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Nanotheranostics is one of the emerging research areas in the field of nanobiotechnology
offering exciting promises for diagnosis, bio-separation, imaging mechanisms,
hyperthermia, phototherapy, chemotherapy, drug delivery, gene delivery, among other
uses. The major criteria for any nanotheranostic-materials is 1) to interact with proteins and
cells without meddling with their basic activities, 2) to maintain their physical properties
after surface modifications and 3) must be nontoxic. One of the challenging targets for
nanotheranostics is the nervous system with major hindrances from the neurovascular
units, the functional units of blood-brain barrier. As blood-brain barrier is crucial for
protecting the CNS from toxins and metabolic fluctuations, most of the synthetic
nanomaterials cannot pass through this barrier making it difficult for diagnosing or
targeting the cells. Biodegradable nanoparticles show a promising role in this aspect.
Certain neural pathologies have compromised barrier creating a path for most of the
nanoparticles to enter into the cells. However, such carriers may pose a risk of side effects
to non-neural tissues and their toxicity needs to be elucidated at preclinical levels. This
article reviews about the different types of nanotheranostic strategies applied in nervous
dysfunctions. Further, the side effects of these carriers are reviewed and appropriate
methods to test the toxicity of such nano-carriers are suggested to improve the
effectiveness of nano-carrier based diagnosis and treatments.
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INTRODUCTION

One of the important advancements in nanotechnology is the evolution of dual-purpose strategies
which can be used for both therapy and diagnosis. This dual nanomolecules in other terms is also
known as theranostics. This term indicates a nanotherapeutic system which is integrated for delivery,
diagnosis, and can monitor relative responses (Warner, 2004).

One of the emerging research in the field of drug delivery is the combination of biochemistry and
molecular biology with nanotechnology, also known as nanobiotechnology. Nanoparticles have
attained significant attention due to their versatility and potential applications (Gao et al., 2009).

Thus they are considered as one of the most promising methods to treat cancer and many other
diseases. Compared to many other synthetic drug formulations, nanomaterials are considered as most

Edited by:
Suresh Kumar Kalangi,

Amity University Gurgaon, India

Reviewed by:
Jyotsnarani Pradhan,
Utkal University, India

Marjan Vracko,
National Institute of Chemistry

Slovenia, Slovenia

*Correspondence:
Chiluka Vinod

vinod.ch22@gmail.com
Srikanta Jena

jenasrikanta@yahoo.co.in

Specialty section:
This article was submitted to

Predictive Toxicology,
a section of the journal

Frontiers in Pharmacology

Received: 30 September 2020
Accepted: 15 February 2021
Published: 26 March 2021

Citation:
Vinod C and Jena S (2021) Nano-

Neurotheranostics: Impact of
Nanoparticles on Neural Dysfunctions
and Strategies to Reduce Toxicity for

Improved Efficacy.
Front. Pharmacol. 12:612692.

doi: 10.3389/fphar.2021.612692

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6126921

REVIEW
published: 26 March 2021

doi: 10.3389/fphar.2021.612692

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.612692&domain=pdf&date_stamp=2021-03-26
https://www.frontiersin.org/articles/10.3389/fphar.2021.612692/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.612692/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.612692/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.612692/full
http://creativecommons.org/licenses/by/4.0/
mailto:vinod.ch22@gmail.com
mailto:jenasrikanta@yahoo.co.in
https://doi.org/10.3389/fphar.2021.612692
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.612692


feasible or biocompatible in the field of medicine, or in studying
few vital mechanisms in biological organisms (Chenthamara et al.,

2019). Hence applying nanotechnology in these areas necessitates
various settings to be considered. Primarily, devising the nanomaterials
be required to interact with the signalling components such as proteins
and other biomolecules in a cell without impeding with their cellular
function. Furthermore, the physical properties of nanomaterials have to

remain unaltered after superficial modifications. Lastly, it is essential to
be nontoxic (Solanki et al., 2008).

NANOPARTICLES USED IN
PHYSIOLOGICAL APPLICATIONS

Of all the contrast agents used as theranostics, the majority are
used in imaging mechanisms. The most applicable imaging
mechanism among others is magnetic resonance imaging
(MRI). Most of the research in imaging is hence attributed
to MRI in which magnetic particles are used as the contrast
agents. These nanoparticles in MRI serves the purpose of
marking the diseased tissues and/or cells in contrast to
healthy tissues and/or cells. Particles with good magnetic
properties such as silver, iron oxide, gadolinium, gold and
other metals are being investigated at several levels to find a
suitable nanoparticle with the least toxicological effects.
Further, the selection of nanomaterials and functionals
aspects with their allied polymers/materials has to be studied to
confirm their biocompatibility and biodegradability profile (Li
et al., 2004; Morel et al., 2008; Souza et al., 2008). A brief
overview of general nanoparticles and their applications is
mentioned in Table 1.

Ironoxide Nanoparticles
Among the nanoparticles with superparamagnetic abilities, Iron
oxide nanoparticles (IONPs) gets the highest choice as contrast
agents because of their biocompatibility and low cost, enabling
easy availability to a wide range of research groups. The common
form of IONPs used will either be a magnetite or hematite. The
addition of several other polymers or macromolecules further
modify the surface making the IONPsmore stable and in addition
enhance the efficacy of IONP-based agents for diverse
applications. These additions on the surface of IONPs made
significant advancements in diagnosis with therapy with major
advancements been found in MRI and drug delivery purposes
(Kohler et al., 2005).

Since the discovery of these theranostic additions, majority of
biological experiments in aspects of imaging and delivery
concentrated on the preparation of an all-in one target-cell-
specific IONPs using diverse delivery mechanisms such as
siRNA, plasmid delivery, etc. In addition to these the magnetic
nano-vectors are employed to exploit certain mechanisms of cell
such as the cell transcytosis intracellular trafficking (Lee et al.,
2007; Lee et al., 2009; Veiseh et al., 2011).

In an experiment, PEGylated superparamagnetic iron oxide
(SPIO) nanoparticles were conjugated with anticancer drug and
the other distal end was conjugated with tumour-targeting
ligands. These wormlike polymer vesicles loaded with DOX
and SPIONs, prepared by hetero-bifunctional triblock
copolymer R (methoxy or FA)-PEG114-PLAx-PEG46-acrylate
via a double emulsion technique was found to have higher
stability and multifunctional with higher ability to targeted
cancer therapy and ultrasensitive MRI (Jain et al., 2008; Yang
et al., 2011).

For treating the neurological disorders nanoconjugates were
prepared by using dopamine on IONPs and are encapsulated into
human serum albumin (HSA) matrices. As mentioned earlier
these conjugated nanocomposites can act as all-in one platform
where one can use them in diverse applications such as MRI,
down-conversion fluorescence (FL) imaging, upconversion
luminescence (UCL) and magnetic drug delivery for in vivo
and in vitro use (Xu et al., 2011))

Carbon nanotubes (CNTs) are cylindrical structures with a
single or multilayered cylinders with unique mechanical and
electronic properties. The common applications of CNTs are
drug or gene delivery and imaging thermal ablation. Although
many researchers tried to explore the mechanism of how these
CNTs are efficiently uptaken by cells, the exact mechanism is
obscure. These are the most common templates used in drug
delivery for loading different active agents. They have attained
theranostic criteria due to the strong optical absorbance at near-
infrared (NIR) photothermal ablation therapy. In addition to
photothermal ablation therapy, they were also reported to be used
for photoacoustic imaging. In a report, both thermal ablation and
photoacoustic tomography were demonstrated to reduce the
tumour. (Krishna et al., 2010).

Quantum dots (QDs) are the elements belonging to transition
groups which are inorganic and act as semiconductor
fluorophores. The primary application of QDs in biology is
imaging and secondarily for drug delivery. The toxicological
profile of QDs is higher due to which they have been
subjected to less research. However, nowadays QDs are less

TABLE 1 | An overview of nanoparticles and their applications in nervous system.

Nanoparticle Applications References

Carbon Nano Tubes Diagnosis, DNA and drug delivery Karthivashan et al. (2018), Aguilar Cosme et al. (2019)
Gold Diagnosis, tumour targeting and PTT Perets et al. (2019), Spinelli et al. (2019)
Iron oxide docetaxel Targeting, MRI and therapy Tomitaka et al. (2015), Saesoo et al. (2018)
Manganese oxide MRI plus RNA delivery Bae et al. (2011), McDonagh et al. (2016)
Silica Drug carrier, X-ray/CT imaging, Photodynamic therapy Song et al. (2017), Turan et al. (2019)
Quantum Dots Imaging, therapy and sensing Paris-Robidas et al. (2016), Matea et al. (2017)
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used for imaging purposes (especially in vitro) and mostly used
for therapeutics. In majority of the cancers, the DOX delivery
path was sensed and the targets were observed by imaging using
fluorescence imaging with QD (Matea et al., 2017).

Gold-based nanoshells with properties of magnetism and
optics are widely used for theranostics in neurophysiology.
The iron-oxide nanoshells (which are superparamagnetic in
nature) were gold coated and are conjugated with the
targeting agent. These conjugates of gold-based nanoshells and
the drugs were investigated for use in neck and head cancer. In
addition several nanocages of gold-silver combined with yb-2,4-
dimethoxyhematoporphyrin were shown to have multifunctional
infrared luminescence detection abilities, and also were employed
for photothermolysis and photosensitisation. One of the
successful conjugate models was nanocomposition of silica-
modified gold nanorods combined with folic-acid which was
used for photothermal therapy and dual-mode radiation (X-ray/
CT imaging-guided) (Huang et al., 2011). In nanomedicine, it is
normally used as a coating material to provide or avoid different
nanoparticle characteristics (Yang et al., 2012).

NANOPARTICLES EMPLOYED IN NEURAL
DYSFUNCTION

According to WHO report brain disorders are responsible for
nearly 12% of death in the world (WHO, 2006). The cerebro-
vascular dysfunctions take the major proportion (about 85%)
among them. Themajor reason is not the activity of the respective
drug(s) but being unable to cross the blood-brain barrier (BBB).
Hence overcoming the BBB needs to be the first criteria while
preparing a therapeutic (Guiot et al., 2016).

The last decade has been effective in overcoming the BBB
through several physical and chemical approaches. Majority of
the research and reviews on this topic have been published during
this period. Few efficient methods were discussed below.

Smart nanoparticles (SNPs) with magnetic properties
(SMNPs) are proven to be effective in drug delivery across
BBB as they are efficient in magnetoporation in BBB
endothelium (Lakshmanan et al., 2014.). The magnetic forces
are dependent on size, coating and shape of the nanoparticles. It is
found that the magnetic targeting is most effective in body
surfaces where the blood flow is slower (Chertok et al., 2007).
Colloidal ferrofluids with a biocompatible polymeric layer
coating has been reported to improve the stability of SMNPs
(Figure 1A). In a set of experiments when Dextran coated MNPs
were targeted into hippocampus through osmotin loaded delivery
resulted in reduced protein accumulation and memory
improvement in an Alzheimer’s disease (AD) rats (Faustino
et al., 2017). Similar results were also reported using Uncoated
Fe3O4 (Umarao et al., 2016). In several studies using heat-
sensitive capsaicin receptors along with MNPs into the
neurons or specific regions of brain, notably resulted in
modulation of neural or the brain-areas activity respectively
which provided an insight for deep brain stimulations, a
potential application needed for treating various CNS diseases
(Figure 2) (Chen et al., 2015; Munshi et al., 2017; Tay and Carlo,
2017). In all the above cases the use of magnetic resonance
imaging were proposed to observe the real-time imaging and
driving of MNPs in deeper tissues. However, the drawback with
this method is the majority of the traditional MRI scanners needs
customization for particle driving with an additional challenge of
driving a large number of MNPs to a precise area in the brain
(Figure 2).

Carbon NPs (CNP) were proven to be effective carriers of
antioxidant enzymes in cases of traumatic brain injuries (TBI)
where a tremendous increase in Reactive oxygen species (ROS)
and Reactive Nitrogen Species (RNS) species were reported
(Reddy and Labhasetwar, 2009; Singhal et al., 2013). In a
report, the use of multi welled CNPs conjugated with
Pittsburgh Compound B derivates such as Gd (L2) or Gd (L3)
also was shown to cross the BBB efficiently (Costa et al., 2018). In

FIGURE 1 | Methods of preparation of nanoparticles.
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addition use of polyamidoamine dendrimer derivative, NPs also
showed robust drug delivery and promising recovery from TBI
(Nance et al., 2016).

Solid Lipid Nanoparticles (SLNPs) were able to deliver 3,5-
dioctanoyl-5-fluoro-2-deoxyuridine drug two fold efficiently
compared to free fluoro-2-deoxyuridine as the SLNPs were
diffused along the blood capillaries retaining the drug in the
brain for longer periods (Martins et al., 2012).

PBCA (polybutyl cyanoacrylate) NPs (of size 87–464 nm)
coated with Apo-E-bound polysorbate 80 are demonstrated to
be actively taken up by endothelial cells of the brain as they are
recognized as low-density lipoproteins (LDL) mediated by
receptor based-endocytosis (Voigt et al., 2014).

Polyfluorene-chitosan conjugates were also reported to be
efficient in crossing the BBB with an additional ability to
preclude the aggregations of Aβ1-40 thus interfering with AD
like pathologies (Roy Chowdhury et al., 2018).

PEG coated Gold (Au) NPs when tagged with a transactivator
of transcription (TAT) peptide were shown to cross BBB through
passive diffusion and their accumulations were observed in both
endothelial cells and the brain tumours (Cheng et al., 2014)

Silica NPs (of sizes 25–40 nm) loaded with DOX have been
demonstrated to be one of the promising strategies to treat brain
cancers (Mo et al., 2016; Song et al., 2017)

However, Carbon Dots (CDs) display more theranostic values
than the Silica NPs owing to their innate fluorescence abilities and
non-toxic properties (Figure 2). At a size of 2.6 nm and 51%
quantum yield these NPs conjugated with cationic PEI were
reported to fit within the tight junctions of BBB and cross it
effectively (Lu et al., 2016).

Extracellular vesicles (EVs) are one of the intrinsically available
carriers which are potential delivering agents due to their ability to

cross BBB easily and also takes part in functional aspects of the cell.
Extensive studies have implicated that the EVs play a major role
from different regions of neurons, for eg: EVs from dendritic cells
are observed to have remyelination abilities as observed in a model
of multiple sclerosis (MS), EVs from Schwann cells were reported
to possess axonal regeneration abilities, EVS from oligodendrocytes
were crucial for neuronal integrity as they take part in releasing
neurotransmitters (Fuster-Matanzo et al., 2015). This feature was
exploited by many researchers in treating curricula of diseases such
as cancer, experimental autoimmune encephalomyelitis, AD, PD, etc
(Zhuang et al., 2011; Cooper et al., 2014). This opened up scopes for
treatment of various neurological disorders.

The size and shapes of nanoparticles also were demonstrated to
have an effect on delivery into the brain. Particles of size beyond
400 nm were not considered for delivery purpose. Particles of
200 nm or more usually are prone to reticulo-endothelial clearance
in liver and spleen. On the other hand, particles of 10 nm or lesser
are rapidly filtered by kidneys (Blanco et al.,2015). However, some
researchers attained success even with a lower size of NPs with
certain modifications. Similarly, rod shaped or cylindrical
nanoparticles were found to be more effective in drug delivery
compared to spherical nanoparticles (Barua et al., 2013; Kolhar
et al., 2013). Interestingly, only two routes of endocytosis are
reported to favour the transport of NPs across the BBB, 1)
clathrin-mediated endocytosis which can accommodate 200 nm
nanoparticle and 2) Caveolin mediated endocytosis which can take
upto 80 nm nanoparticles (Cena and Jativa, 2018). An overview of
effective nanoparticle size, shape and method is being briefed in
Table 2.

SIDE EFFECTS OF NANOPARTICLES USED
FOR NEUROTHERAPY

Despite the several theranostic applications, nanotechnologies still
have many limitations, risk factors and side effects in their use
particularly neural diagnosis and therapy. The general impediment
in the treatment of many neurological disorders and injuries to the
CNS is due to the low regenerative capacity of these systems.

Magnetic Carriers: As described in earlier section these are the
most widely employed nano carriers due to the magnetoporation
abilities which enable the drug delivery across the BBB. However,
for stability, they undergo wide variety of processing among
which the effectivity enhancement is done by the addition of
Fe2 + and Fe3 + in the colloid. Notably higher amounts of iron is
toxic to the brain and the cells start to undergo apoptosis (Petters
et al., 2014; Yarjanli et al., 2017).

The coating material also plays an important role in delivery,
however, these coatings with some methods were reported to be
toxic. A silicon-coated nanocapsule is targeted cross the BBB by
cell membrane translocation mechanism it was reported to
slightly reverse the astrogliosis (Kong et al., 2012). It was also
reported that Aminosilane or ethylenediaminetriacetate (EDT)
coating with a hydro diameter of 25 or 29 nm when targeted
through mannitol infusion resulted in an efficient influx,
however, the permeability was observed to remain unchanged
for a prolonged period which posed a risk of entry of several other

FIGURE 2 | Various nanoparticles and their applications in nervous
system.
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non-permeable materials beyond the BBB (Sun et al., 2014). In
another set of experiments conducted in rats, it was noted that
IONs coated with Poly (maleic acid-co-olefin) with the
temperature being the method of to open tight junctions of
BBB resulted in the reversibility of opening and disrupted the
brain immune responses (Tabatabaei et al., 2015). When
loosening the junctions of BBB through thermotherapy,
Alternating magnetic field (AMF) has to be taken care of as
higher AMF leads to an increased temperature which could affect
the cell viability (Dan et al., 2015).

Copper oxide nanoparticles (CuONPs) were also attested by
several researchers to be potentially neurotoxic in nature where
certain working concentrations elevated DNA fragmentation and
cell death. In addition, these NPs were also demonstrated to inhibit
voltage-gated sodium currents affecting the potentiation thus
affecting learning and memory (Liu et al., 2011; An et al., 2012).

It has been observed that silver NPs (25 nm) could strongly
disrupt the BBB by interacting with cerebral microvasculature
and inducing proinflammatory cascades led to neurodegeneration
and astrocyte reactivity (Trickler et al., 2010). In addition, silver
NPs were also observed to increase inflammation, interfere with
neuronal growth and differentiation and enhance amyloid
precursor protein (APP) expression which ultimately leads to
the formation of Aβ plaques (Lin et al., 2016).

The Silica NPs were observed to lower cellular density,
decrease dendrite like processes and elevate Aβ1-42 peptide
which is a hallmark for AD (Yang et al., 2014)

The nanoparticles, even at lower concentrations could lead to
hazardous impacts in the context of neurodegenerative disorders
like Parkinson’s disease and Alzheimer’s disease (Campbell, 2004).
It has been recently highlighted that the neurotoxicity (in terms of
altered genes, oxidative stress and neuroinflammation) was
induced by engineered or combustion derived nanoparticles in
animal models and in humans (Win-Shwe and Fujimaki, 2011;
Bencsik et al., 2017). Hence it becomes indispensable 1) to review
and comment on the influence of rapidly exposed nanoparticles on
the CNS 2) to create awareness about the prevention of nanoparticle-

induced neurodegenerative disorders like Parkinson’s disease and
Alzheimer’s disease 3) to explore the possible treatment regime that
could alleviate the neurotoxic effect of nanoparticles.

The size of the nanoparticle are so small and have greater
surface area per unit mass, therefore, the probability of the
relative number of atoms or functional groups exposed more to
interact with the biological surface (Albanese et al.,2012;
Crucho and Barros, 2017). Hence, the pharmacological
effect and drug efficacy is more than conventional therapy.
Constant popularity of nanoparticle-based therapy and
widespread use and production of nanomaterials enhances
the risk to the workers and consumers who are getting
exposure directly. The nanoparticles have several adverse
effects basing on the therapeutic materials and route of
administration. The intensity of the penetration of the drug
into the human body depends on the interactions between the
type of nanoparticles and the exposing sites or organs such as
lungs, gastrointestinal tract, mucosa and the skin. It can affect
the respiratory epithelium as well as olfactory epithelium on
inhalation (De Jong and Borm, 2008; De Matteis and Rinaldi,
2018). Further, the probability of penetration of the particles
into the system may depend on their properties, affinities,
point of contact and exposure time (Elder et al., 2006; Auría-
Soro et al., 2019). The crucial stage for any drug in the
treatment of neural diseases is to diffuse through BBB, and
the targeted delivery of the drug into the CNS which makes the
ultimate outcome against neurological diseases (Fonseca-
Santos et al., 2015; Brzica et al., 2017).

TOXICITY TESTING OF DIFFERENT
NANOPARTICLES AND STRATEGIES TO
REDUCE THE TOXIC EFFECTS
The basic goals of the theranostic approach of treatment is to
ensure the modalities of the therapeutic and diagnostic that
develop specific and individualized therapeutic strategies

TABLE 2 | Recent works demonstrating Effective Nanoparticle sizes to cross BBB.

Nanoparticle Used Effective Size and
shape to cross

BBB

References

Carboxylated polystyrene 200 nm Spheres Nowak et al. (2020)
Carboxylated polystyrene 200 nm rods. (2x efficient than spheres) Nowak et al. (2020)
Cobalt-ferrite NPs 30 nm Pardo et al. (2020)
Fluorosceine conjugated Gold NPs 2 nm (Demonstrated in BBB spheroids) Sokolova et al. (2020)
Focused Ultrasound targeting of
Gold NPs

15 nm (showed effective transport in both in vitro and in vivo mice model) Ohta et al. (2020)

Gold NPs 5 nm or more. (proven efficient by Caveolar endocytosis in vitro) Male et al. (2016)
Gold NPs Demonstrated that 70 nm are optimal within the brain cells. 20 nm are optimal

for free surface area
Shilo et al. (2015)

Insulin targeted – Gold NPs 20 nm (>5% of injected dose was reported to cross the BBB) Shilo et al. (2014)
Silica NPs 100 nm Spheres Hanada et al. (2014)
Silver NPs 50–100 nm (Can cross the BBB easily but leads to toxicity on prolonged

accumulation)
Tang et al. (2008)

Solid Lipid NPs 60–125 nm (with different conjugations) Agarwal et al. (2011), Lockman et al. (2003), Kadari
et al. (2018)
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towards personalized medicine (Funkhouser, 2002). However,
the acceptable efficacy is very limited among the patients of
specific treatment could be achieved for only very few patients.
Therefore, new protocols could be adapted by combining
therapeutic and diagnostic capability into one single agent to
tailor a treatment based on the test results, thereby enhancing the
mechanisms for curing the disease with more specific and
efficient systems. The efficacy and success of such
nanotheranostic agents depend on a number of inherent
properties that lie in the nanoparticles. One of the major
important characteristics of using NPs as theranostic agents is
the probability to localize them in specific sites of diseases and
diminish undesired side effects. Despite several advantages, few
complications are also associated with a nanoparticle drug
delivery system, and one of the major disadvantage is
nanotoxicity of different nanoparticles. Nanoparticles can
potentially show their toxicity as they have greater stability to
retain in the human body for a prolonged period after inhaled,
ingested or entered readily through the skin (Borm et al., 2006;
Bergin and Witzmann, 2013). Once these materials entered into
the body, they may be translocated into the entire system via
blood circulation. The cause the easy spread into the entire body
as they are small in size and for their surface characteristics such
as polarity, hydrophilicity, lipophilicity and catalytic activity
(Yang et al., 2016). The most common hazards from
nanoparticles include neuroinflammation, oxidative stress,
induced apoptosis and autophagy. These collectively affect the
blood-brain barrier functions (Gao and Jiang, 2017).

It has been observed that the anionic nanoparticles are less
toxic than the cationic particles like polystyrene and gold
nanoparticles that cause hemolysis and clotting (De Jong et al.,
2008). Researcher have assumed that the small size NPs might
have more toxicity than their larger counterparts as they are less
size with more surface area per unit mass. Moreover, the smaller
NPs are easily taken up by the cells and exhibited more
biochemical activity in the body than the larger size particles
(Borm, et al., 2006; Dhawan and Sharma, 2010). Therefore, it is
highly essential to evaluate their toxicity and health hazard
effects.

Several possible routes are established for the entry of
nanomaterials into the human body through dermal
penetration, inhalation, ingestion, and systemic administration
they may be accumulated in different tissues and organs
including the brain (Burch, 2002). Different toxic and health
hazard elements such as silver, gold, iron, copper, zinc, iron,
cerium, manganese, titanium, aluminium, silica, and other
carbon-based nanomaterials are used as NPs for various
purposes in certain industries like automobile, electronics and
communications, aerospace, chemical and paint, and
pharmaceutical industries to which human exposure is very
frequent and may cause several health-related problems
including neurotoxicity (Persson et al., 2003; Sharma, 2009;
Song and Tang, 2011). Metal oxide NPs have the capacity to
translocate in a different part of the brain and can accumulate in
olfactory bulb, cortex, and cerebellum via olfactory nerve
pathway. Both in vivo and in vitro studies revealed the
induction of elevated ROS levels due to toxicities of

nanoparticles that can cause oxidative stress, inflammatory
responses, and pathological changes.

Irrespective of their size, the amorphous TiO2 (30 nm) and
silver nanoparticles (15 nm) induce the generation of free
radicals, and may results in micronuclei formation by
potentially damaging the genome. Moreover, macrophages
mediated engulfment of the silver nanoparticles and quantum
dots can also enhance the expression of inflammatory mediators
like TNF-α, MIP-2 and IL-1β (Khanna et al., 2015). De Lorenzo
(2008) reported on intranasal administration of silver-coated
colloidal gold particles (50 nm) to the squirrel monkeys, the
NPs showed anterogradely move from the axons of the
olfactory nerve to the olfactory bulbs. It has also observed that
on the exposure of manganese, nickel, cadmium, and cobalt
nanomaterials via olfactory epithelium, they can translocate to
the brain via olfactory neurons (Tjälve et al., 1996; Tjälve and
Henriksson, 1999). In recent years, increased amount of
environmental pollutants, including NPs have also been a
crucial role for increasing the number of neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, Prion
disease, amyotrophic lateral sclerosis or Huntington’s disease
have been diagnosed and treated (Lanone and Boczkowski,
2006; Ai Tran et al., 2010; Bondì et al., 2010; Peters et al.,
2011). Here, the role of BBB is critical in understanding NP
toxicity as it disturbs the permeability properties of the BBB that
modulates the extended plasma membrane that contains tight
junctions between the adjacent endothelial cells of the cerebral
capillaries along with the astrocytic endfeet cover (85%) and
basement membrane that combinedly supports the BBB function
(Henriksson and Tjalve, 2000; Sharma et al., 2011; Fonseca-
Santos et al., 2015; Brzica et al., 2017). It has been shown that
administration of Ag, Cu, or Al NPs (50–60 nm) by intravenous,
intraperitoneal, or intracerebral route disrupts the BBB, as
evident by staining with albumin-bound Evans blue (Ahmed
and Gubrud, 2004). Nanoparticles can also stimulate the
microenvironment of the vesicular transport system in order
to gain access to the CNS and thereby exert a toxic effect in the
CNS. Therefore, it is essential to have some robust strategies to
cross the BBB without disturbing its microenvironment.

In two different in vivo studies of glioma, Au + Ni80Fe20 and
Octadecyl-quaternized carboxymethyl chitosan were observed to
prolong the survivability compared to untreated mice (Cheng
et al., 2016). In another experiment, the use of Ferumoxide-
labeled human neural stem cells resulted in stroke recovery
without any toxic effects in rats (Song et al., 2015). In a recent
study, the researchers have demonstrated that convection-
enhanced delivery of iron oxide NPs were able to potential
carry the payload for treating malignant glioma without
causing cytotoxicity (Bernal et al., 2014). In another study
magnetofection using Oleic acid-coated MNPs and Alpha-
Synuclein RNAi Plasmid as genetic delivery target resulted in
a significant motor improvement and reduced neurodegeneration
in a Parkinson’s disease (PD) rats (Niu et al., 2017).

PLGA [poly (lactic-co-glycolic acid)] NPs of smaller size
loaded with cerebrolysin and coupled to a CW800 imaging
agent were demonstrated to reduce brain pathology following
a TBI by effectively reducing the BBB breakdown caused due to
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the injury (Ruozi et al., 2015; Cruz et al., 2016). Liposomes
containing both docetaxel and QDs when decorated with
RGD-TGPS were shown to be more effective than the
conventional drug and have demonstrated limited ROS
generation (Sonali et al., 2016).

Recent, study based on the designing of the nanoparticles that
reveal the strategies to interact the BBB cells at the molecular
level, exploiting the existing physiological mechanisms of
transport, without intervening with the normal function of the
barrier itself. There are some encouragingmechanisms, Receptor-
and Adsorptive-mediated transcytosis that facilitates transcellular
transport of nanoparticles from the blood to the brain (Bhaskar
et al., 2010). In Adsorptive-mediated transcytosis, the
electrostatic interaction of a ligand with charges expressed at
the luminal surface of endothelial cells. Cell-penetrating peptides
(e.g. TAT-derived peptides) and cationic proteins (e.g. albumin)
are commonly used on the surface of the nanomaterial that
facilitate to cross the BBB (Bhaskar et al., 2010). On the other
hand, Receptor-mediated transcytosis act upon the receptors
expressed in BBB cells and exerts its selective drive to
functionalize nanomaterial across the BBB endothelial cells.
The common examples of this type are transferrin, insulin,
apolipo-E which reaches the brain by this mechanism (Kim
et al., 2007). Monoclonal antibodies are also used against the
receptors present on the BBB as a bain-target drug delivery
device. Monoclonal antibodies are also used against the
receptors present on the BBB as a brain-target drug delivery
device (Boado, 2008). The mAb raised for transferrin receptor
(TfR) are 8D3, OX26 and R17217 may be used in this case to

avoid the endogenous competition with transferrin in blood as
they recognize different epitopes (Ulbrich et al., 2009). However,
several issues are there to address when designing of this type of
drug delivery system into the brain. The features of the
nanomaterial should have minimum surface functionalization,
prolonged half-line in blood, biodegradable and biocompatible,
non-immunogenic, non-inflammatory and should be non-toxic.

CONCLUSION

The present review concentrates on the different categories of
nanoparticles with theranostic values. A discussion related
to their cytotoxicity in the nervous system is highlighted.
Certain regulatory guidelines for nanoparticles is the need
of hour. Majority of the studies do not have well-defined
pharmacokinetics and this establishment is crucial for
understanding the half-life and other properties of several
nanoparticles. The process or the mechanisms by which these
theranostic agents cause the neural cytotoxicity is superficial.
Therefore, the availability of standard toxicity testing assays could
help invalidation of the NPS properties and their associated
conjugates.
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