatibility and electromechanical
properties [3, 101].

Development of an effective scaffold depends entirely
on its biocompatibility with the cells of interest and the
surrounding cells. Several in vitro biocompatibility studies of
CNTs were conducted by optimizing the conditions with the
main focus on CNT concentrations, purity status, function-
alization type, and CNT composites. Biocompatibility studies
involve loose CNTs in suspension and physically contained
within a structure [108].

CNTs may be functionalized with carboxyl groups, poly-
mers, and sugars to facilitate growth and adhesion properties
of cells. It was demonstrated that acid-functionalized MWC-
NTs enhanced neuronal neurite outgrowth in neurons and rat
pheochromocytoma cell line in culture media supplemented
with nerve growth factor [8]. Cellular interactions with a
scaffold could be affected by the size and structure of the
scaffold generated from CNTs [109].

The human mesenchymal stem cell (hMSC) growth can
be directed by various patterns of CNTs. Fibronectin-CNTs
promoted hMSC growth and differentiation whereas carbo-
xylated-CNTs had negative impact on the stem cells growth
and differentiation [109]. Heterostructures can be produced
by addition of CNTs to polymer compounds for scaffolding.
CNTs are dispersed with PEG and poly(propylene fumarate)
(PPF) to produce porous polymer composites. Porous poly-
mers become electrically conductive following dispersion
of CNTs and this may result in stimulation of cell growth
[109]. These composites have been used to enhance bone
regeneration and also neural regeneration [103, 104].

TheCNSofmammals has very little auto-repair capability
and as a result there is a need for neural stem cells and human
mesenchymal stem cells transplantation for recovery of func-
tioning of neurons following neurodegenerative diseases and
CNS injuries including stroke [110]. Mesenchymal and neural
stem cells interacted well with vertically aligned CNTs and
growth on arrays was successful [71]. The hMSC differentia-
tion was enhanced in the presence of MWCNT sheets when
these cells were grown on CNT sheets [72].

CNTs can be utilized in stem cell transportation to
CNS for treatment of damaged neuronal tissue in stroke
victims since they have been proven to have the capacity to
enhance differentiation of neural stem cells. CNTs contribute
significantly to the advances in tissue engineering for repair of
damaged tissues as a result of their mechanical strength and
electrical conductivity and resemblance to neurites [110].

Neural stem cells were used to assess their preferred
growth environment and it was found that they had enhanced
growth in CNT environment compared to in a polyurethane
surrounding [71]. CNTs are not degraded in a biological envi-
ronment; thus CNTs can be utilized as implants for long-term
intervention following injury in the brain and spinal cord.
PC12 cells and hippocampal neuronswere cultured on carbon
threads fromSWCNTs and the growthwas successful, further
confirming biocompatibility. Nanothreads can be used for

development of electrodes or nanowires which can be used in
implantable devices due to their biocompatibility character-
istics.

Biomaterials science and stem cell biology integration in
the brain of the ischemic mouse was performed by Stockwell
and colleagues [111, 112]. The use of polyglycolic acid in
scaffolding provides a platform for integration of multipotent
stem cells and contributes to damaged neural tissue restora-
tion. CNTs that were impregnated with neural progenitor
cells enhanced differentiation of those cells. The cells migrate
to the injured tissue to restore the damaged tissue around the
ischemic core region [113].

Nanofibers and stem cell combination improved effi-
cacy for neuronal function restoration in stroke models.
Impregnation of carbon nanofibers promoted differentiation
of neural stem cells after being injected into brains of the rats
induced with stroke and this procedure had also resulted in
glial tissue formation [108, 114].The ability of CNTs to trigger
differentiation of neural stem cells to neurons implies that
CNTs have a potential to be utilized as a vehicle to transport
stem cells to the damaged neural tissues for treatment of
stroke.Roman and colleagues demonstrated that CNTs play a
pivotal role in the treatment of brain and spinal cord injuries
[115]. Direct injection of PEG-SWCNTs was demonstrated to
enhance restoration of damaged axons in rat spinal cordswith
lesion at T9.

The two main approaches to promoting auto-repair of
damaged connections in axons are axonal regrowth and neu-
ronal circuitry reorganization. The requirements for success-
ful regenerative engineering are neurorestoration, neuroge-
nesis, reconnection of neuronal circuits, and neuroplasticity
[92, 116]. It has been demonstrated for the first time by
Mattson and colleagues that neurons of rat hippocampus
could be grown on MWCNT layer functionalized with 4-
hydroxynonenal [117]. Furthermore, functionalization of the
surface of CNTs has been demonstrated to have an impact on
the growth patterns of the neurites, lengthening, branching,
and the number of growth cones.

It has been shown by Hu and colleagues that function-
alization of positively charged MWCNTs with polyethylene-
diamine led to a rise in the number of growth cones and
neurite branches in neurons [118]. SWCNTs that have been
chemicallymodifiedwith the cationic polymer, polyethylene-
diamine (PEI), were found to enhance growth of neurites
and the number of branches as opposed to PEI alone [118].
Matsumoto and colleagues functionalized MWCNTs with
brain derived neurotrophic factor to promote growth and
differentiation of neurons [119]. The mechanism of action by
which neurons reconstruct and rebuild active synapses in the
presence of CNTs is not known [120].

Since CNTs have the capability to stimulate growth and
differentiation of neurons, in vitro studies have triggered the
interest of translating this work into in vivo outcomes in order
to enhance motor functional recovery from ischemic stroke
in rats or mice. Implantation of CNTs coupled to neural
progenitor cells at the diseased sites in the brain of stroke-
induced rat led to reduction of the infarct cyst volume and a
rise in neuronal markers when compared to untreated neu-
ronal progenitor cells [113].
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The CNT potential in neurodegeneration application
has been envisaged. However, CNT-based neuroregenerative
approaches are still far from clinical application as a result of
major concerns linked to their toxicity, degradation, and safe
use. There is an evidence that an appropriate functionaliza-
tion and administration route canmake CNTs biocompatible
and biodegradable thus shortening the way to clinical trials
[30].

10. Recent Advances in Ischemic
Stroke Treatment

Short interference RNAs (siRNAs) have the ability to disperse
CNTs by a wrapping mechanism. The siRNAs are composed
of hydrophobic bases and alternative hydrophilic phosphates
and riboses. Such structure facilitates CNT dispersion by the
baseswrapping toCNTs and the hydrophilic sugar-phosphate
groups extending to the water phase [121]. Dispersibility
promotes the interaction of siRNA with the living cells and
tissues.

The siRNA knocks out apoptotic genes resulting in
silencing and inhibition of these genes, hence an effective
stroke treatment [117, 122].Direct siRNA delivery to the CNS
enhanced the efficacy of siRNA in treating neurological dis-
orders in animal models [118, 119]. Sufficient siRNA delivery
is needed direct to the diseased tissues and cells to maintain
effective silencing of gene.This is regarded as amajor obstacle
because high siRNA doses are required to be administered
into the CNS by continuous pump infusion. Neuronal tissue
damage and apoptosis may be induced by electroporation
techniques and lipid transfection reagents [120, 121].

Al-Jamal and colleagues used functionalized CNTs to
deliver caspase-3 siRNA into the brain of the rat via stereotac-
tic injection. Neurodegeneration was reduced and functional
preservation was enhanced in the pre- and postischemic
damaged motor cortex of the mouse [104]. This work proves
that CNTs have a potential to deliver siRNA into the brain
leading to stroke prevention and treatment in stroke victims.

The neuroprotective agents are active in preventing the
oxidative stress due to blood flow restoration or reperfusion
surgery [123].Thismechanism aids in the treatment of stroke.
Stem cells that contain scaffolds can be transplanted into the
diseased sites of the CNS and this procedure is considered
as one of the strategies for treatment of stroke [124]. Positive
results have been obtained when CNTs were used as scaffolds
in neuronal cells and tissues [76, 79, 125].

Stroke causes a disruption of the structure of the brain.
However, neurons are protected from injury in the presence
of amine-modified SWCNTs [126]. Neurons were protected
from injury and functional motor recovery was enhanced
in stroke-induced rats following pretreatment with amine-
functionalized SWCNTs. Sprague-Dawley rats were pre-
treated with amine SWCNTs and phosphate buffered saline
(PBS) in the right lateral ventricles of the brain oneweek prior
to induction of ischemic brain injury. Damage in the brain
tissue of stroke-induced rats was assessed and it was found
that damage in the rats treated with amine-functionalized
SWCNTs was much less as opposed to untreated rats. Hemi-
spheric lesion area of 95% in PBS treated stroke-induced

rats was decreased to 15% in amine SWCNT-treated stroke-
induced rats after 90 days of middle cerebral artery occlusion
(MCAO) [103].

In order to evaluate their motor functions, rats were
placed on the rotating rod and the time taken to fall ascer-
tained, with those administered with the SWCNTs maintain-
ing their balance for longer.These findings suggest the benefi-
cial role of functionalized SWCNTs in improving functioning
of neurons following stroke. It was demonstrated in another
study that CNTs enhanced recovery of motor functions in
stroke when they were impregnated with neural progenitor
cells and implanted in the brain. The use of CNTs for the
improvement of stem cell differentiation for the treatment of
stroke was first demonstrated by Moon and colleagues [113].

The findings demonstrate the instrumental role of the
siRNA functionalized CNTs in the improvement of neuronal
functions after stroke.

11. Carbon Nanotubes in
Stimuli-Responsiveness in
Biomedical Applications

As highlighted, CNTs have the potential to be applied in bio-
sciences as nanodevices (e.g., bioprobes or biosensors). CNTs
assist in enabling nanodevices to respond to stimuli such as
enzymes, glutathione, proteins, ions, pH, and temperature.
However, they do not have capabilities to innately respond to
stimuli. In order for the CNTs to be applied in nanodevices,
they need to be first functionalized using various organic and
organometallic structures, linear and hyperbranched poly-
mers, and biological and bioactive species such as proteins.
Functionalization of CNTs increases their solubility in aque-
ous media, biocompatibilities, and sensitivities to surround-
ing conditions which include temperature, ionic strength,
pH, and biomolecules [127]. The functionalized CNTs have
the ability to respond to environmental stimuli and as a result
they have potential to be applied in the diagnosis and treat-
ment of stroke.

Wang and Chen suspended SWCNTs in poly(N-isopro-
pylacrylamide) and poly-L-lysine solutions for temperature-
and pH-responsiveness, respectively [128]. The suspensions
were sonicated and centrifuged, and the supernatants were
finally dialyzed and assessed for their stimuli-responsiveness.
For temperature-responsiveness, when poly(N-isopropylac-
rylamide)-CNTs were heated at 40∘C, the solution became
turbid and subsequently clear again when it was cooled
down. For pH-responsiveness, the poly-L-lysine-CNT solu-
tion was exposed to various pH ranges (acidic, neutral, and
alkaline). The solution became turbid at high pH (9.7) and
turbidity decreased with a drop in pH. The solution became
clear at neutral and low pH values [128]. In summary, the
change in temperature and pH enables reversibility of disper-
sion and aggregation states of SWCNTs in poly(N-isopropy-
lacrylamide) and poly-L-lysine solutions. Polymer-SWCNTs
responsive to environmental stimuli have the capacity to
be utilized in biosensing and drug and gene delivery, and
these may revolutionize diagnosis and treatment of ischemic
stroke.
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Töröcsik and colleagues [129] developed a controlled
release system containing CNTs responsive to environmental
stimuli. Fluorescein was encapsulated into MWCNTs by
opening the CNTs at the tips through oxidation and filling
their cavities with fluorescein. The CNTs were then sealed
with silica nanospheres. The release of fluorescein from the
CNTs was done in a controlled fashion by cleaving the
chemical bond between CNTs and silica nanospheres by
various external stimuli (e.g., addition of disulphide reducing
agents or thermal treatment) [130].

This system has a potential application in the diagnosis
including treatment of ischemic stroke and other neurologi-
cal pathologies.

12. Carbon Nanotubes Currently on
the Market and Limitations to Clinical
Application and Commercialization

There is a broad spectrum of applications of CNTs in elec-
tronics, energy storage, materials science and engineering,
diagnostics, and biomedicine. The controversy of CNTs with
regard to their toxicity has slowed down the efforts for
further innovation in their implementation especially in the
clinical setting and hinders the CNT progress from the lab
to clinical trials [36]. There is a lack of long-term toxicity
research on CNTs as a higher proportion of toxicity studies
conducted were for a short duration. As highlighted, toxicity
also depends on CNT functionalization and physicochemical
properties of CNTs.

As highlighted, CNT nanoscaffolds contribute signifi-
cantly to stem cell therapy as they have the ability to regulate
stem cell growth and differentiation in a controlled manner.
CNTs do have their drawbacks despite their fascinating
benefits. They are hydrophobic and heterogeneous in size
leading to nonreproducible results. Based on this, there is
a need for the design of a system for producing CNTs
of homogenous size for future applications of therapeutics
consisting of CNTs in clinical trials [121]. The inability of
CNTs to attain adequate and controllable drug release has
also contributed to the slow pace of CNT use in clinical trials
[131]. CNT-drug complexes are less active as compared to
free drugs as a result of a generally uncontrollable and low
rate of drug release from the complexes. It is also a major
challenge to ensure the uniformity and consistency of CNT-
drug complexes due to heterogeneity of CNTs. There are
also a number of challenges in drug release which include
development costs. Very expensive equipment and materials
for achieving controlled drug release may be needed [132].
The release of the drug might be changed by food ingestion
and gastric transit time. Orally administered systems should
not be chewed as this may affect controlled release leading to
loss of slow release [132].

Thus, despite innumerable promising results of CNTs in
biomedicine, there are challenges which need to be dealt
with prior to CNT integration into biomedical devices and
technology. The advances that are required to witness CNT
application in the clinical setting and commercialization
include

(i) improvement of the sensitivity of the CNT-based
biosensors,

(ii) efficient loading and unloading of drugs to and from
the CNTs,

(iii) reduction in nonspecific bonding of CNT to the site
of interest,

(iv) further investigation of long-term nanotoxicity of
CNTs employing a variety of animal models and
various doses,

(v) identification of noninvasivemethods for direct injec-
tion of CNT-drug complexes at diseased site,

(vi) prevention of leakage of encapsulated drugs from the
CNTs,

(vii) production of homogenous CNTs to improve in vivo
pharmacokinetics of CNTs,

(viii) higher doses to facilitate bioavailability of siRNA for
effective gene silencing,

(ix) development of effective scaffolds from CNT hybrid
to promote cell adhesion, growth, differentiation, and
proliferation [70, 128].

In terms of CNT systems with biomedical applications
approaching market readiness, Ensysce Biosciences devel-
oped SWCNTs conjugated siRNA for treatment of cancer.
They received regulatory approval to conduct clinical trials on
siRNA delivery into tumour cells. Use of CNTs for improving
the imaging of colorectal cancerwas approved by theUSFood
and Drug Administration [133].

There is a very slow rate of CNT clinical trials as a result of
their toxicity controversy. Further work is required to ascer-
tain the toxicity of the CNTs prior to implementation in
clinical trials.

13. Future Potential Applications of CNTs

Intensive research on CNTs is being undertaken in the areas
of targeted drug delivery, nanoscaffolds for tissue engineer-
ing, biomedical imaging and detection for treatment of dis-
eases, and health monitoring. CNTs have potential in the
design of theranostic systems for simultaneous targeted drug
delivery and detection of disease due to their physicochemi-
cal properties [134]. In future, CNTs could be used as thera-
nostic tools for simultaneous detection and treatment of
ischemic stroke for a potential reduction in adverse side
effects compared to conventional stroke treatments as demo-
nstrated from previous studies [121].

Ultrasensitive markers could be coupled to CNTs to
enhance their targeting properties. This approach could be
implemented in future to differentiate between the diseased
and healthy tissues [135]. MWCNTs have a potential for use
as nanodevices to enhance therapeutic protocols for trans-
plantation and homing of stem cells for in vivo treatment of
neurological disorders [136].

Since CNTs can act as vectors for siRNA in vivo, they
have the future potential for use in silencing the genes of
the caspase-3 enzyme resulting in a reduction in neuronal
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damage and promotion of neuroprotection [137]. In future,
robust and reproducible biosensors employing CNTs that can
be used at the point of care could be fabricated and these
biosensors would be of low cost and could be disposed of
after use or be recycled. They could be user-friendly for use
by even the layman for detection of biomarkers in neuro-
logical diseases including stroke [84]. The small size, high
surface area, specificity, and multifunctionality of CNTs
are expected to play a pivotal role in the revolutionary
development of brain-specific diagnostic, imaging and drug
delivery tools.These nanoengineered systems have the poten-
tial to contribute significantly to novel approaches for better
understanding of the diagnosis and treatment of acute and
chronic neurological CNS disorders [8]. The use of CNTs in
drug delivery, detection, and tissue engineering has shown
the potential to revolutionize medicine [133, 138].

14. Conclusions

In this review we discussed the promising future of CNT
incorporation into neuromedicine with a special focus on
their roles in imaging, drug delivery, biosensing, and neu-
roengineering with a specific focus on ischemic stroke.
A broad perspective on CNT toxicity, functionalization,
stimuli-responsiveness, and CNTs in neural tissue repair was
provided. Future applications of CNTs have been discussed,
evaluating their extent of advancement in the detection and
treatment of neurological and ischemic disorders. There are
certain challenges ahead such as toxicity, heterogeneity, and
dispersibility that must be dealt with prior to successful
integration of CNTs into biomedical devices and technology.
Functionalization was found to play a paramount role in
enhancing the potential of CNTs for application in clinical
settings. Indeed application of CNT technology may revolu-
tionize the diagnosis and treatment of ischemic stroke and
other neurological disorders.
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