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Abstract: Nanomaterials (NMs) are increasingly used for the therapy, diagnosis, and monitoring 

of disease- or drug-induced mechanisms in the human biological system. In view of their small 

size, after certain modifications, NMs have the capacity to bypass or cross the blood–brain 

barrier. Nanotechnology is particularly advantageous in the field of neurology. Examples may 

include the utilization of nanoparticle (NP)-based drug carriers to readily cross the blood–brain 

barrier to treat central nervous system (CNS) diseases, nanoscaffolds for axonal regeneration, 

nanoelectromechanical systems in neurological operations, and NPs in molecular imaging and 

CNS imaging. However, NPs can also be potentially hazardous to the CNS in terms of nano-

neurotoxicity via several possible mechanisms, such as oxidative stress, autophagy, and lyso-

some dysfunction, and the activation of certain signaling pathways. In this review, we discuss 

the dual effect of NMs on the CNS and the mechanisms involved. The limitations of the current 

research are also discussed.
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Introduction
Nanomaterials (NMs) are materials that have structural components smaller than 1 µm  

in at least one dimension.1 Nanotechnology, a new and exciting field, has offered 

scientists the opportunity to control matter on small dimensions, and has opened 

many possibilities for creating new products, such as new clothing materials, pack-

aging materials, and lightweight building materials. Nanotechnology has also led to 

revolutionary advances in medical applications. Numerous medical products contain 

NMs, including sunscreens in which NMs are used to provide UV protection while 

remaining transparent on the skin, and drugs in which NMs are used as the means of 

drug delivery to the target organ, such as Doxil and Abraxane.

NMs are composed of nanoparticles (NPs), which are particles with at least one 

dimension smaller than 1 µm and potentially as small as atomic and molecular length 

scales (~0.2 nm).2,3 Because of their unique size and high surface area, after surface 

modifications, many NPs are capable of bypassing or crossing the blood–brain barrier 

(BBB). Several animal studies have provided direct evidence that NPs could reach and 

accumulate in the brain parenchyma, including the striatum and hippocampus. Kao et al4  

observed the translocation of zinc oxide (ZnO) NPs into the brain following in vivo 

nasal administration in a Sprague Dawley rat model. Transferrin-containing gold NPs 

can enter and accumulate in the brain parenchyma after systemic administration in mice 

through a receptor-mediated transcytosis pathway.5 Furthermore, the accumulation of 

100 nm PS-COOH NPs within the lysosomes of the in vitro BBB was observed by 

Raghnaill et al.6 Iron oxide (IO) NPs, ZnO NPs, and titanium dioxide (TiO
2
) NPs have 

also been found to be translocated to the brain in various animal models.7–9
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Because of their distinguishing features, NPs are increas-

ingly used in diagnosing, monitoring, and treating diseases in 

the human central nervous system (CNS). For example, NPs 

are used as a drug carrier to help drugs cross the BBB in CNS 

disease treatment, in nanoscaffolds for axonal regeneration, 

in nanoelectromechanical systems (NEMSs) in neurological 

operations, and in molecular imaging and CNS imaging. With 

the increasing applications of nanotechnology in human life, 

the likelihood of people coming in contact with NMs has 

increased considerably. The biological safety evaluation of 

NMs is becoming increasingly important, particularly in terms 

of neurotoxicity. NPs can be accepted by the body in multiple 

ways, such as through the digestive tract, olfactory nerve, or 

sensory nerve. Following uptake, NPs can be translocated into 

the secondary target organs, including the brain, potentially 

damaging the CNS and inducing neurotoxic effects.10 Recent 

studies suggested that NPs are able to induce considerable 

neurotoxicity in animals. For example, ZnO NPs were found 

to attenuate learning and memory ability in rats.8 Hu et al11 

observed the accumulation of TiO
2
 NPs in the mouse hip-

pocampus after intragastric administration, and this accumula-

tion led to hippocampal apoptosis and impairment in spatial 

recognition memory. Although many NPs tested to date have 

dose-dependent neurotoxic effects, some NPs have protective 

functions toward the CNS. For example, fullerenol was found 

to play a neuroprotective role, preventing hydrogen peroxide 

and cumene hydroperoxide-induced damage in rat hippocam-

pal slices.12 An in vitro study indicated that carboxyfullerenes 

(a malonic acid C60 derivative) could eliminate both the 

superoxide anion and hydrogen peroxide (H
2
O

2
), and were 

effective inhibitors of lipid peroxidation. Carboxyfullerenes 

exhibited strong neuroprotective effects against excitotoxic, 

apoptotic, and metabolic insults in cortical cell cultures. 

They were also able to protect mesencephalic dopaminergic 

neurons from both 1-methyl-4-phenylpyridinium injury and 

6-hydroxydopamine-induced degeneration.13 This review 

focuses mainly on the dual effects of NPs on the CNS and 

the possible mechanism behind these effects.

Main sources of NP entry into 
human CNS
Nanostrategies for disease diagnosis 
and therapy
Nanotechnology has created the possibility of cell-specific 

drug delivery using NPs. Because of their special properties, 

NPs can be used to improve drug delivery. Table 1 provides 

a list of nanodrugs approved by the US Food and Drug 

Administration (FDA). T
ab
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The early diagnosis and successful treatment of brain 

diseases are of great significance. Rapidly emerging 

nanotechnologies have provided many novel methods for 

diagnosing and treating CNS diseases, such as nanodrug 

delivery systems targeting CNS diseases, nanoscaffolds 

used for axonal regeneration, NEMSs in neurology opera-

tions, and NPs in molecular imaging and CNS imaging. The 

nanotechnology applications for targeting CNS diseases and 

nonCNS diseases enable the BBB to be overcome through 

systemic administration. In the following sections, the 

applications of nanotechnology targeting the CNS will be 

described in detail.

NP-based drug delivery systems
A variety of formidable obstacles hinder the entry of drugs 

into the CNS. These obstacles include physiological barriers, 

such as the BBB and the blood–cerebrospinal fluid barrier, as 

well as various efflux transporter proteins. In current clinical 

applications, ~98% of chemical drugs and 100% of protein 

peptide drugs cannot directly enter the brain. Because of their 

small size and functionalization potential, NPs can be utilized 

as carriers for drug delivery through the human physiological 

barriers. For example, the solubility of a poorly soluble drug 

can be improved by utilizing a drug delivery system contain-

ing both hydrophilic and hydrophobic elements. NPs have 

significant advantages over other currently available drug 

delivery systems for the delivery of drugs across the BBB. 

Intensive research and development is being conducted to 

exploit the biological effects of engineered NMs for thera-

peutic applications in the CNS.

The NMs used in drug-delivery systems can be divided 

into two types: soft NMs (lipid- or polymer-based) and hard 

NMs (often metals, metal oxides, or ceramics). Soft NMs have 

been widely applied in clinics for over a decade, and many 

new formulations are currently undergoing clinical trials.14  

In contrast, hard NPs are not being widely implemented in 

clinical settings despite their substantial scientific improve-

ments.15 Some current NP-based strategies for brain-targeted 

drug delivery are listed in Table 2. The preparation of a 

flake–shell microcapsule is illustrated in Figure 1.

Nanoscaffolds for neuroregeneration: application 
of NPs in neural tissue engineering (neural tissue 
regeneration)
A large proportion of the world’s population suffer from 

traumatic injuries to the brain and spinal cord, which lead 

to permanent disability and thus a significant global health 

burden. However, only a few effective treatments are avail-

able because the CNS is refractory to axonal regeneration 

and relatively inaccessible to most drugs.16 Nanoscaffolding 

is a medical process used for tissue regrowth, including limbs 

and organs. A nanoscaffold is a three-dimensional nanoscale 

structure composed of polymer fibers that allows damaged 

cell adherence and helps rebuild missing tissue. As the tissue 

grows, the scaffold is absorbed into the body and disappears 

completely.17 Advances in nanotechnology have increased 

the potential for axonal regeneration after a brain injury. As 

a new class of NMs, both single-walled carbon nanotubes 

(CNTs) and multiwalled CNTs (MWCNTs) have been 

increasingly used as scaffolds for neuronal growth and, more 

recently, for neural stem cell growth and differentiation.18 

CNT scaffolds have the ability to promote neuron growth, 

differentiation, and survival, and allow the modification of 

their electrophysiological properties.19 For example, the 

mammalian visual system model is a self-assembling peptide 

nanofiber scaffold designed by Ellis-Behnke et al20 and has 

the ability to regenerate axons at the site of an acute injury 

and knit the brain tissue together. Furthermore, a poly(l-lactic 

acid)/ammonium persulfate doped-polypyrrole composite 

fibrous scaffold with moderate conductivity produced by  

Table 2 examples of NP-based carriers for brain-targeted drug delivery

Category Indications References

Fullerenol-cytotoxic conjugates Antitumor neuroprotection 150–155
Polymeric NPs Gliomas glioblastoma 6, 154–158
PeG-coated NPs Gene therapy 159, 160
Transferrin-coated NPs Brain tumor 161
Polysorbate-80-coated NPs Brain tumor 162–164
Thiamine-coated NPs Brain cancer 165–167
Glutathione-coated NPs Brain cancer 168
Liposomal technology Brain cancer 168
Angiopep Antiepileptic, chemotherapeutics 169, 170
HSA NPs Antitumor, treatment of ehrlich tumors 171–173
α-Lactalbumin NPs Improvement of mood and cognition 174

Abbreviations: NP, nanoparticle; PeG, polyethylene glycol; HSA, human serum albumin.
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Yu et al21 can promote neuronal growth and neurite outgrowth 

in an intensity- and time-dependent manner when stimu-

lated with a moderate current intensity for an appropriate 

duration.

Nanoelectromechanical systems
NEMSs and microelectromechanical systems (MEMSs) 

are devices manufactured at the nanoscale and microscale, 

respectively. Such systems are typically composed of a 

variety of refined miniaturized electrical and mechanical 

apparatuses, such as actuators, beams, sensors, pumps, 

resonators, and motors.22 NEMSs and MEMSs are capable 

of monitoring mechanical and physiological variables, such 

as intracranial pressure, cerebrospinal fluid (CSF) pulsatil-

ity, weight load, and strain. Lee et al23 have investigated the 

feasibility of incorporating MEMS technology to develop 

microactuators that essentially clear away calcium deposits 

and cell debris from the catheter surface.

NPs in molecular imaging and CNS imaging
NPs can be conjugated with specific cell markers and 

antibodies, enabling the selective targeting of pathologi-

cal tissues. In fact, it has already been demonstrated that 

NP-enhanced imaging of the CNS at the subcellular level 

significantly increases the precision of localizing the intra-

cranial neoplasms.

As a widely used imaging technology, magnetic reso-

nance imaging (MRI) is playing an increasingly important 

role in the oncological imaging of the CNS. For in vivo brain 

imaging, the selection of contrast agents for MRI detection 

is critical because MRI is relatively insensitive to exogenous 

agents. Manganese-enhanced MRI (MEMRI), which uses 

manganese as a T1 contrast neural tracer for MRI, is increas-

ingly of interest for use in animal studies. Because high 

doses of manganese induce cellular toxicity, a critical issue 

for the eventual extension of MEMRI for use in humans is 

minimizing the dose required. Magnetic NPs (MNPs) have 

been proven to be outstanding contrast agents for MRI and 

excellent carriers for drug delivery.24 Superparamagnetic IO 

NPs (SPIONPs) and paramagnetic contrast agents, such as 

gadolinium or perfluorocarbons, have also been considered 

major players in tracking single or clustered labeled cells 

in target tissues.25 Positron emission tomography (PET) is 

another functional brain imaging tomography technique. 

Because of its high sensitivity in detecting molecular tracers, 

PET has become a powerful imaging modality in the diagno-

sis, therapy, monitoring, and imaging of the gene expression 

of diverse reporter genes and probes. For instance, labeled 

lipid NPs have been designed to study the in vivo distribu-

tion of liposome-encapsulated hemoglobin using PET.26 

Stockhammer et al27 utilized PET to target intratumorally 

injected MNPs in patients with glioblastoma.

Possible routes responsible for the transport of NPs to 

the CNS are 1) translocation to the lymphatic and circulatory 

system; 2) activity of the mucociliary escalator and subse-

quent oral exposure; and 3) translocation via nerves, such as 

the olfactory or trigeminal nerve.28 Among these potential 

pathways, the sensory nerve pathway, which initiates from 

the regions of the brain and terminates in the nasal cavity 

at the olfactory epithelium or respiratory epithelium, is the 

major route for the brain delivery of certain NPs following 

intranasal administration.29,30

Figure 1 Self-templating process for the formation of silica microcapsules with a thin flake–shell architecture.
Notes: Copyright © 2012 wILeY-vCH verlag GmbH & Co. KGaA, weinheim. Reprinted from Ji QM, Guo CY, Yu XY, et al. Flake–shell capsules: adjustable inorganic structures. 
Small. 2012;8(15):2345–2349.148 The flake–shell is formed by dissolving the silica nanoparticles on the outside and precipitation/aggregation of nanosheets in the surrounding area.
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The distribution of NPs in the brain is related to the 

mechanism of uptake to the brain, eg, via the olfactory nerve 

to the amygdala, via the trigeminal nerve to the trigeminal 

nucleus and thalamus, or via the BBB to different parts of the 

brain. After uptake, NPs can permeate into other parts of the 

brain by simple diffusion and then travel in the direction of 

the convection of the interstitial fluid and the CSF flow.31

Potential hazards of NPs to the 
CNS: nanoneurotoxicity
For the past several years, nanotechnology has benefited 

humankind in scores of ways. With its increasing use in 

many aspects of human life, the potential hazards of NMs 

have begun to garner greater attention.

The effect of the NPs on biosystems is determined by 

various factors. Particle size, shape, and ability to interact 

with the surrounding tissue greatly influence the toxicity of 

NMs. NPs may cause phagocytic cells to “overload”, lead-

ing to a defensive fever and reduced body immunity. NPs 

may be unable to degrade, and they may accumulate in the 

organs owing to their slow degradation rates. Because of their 

high surface area, NPs exposed to the organism will affect 

enzymes and proteins and may disturb biological processes 

in the body. Unlike other damaged tissues, neurons cannot 

be repaired via regeneration.32 Moreover, most drugs cannot 

pass the BBB into the brain, which makes it difficult to medi-

ate damage to neurons. Thus, a comprehensive and systemic 

evaluation of nanoneurotoxic effects is particularly important 

for reducing or preventing CNS damage.

An increasing amount of research on the toxicity of NPs 

is being carried out by researchers all over the world. Hirst 

et al33 concluded that the biodistribution and potential appli-

cations of CeO
2
 NPs are related to their hazard assessment. 

Silver NPs have been found to be transferred to the blood and 

distributed throughout the brain after subcutaneous injection 

in rats. Furthermore, swollen astrocytes, BBB destruction, 

and neuronal degeneration have also been observed in the 

same test rats.34 Ma et al35 reported that a high-dose admin-

istration of nanoparticulate anatase TiO
2
 could lead to brain 

injury and change some glias into filamentous shapes and 

others into inflammatory cells. The concentration of nanopar-

ticulate anatase TiO
2
 in the brain was highly correlated with 

the nanoparticulate anatase TiO
2
 dosages used. In a study by 

Wang et al36 the fatty degeneration of the hippocampus and 

brain lesions were observed in ICR mice after the injection 

of a nanosized TiO
2
 suspension via the gastrointestinal tract. 

Boyes et al37 suggested that the NPs could be 1) located in 

the luminal wall of brain microvascular endothelial cells or 

the pericytes, 2) located in the astrocyte foot processes, or 

3) maintained by the basement membrane.

In “Relationship between NMs and CNS dysfunction” 

section, we will review the possible relationship between 

NMs and CNS diseases and the possible mechanisms of 

nanoneurotoxicity.

Relationship between NMs and CNS 
dysfunction
An increasing number of people are reported to suffer from 

neurodegenerative diseases, such as Alzheimer disease (AD), 

Parkinson disease (PD), Huntington disease (HD), and pri-

mary brain tumors. The exact cause of these diseases is still 

unknown, but we suspect that NPs from both nanodrugs and 

environmental NP pollutants may play a role in aggravat-

ing these diseases.38 Although there is a lack of evidence 

regarding the relationship between NPs and CNS diseases 

in human studies to date, animal research suggests possible 

links. For example, Mirsattari et al39 reported a case of a 

71-year-old man who developed myoclonic status epilepticus 

and went into a coma after daily ingestion of colloidal silver 

for 4 months. High levels of silver were found in the plasma, 

erythrocytes, and CSF of the patient. Unfortunately, plasma-

pheresis was not effective in this patient, and he persisted 

in vegetative state until his death 5.5 months later. Silver 

products may induce irreversible neurologic toxicity, which 

is related to poor outcomes. Another study in mice indicated 

that TiO
2
 NPs accumulate in the mouse hippocampus by 

intragastric administration, leading to hippocampal apoptosis 

and impairment in spatial recognition.11 In vivo studies have 

shown that the neurotoxic effects of TiO
2
 NPs on mice are 

likely caused by the disturbed homeostasis of trace elements, 

enzymes, and neurotransmitter systems.40 In addition, silver 

NPs have been found to have the ability to induce damage 

to the BBB and astrocytes and cause neuronal degeneration 

in rats after subcutaneous injection.34

The impact of NPs on offspring is another concern 

because the CNS exhibits considerable plasticity in the early 

stage of life and could be significantly influenced by envi-

ronmental invasions encountered during the fetal period.41 

Unfortunately, studies have revealed that NPs entering the 

maternal body during gestation may harm fetal development 

through direct or indirect mechanisms. Even small amounts 

of particles in the maternal blood can translocate to the fetal 

compartment. Neurodevelopmental studies have observed 

that both male and female offspring exhibit differential 

phenotypes after prenatal insults by NPs. Furthermore, 

Hougaard et al42 found that the inhalation of TiO
2
 NPs led 
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to long-term lung inflammation in mating adult mice, and 

their offspring exhibited abnormal neurobehavior as a result 

of the gestational exposure to NPs.

One study showed that TiO
2
 NPs administered subcuta-

neously to pregnant mice translocated to the offspring and 

affected the genital system of the male offspring by reducing 

their daily sperm production. The cranial nervous system was 

also affected, and an increased number of apoptosis cells was 

observed in the olfactory bulb of the brain.43 A subsequent 

study by the same author showed that the mice fetuses that 

were exposed to TiO
2
 NPs prenatally exhibited an increased 

level of dopamine and its metabolites in the prefrontal cortex 

and neostriatum. This result highlights the possibility that 

prenatal exposure to TiO
2
 NPs might affect the development 

of the central dopaminergic system in mouse offspring.44 

Shimizu et al45 also found that maternal exposure to TiO
2
 

NPs influenced the expression of functional genes related to 

brain development in mice. Similar in vivo studies showed 

that prenatal exposure to TiO
2
 NPs affects the synaptic 

plasticity in the offspring’s hippocampal dentate gyrus area, 

revealing the hidden toxicity of TiO
2
 NPs in CNS. These 

findings indicate that the developmental brain is vulnerable 

to TiO
2
 NP exposure, especially during the lactation period.46 

In addition, Mohammadipour et al47 observed reduced hip-

pocampal cell proliferation and decreased spatial memory, 

inhibitory memory, and learning ability in rat offspring after 

the maternal administration of TiO
2
 NPs during pregnancy. 

In that study, rats were exposed to 100 mg/kg body weight of 

TiO
2
 NPs every day, which is equivalent to ~6,000 mg/60 kg 

of body weight for humans, far lower than the LD
50

 (dose 

required to kill 50% of a population of test animals) of TiO
2
 

for rats (12,000 mg/kg body weight) per the 1969 guidelines 

of the World Health Organization (WHO). Although this 

dose was less than the dose reported by the WHO, it still 

had side effects on the hippocampus. Therefore, long-term 

applications of NPs, such as the use of TiO
2
 NPs in pregnant 

women in dentistry, must be considered with great caution. 

NMs may harm not only the mother but also the offspring. 

This type of effect is serious and may last for a lifetime.

Possible mechanisms for NP 
neurotoxicity: nanoneurotoxicity
Because of their small size, NPs can easily reach the brain 

and are taken up by the brain cells, such as neurons and 

glia. The well-accepted mechanisms of NP uptake by cells 

include pinocytosis, endocytosis dependent on caveolae and 

lipid raft composition, clathrin-dependent endocytosis and 

phagocytosis.48 The intracellular sites of localization of NPs 

vary depending on the cell type and the uptake mechanism. 

NPs may enter the endothelial cell monolayer and accumu-

late along the endolysosomal pathway, affecting the normal 

morphology and function of the BBB itself. The intercellular 

interactions between NPs and biological molecules, such as 

DNA, proteins, and lipids, could have many consequences, 

including oxidative stress, conformational alteration, 

increased membrane permeability, mutations, signaling path-

way activation, ionic exchange disorder, enzyme failure, and 

new protein epitope exposure.49 After interacting with NPs, 

various mediators released from the microglia and astrocyte 

induce inflammation, apoptosis, and oxidative stress in the 

brain. Because nervous tissue regeneration is limited, most 

of the nerve damage is irreversible.28 From this perspective, 

it is critical to investigate the mechanisms of nanoneurotoxic-

ity, and an increasing number of studies are being conducted 

to discover the underlying mechanisms. The interaction 

between NPs and the biosystem is also determined by the 

type of NPs. Soft NPs, such as liposomes, and hard NPs, 

such as metal oxides, disturb the biosystem through different 

mechanisms. The possible mechanisms discussed in here are 

the most commonly proposed in the current literature and 

include oxidative stress, immune system dysfunction, and 

autophagy dysfunction.

Oxidative stress
Reactive oxygen species (ROS) are potentially highly reac-

tive molecules that contain an oxygen atom; examples include 

the superoxide radical (O
2
-) and H

2
O

2
.50 Under physiological 

conditions, ROS are present in every cell, being produced by 

the mitochondrial and cytoplasmic oxidation processes. A 

low to moderate ROS concentration is essential to maintain 

normal physiological processes. However, an excessive 

production of ROS induced by oxidative stress would be 

extremely damaging. The CNS is particularly susceptible to 

oxidative stress because of its high oxygen consumption, its 

weak antioxidative ability, and the terminal-differentiation 

feature of neurons.51 Oxidative stress has been established as 

a crucial contributor to acute-CNS-injury-related neurode-

generative diseases, such as DNA damage, which can impair 

the viability of cerebral cells.52 An increasing number of stud-

ies show that ROS play a critical role in neurodegenerative 

diseases, such as AD and PD. Moreover, ROS contribute 

to neuronal apoptosis, which is a key mechanism in brain 

development.53 Furthermore, ROS can regulate neuronal 

ion channels, kinases, and transcription factors.54,55 ROS 

generated from the NADPH oxidase 2 (Nox2) system also 

contribute to long-term memory dysfunction.56
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ROS are capable of inducing membrane damage that 

affects the structure and function of inner proteins, lipid 

denaturation, and structural alteration of DNA. DNA oxida-

tion is of the utmost concern because it can lead to mutations 

and alterations in gene expression. Due to the lack of DNA 

repair enzymes, mitochondrial DNA appears to be more 

susceptible to ROS-induced mutations. Protein oxidation 

may cause the aggregation of insoluble protein, which serves 

as the molecular basis of some diseases, especially neuro-

degenerative pathologies.57 There is an increasing amount 

of evidence indicating that NPs can cause cytotoxicity due 

to their large surface area, which is capable of inducing 

ROS, a key factor that generates cellular stress and disease 

pathogenesis.58 However, the impact of NP-induced ROS on 

the CNS is unclear. Several types of NMs, such as quantum 

dots and metal-oxide NPs, have been shown to cause the 

overexpression of intracellular ROS.59 NPs can provoke 

oxidative stress through multiple interactions, as reviewed 

in what follows (Figure 2).

One thing that needs to be stated is that since there is a lack 

of direct evidence between ROS generated by NMs and CNS 

toxicity, the possible ROS mechanism discussed here is hypoth-

esized by us based on current related studies in other organs.

Interaction of NPs with mitochondria
The mitochondria are the cellular energy house and play 

a significant role in all physiological and pathological 

processes via their ability to generate ATP. NPs of various 

sizes and shapes can accumulate in the mitochondria after 

interacting with cells. This accumulation can directly dam-

age the mitochondrial membrane and interrupt the respira-

tory chain function. As the latter is one of the main sites for 

ROS generation, any perturbation of this electron transport 

chain can result in increased ROS production.60–62 Oxidative 

stress and mitochondrial abnormalities have been reported 

to play a role in numerous neuropsychiatric disorders.63,64 

TiO
2
 NPs were shown to stimulate brain microglia to gener-

ate ROS and disturb the mitochondrial energy production.65 

Cellular alterations caused by TiO
2
 NPs, such as changes in 

the redox state, insufficient defense of antioxidant enzymes, 

and mitochondrial depolarization, may lead to cell apoptosis 

by activating apoptotic-signaling pathways.66 Siddiqui et al41 

observed a decrease in the mitochondrial membrane potential 

followed by an increase in the Bax/Bcl-2 ratio, suggesting a 

mediator role of the mitochondria in ZnO NP-induced apop-

tosis. Shimizu et al45 found that prenatal exposure to anatase 

TiO
2
 NPs altered the expression of genes related to brain 

Figure 2 Mechanisms of NP-induced ROS generation in cells.
Notes: NPs can provoke oxidative stress through multiple interactions: 1) the interaction of NPs with mitochondria leads to mitochondria dysfunction; 2) direct interaction 
occurs with cytoplasmic enzymes responsible for maintaining cellular redox potential, such as NADPH; 3) the activation of intracellular signaling cascades induces the 
formation of ROS; 4) degradation of the NP coating and core in the lysosomal environment leads to lysosome dysfunction, such as LMP; and 5) some metal-based NPs can 
generate ROS via Fenton-like reactions.
Abbreviations: NP, nanoparticle; ROS, reactive oxygen species; LMP, lysosomal membrane permeabilization.
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development, cell death, response to oxidative stress, and 

mitochondria in the brain during the prenatal period and the 

expression of genes related to inflammation and neurotrans-

mitters in the later stage. Furthermore, Huerta-Garcia et al67 

found that TiO
2
 NPs caused intense oxidative stress in both 

rat and human glial cells (C6 and U373 lines) by regulating 

changes in the cellular redox state and lipid peroxidation 

associated with a rise in the expression of glutathione peroxi-

dase, catalase (CAT), and superoxide dismutase 2 (SOD2). 

TiO
2
 NPs also induced morphology changes, mitochondrial 

damage, and increased mitochondrial membrane potential, 

indicating a cytotoxic effect of TiO
2
 NPs on glial cells. In a 

subsequent study, the mitochondrial depolarization observed 

in C6 and U373 cells led to caspase-3 activation, chromatin 

condensation, and apoptosis.68

The generation of mitochondrial ROS also plays a key 

role in several redox-associated signaling processes, such as 

the aging clock. Many studies have shown that mitochondrial 

integrity declines with increasing age.69

NP interaction with cytoplasmic enzymes that act 
in maintaining cellular redox potential
After cellular uptake, NPs can directly interact with the 

cytoplasmic enzymes responsible for maintaining cellular 

redox potential, such as antioxidant enzymes and NADPH. 

Free radicals are constantly generated in living cells and 

eliminated by antioxidant enzymes, which serve as the 

front line of defense against ROS in animal and plant cells. 

These enzymes include SOD, glutathione peroxidase, 

glutathione reductase, and CATs. Any damage to the anti-

oxidant enzymes will lead to an increased ROS level in 

cells. Few studies have demonstrated that NPs can reduce 

the activity of antioxidant enzyme. Freyre-Fonseca et al66 

found that cellular changes induced by TiO
2
 NPs included 

alteration in the redox state, reduction of the antioxidant 

enzymatic defense and mitochondrial depolarization, and 

activation of the apoptotic pathways. In addition, ceria NPs 

have been shown to be capable of altering brain oxidative 

stress indicators and antioxidant enzymes after intravenous 

administration in rats, demonstrating the ability of metal 

oxide NPs to produce neurotoxicity.70 In their recent study, 

Hardas et al71 found that cytoprotective Phase II antioxidant 

activities were inhibited in the rat hippocampus after a single 

systemic infusion of 30 nm nanoceria. A subsequent study 

found that both the SOD activity and CAT activity in the 

liver cells were downregulated after oral administration of 

purified and functionalized MWCNTs suspended in water.72 

Reduced SOD and CAT activity have been observed in the 

digestive glands of mussels in Mytilus galloprovincialis after 

exposure to 10 µg/L Cu in the form of CuO NPs and Cu2+ 

for 15 days.73 Furthermore, nanoiron induces a decrease in 

the SOD level and increases the malondialdehyde level in 

a dose-dependent manner in the medaka embryo. In adult 

medakas, a damaged antioxidative balance occurs during the 

early exposure period, as indicated by monitoring the hepatic 

and cerebral SOD and reduced glutathione.74

ROS were once thought to originate nearly entirely from 

the mitochondrial metabolism. However, increasing evidence 

has demonstrated that cellular enzymes, such as NADPH 

oxidase, are also important sources of ROS in humans.75 

Wilhelmi et al76 demonstrated that ZnO NPs are able to 

trigger p47phox NADPH oxidase-regulated ROS formation 

in macrophages and induce rapid nuclear condensation, 

DNA fragmentation, and the formation of hypodiploid DNA 

nuclei and apoptotic bodies in the murine macrophage RAW 

264.7 cell line.

Interestingly, in Culcasi et al77 after micromolar doses of 

nano-CeO
2
 were applied to human fibroblasts, the membrane 

NADPH oxidase activation occurred. The cytotoxic effects 

may be caused by the activation of both the mitochondrial 

and Nox2- and Nox4-dependent NADPH oxidase complexes. 

These studies also suggest that the specific inhibition of 

ROS-producing enzymes may be a new approach promising 

clinical efficacy in treating ROS-related disease (eg, cardio-

vascular and neurodegenerative diseases), especially because 

the current widespread use of antioxidant supplementation 

has proven largely ineffective in treating diseases caused by 

a surplus of ROS.57

Although oxidative stress caused by NMs was thought 

to be the main mechanism for NMs toxicity in different cell 

models, the exact role of ROS formation and degradation dys-

function in CNS toxicity caused by NMs is still unclear.

Activation of intracellular signaling cascades induces ROS 
formation
Interactions between NPs and cell surface receptors acti-

vate intracellular signaling pathways that induce ROS 

generation.78 ROS produced by NPs in the cellular environ-

ment lead to the activation of stress-dependent signaling 

pathways, such as mitogen-activated protein kinase (MAPK) 

or IκB kinase, which ultimately alters the gene expression of 

the antioxidant response element by activating transcription 

factors, such as AP-1, NF-kB, or Nrf2, and finally leads to 

ROS overproduction. Jeong et al79 showed that ROS acti-

vated the extracellular signal-regulated kinase (ERK) of 

MAPK pathways. The upregulation of Egr-1 expression was 
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observed following ZnO NPs stimulation. This upregulation 

can be inhibited by an ERK inhibitor. In addition, antioxida-

tive N-acetyl-cysteine strongly inhibited the level of Egr-1 

and phosphorylated ERK expression in ZnO NP-treated 

cells. Exposure of primary cultured astrocytes cells to ZnO 

NPs leads to the phosphorylation of c-Jun N-terminal kinase 

(JNK), ERK, and p38 MAPK. Moreover, JNK inhibitors 

(SP600125) significantly reduce ZnO NP-induced cleaved 

PARP and cleaved caspase-3 expression, whereas ERK 

inhibitors (U0126) and p38 MAPK inhibitors (SB203580) do 

not, indicating the involvement of the JNK signaling pathway 

in ZnO NP-induced apoptosis in primary astrocytes.80

Long-term exposure to TiO
2
 NPs could lead to the 

disturbance of both mitotic progression and chromosome 

segregation via the ERK signaling and production of ROS. 

The proposed direct action of AgNPs on membrane recep-

tors and subsequent ROS generation and the activation of 

signaling pathways involving various protein kinases were 

recently reviewed.81 Although these NPs have different 

chemical patterns and differentials activities, their ability 

to activate pathways, nuclear factors, and specific genetic 

programs are directly or indirectly determined by the level 

of ROS production outside or inside the cell.82

The surface of NPs and their specific chemical com-

pounds make it easy to adsorb specific biological compounds, 

especially proteins, resulting in a form of dynamic entities 

called a protein corona.83 This corona plays a crucial role 

in the uptake and may also trigger the activation of specific 

signaling pathways in relation to ROS generation.

NP coating and core degradation in the lysosomal 
environment
Once taken up by the cell, NPs can be internalized into the 

lysosome and can disrupt the phospholipid bilayers, result-

ing in an increased lysosomal membrane permeabilization 

(LMP). Digestive enzymes (eg, caspases, calpains, and 

cathepsins) are ultimately released into the cytosol through 

the highly permeable membrane. Oxidative stress caused 

by NPs can also damage the lysosome membrane, which 

further amplifies the stress signal through these digestive 

enzyme regulators, leading to DNA fragmentation and 

apoptosis. Furthermore, high intracellular calcium levels 

caused by NPs may also serve as an alternative mechanism 

for the activation of these mechanisms.84 Domenech et al85 

found that IO MNPs are capable of inducing lysosome LMP 

in cells. Yang et al86 used both acridine orange staining and 

transmission electron microscopy (TEM) images to confirm 

that the accumulation of carbon nanohorns (CNHs) in the 

lysosomes induced LMP. The immunofluorescence data 

also indicated that after LMP, the lysosomal components, 

such as cathepsin D, were released to the cytosol, resulting 

in further oxidative stress and lysosomal disruption through 

an amplifying loop process.

The degradation of the NM coating and core in the lyso-

somal environment can also directly induce ROS produc-

tion via any by-products created or the presence of a bare 

(reactive) NP surface in an acidic environment. During the 

degradation process of iron NPs, cytoplasmic iron levels 

are increased by the release of iron from late endosomes 

and lysosomes through the divalent metal transport channel. 

The reactive species generated by the release of ferric iron 

can greatly damage cell functionality. Fullerenic NPs often 

accumulate in the lysosomes after internalization in cells. 

The acidic environment of lysosomes has a significant but 

temporary effect on the size distribution of fullerenic NPs, 

which means that the aggregated C
60

(C(COOH)
2
)

2
 NPs may 

be easily dispersed into single molecules or smaller aggre-

gates. These single molecules or smaller aggregates may 

insert themselves into the lysosomal membranes.87

Until now, few studies on degradation of the NM coating 

and core in the lysosomal environment were carried out on 

brain cells. More study is needed to test this hypothesis in 

brain cell models in the future.

Direct ROS-generating NPs
Direct ROS-generating NPs can release redox-active metal 

ions (eg, Fe2+) that participate in ROS-generating reactions 

(eg, Fenton reactions). Fenton and Fenton-like reactions com-

prise reactions between metal ions or metal complexes and 

hydrogen peroxide. During this process, ROS are believed 

to be generated when the ROS-generating NPs react with 

cellular macromolecules and induce oxidative stress.88 The 

toxicity of metallic NPs, including Zn, Ti, Si, Fe, and Ce, 

has been characterized by increased ROS generation and 

oxidative stress and apoptosis.89–91 ROS production medi-

ated via NP–cell interactions involves various mechanisms, 

including immune cell activation, mitochondrial respiration, 

and the NADPH oxidase system. In addition to ROS, NPs 

also arbitrate reactive nitrogen species-mediated injury. 

Given their chemical reactivity, metal-based NPs induce 

the oxidative disruption of cellular macromolecules, such 

as proteins, lipids, and DNA, via Fenton-type and Haber 

Weiss-type reactions.92

The most important effect of NPs on mammalian 

cells is oxidative stress. The enhanced generation of ROS 

affects the mitochondrial respiratory chain and increases 
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the amount of unfolded and misfolded proteins in the 

endoplasmic reticulum, inducing endoplasmic reticulum 

stress and unfolded protein response. Both these types of 

cellular damage lead to further ROS generation, DNA dam-

age, and activation of signaling, resulting in the activation 

of various cell type-specific pathways for inflammation, 

apoptosis, or necrotic death.93 As most of the manufactured 

NPs have ability to generate ROS in cells, it is critical to 

maintain a balance between their favorable functions and 

adverse effects.

Immune mechanism
Once NPs enter the CNS, they immediately encounter a 

complex environment of resident microglial immune cells 

and neurons. Microglia, accounting for ~20% of the glial cells 

in the brain, are a type of glial cells, which are the resident 

innate immune cells in the brain and the predominant regu-

lators of neuroinflammation.94 As macrophages located in 

the CNS, the microglial cells are the most likely to respond 

when NPs enter the brain. Once activated, they are able 

to change in form and function. Choi et al95 observed the 

microglial uptake of silica-based NPs (SiNPs) using TEM 

and fluorescence confocal microscopy. The results demon-

strated that low levels of SiNPs are able to alter microglial 

function by changing the expression of proinflammatory 

genes and cytokine release. The surrounding neurons were 

also affected. Nerve pathology and clinical studies have 

shown that the activation of microglia plays a critical role in 

neurodegenerative diseases, such as PD, multiple sclerosis, 

and AD. The appropriate response of microglia to various 

stimuli is thought to be necessary to maintain normal brain 

function; however, excessive and chronic activation can lead 

to neurotoxicity, such as the initiation and/or amplification of 

neuronal disruption. Excessively activated or uncontrollable 

microglia can cause nerve toxicity by inducing proinflam-

matory factors, such as interleukin-1β, tumor necrosis factor 

(TNF)-α, prostaglandin E2, and interferon-γ. Gualtieri et al96 

found that various nanosized organic carbon particles induced 

cytotoxic and proinflammatory effects on the in vitro systems 

with A549 (epithelial cells) and BEAS-2B (bronchial cells) 

cells by releasing proinflammatory interleukins 8 and 6. 

Both TiO
2
 NPs and hydroxyapatite (HAP) NPs can induce 

marked inducible nitric oxide synthase expression, resulting 

in nitric oxide release from the microglia after direct exposure 

to NPs.97 The expression levels of monocyte chemotactic 

protein 1 (MCP-1) and monocyte chemotactic protein 1α 

(MCP-1α) are also upregulated by TiO
2
 NPs and HAP NPs, 

suggesting that the NPs stimulate microglial activation 

and subsequently lead to the release of proinflammatory 

factors, which ultimately cause PC12 cell dysfunction and 

cytotoxicity.97

Apoptosis and autophagy dysfunction mechanism
Autophagy, a highly regulated cellular process for eliminat-

ing long-lived proteins and damaged organelle components 

via the lysosomal mechanism, has received considerable 

attention. Increasing evidence shows that autophagy altera-

tions may lie at the root of neurodegenerative diseases, such 

as AD, PD, and HD.98,99 Moreover, neurodegeneration and 

an elevated level of protein aggregation have been detected 

in mice with neuron-specific knockdown of key autophagy 

proteins (ie, Atg5, Atg7, and beclin-1).100 The cell autophagy 

process can be induced by various forms of stress, such as 

interactions with various types of NPs. Thus, NPs are con-

sidered a novel class of autophagy inducers.101 A growing 

number of reports have confirmed that NPs can induce and 

modulate autophagy in different cells. The autophagy pro-

cess is induced by uncoated and oleic acid-coated IO NPs, 

SiNPs, TiO
2
 NPs, and polymeric NPs in human brain-derived 

endothelial cells. This process has been found to be corre-

lated with an increase in DNA strand breaks and defensive 

mechanisms.102 In addition, Roy et al103 found that ZnO NP 

exposure induced oxidative stress in macrophages and initi-

ated autophagy and apoptosis simultaneously, suggesting 

that autophagosomes may be a cellular defense mechanism 

against oxidative stress. Moreover, autophagy induced by 

ZnO NPs followed a PI3K/mTOR/Akt signaling cascade.

According to the current literature, NPs induce autophagy 

in two ways: NP-mediated ROS-dependent autophagy and 

NP-mediated lysosome-dependent autophagy. Among these 

mechanisms, ROS-modulated autophagy is thought to play 

a key role in NP-induced autophagy.

As noted above, the interactions between NPs and intra-

cellular molecules can lead to the overgeneration of ROS, 

which can damage the entire cytoplasmic environment, 

including organelles, proteins, and lipids. These alterations 

in the cytoplasm activate the process of autophagy in an 

attempt to manage this stressful situation by the removal of 

the corresponding components, typically the mitochondria. 

As mitochondria are the major source of ROS and are also 

sensitive to ROS-induced damage, they are seen as the 

main regulators of ROS-induced autophagy.104 Interruption 

of the autophagy process by genetic knockdown results in 

the accumulation of dysfunctional mitochondria as well as 

the accumulation of ROS. Lee et al62 provided a potential 

relationship between NM-induced autophagy blockade and 
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oxidative stress. NM-induced autophagy blockade may 

also be involved in NM-associated inflammation, as there 

is evidence that autophagy plays a key role in negatively 

regulating the NOD-like receptor containing pyrin domain 3  

(NLRP3) inflammasome.105

Because the majority of NPs enter cells through endocy-

tosis, lysosomes are also frequently a target for their toxicity. 

NPs can cause lysosomal dysfunction by alkalization of the 

lysosomal lumen, NP overload, or cytoskeleton disruption.106,107 

This dysfunction can indirectly upregulate autophagy as a 

mechanism for the cell to compensate for insufficient degra-

dative capacity.108 The signaling link between the lysosomal 

sensing of stress and autophagy is affected by the transcrip-

tion factor EB (TFEB), a main regulator of the coordinated 

lysosomal expression and regulation network. TFEB is a 

molecule proven to play an important role in cellular deg-

radative processes. TFEB is able to reduce neurofibrillary 

tangle pathology, rescue behavioral and synaptic deficits, and 

effectively compensate for neurodegeneration in the rTg4510 

mouse model of autopathy.109 Based on these studies, Stern 

et al107 proposed that autophagy and lysosomal dysfunction 

may be emerging mechanisms of NM toxicity (ie, NP-mediated 

lysosome-dependent autophagy). Autophagy can play dual 

roles in cell survival after interaction with NPs: autophagy can 

play a cytoprotective role or a cytotoxic role under different 

conditions. It has gradually been revealed that autophagy and 

apoptosis are interconnected at several levels. Dysfunctions of 

autophagy, including both overstimulation and understimula-

tion, lead to cell apoptosis or necrosis.110 Cell death is a dynamic 

phenomenon, and multiple cell death types are often observed 

within the same cell.111 Autophagy and apoptosis are often 

simultaneously detected upon treatment with NMs (Figure 3 

shows the mechanistic steps of NP-induced autophagy). Freyre-

Fonseca et al66 reported that cellular changes induced by TiO
2
 

NPs, including alteration in the redox state, reduced antioxidant 

enzymatic defense ability, and mitochondrial depolarization, 

can activate apoptotic pathways. Márquez-Ramírez et al112 

found that glial cells exposed to TiO
2
 NPs exhibited apoptotic 

death. Furthermore, TiO
2
 NPs at a concentration above 1 µg/mL 

have been shown to cause cell death in human astrocytes-like 

astrocytoma U87 cells.113 Different concentrations of TiO
2
 

NPs decreased the cell viability of PC12 cells after different 

NPs

TFEB

Lysosome

Autolysosome

Cell survival Cell death

Atg increase

Nuclear

Autophagosome

Mitochondrial
dysfunction

ROS increase

Figure 3 Overview of the mechanistic steps of NP-induced autophagy.
Notes: NPs induce autophagy in two ways: ROS-dependent autophagy and lysosome-dependent autophagy. During autophagy, a phagophore is created and it then elongates 
into a double-membrane autophagosome while sequestering cytoplasmic material. This autophagosome then fuses with a lysosome, resulting in an autolysosome. The 
enzymes present in the autolysosome lumen eventually degrade the inner membrane and autophagic cargo, thus providing macromolecules that can be transported into 
the cytosol via permeases. TFeB is a transcription factor that translocates to the nucleus upon activation (similar to dysfunction of the lysosome), where it promotes the 
transcription of the lysosomal and autophagic genes. Proper stimulation will help cells survive; however, under- and overstimulation of autophagy will lead to cell death.
Abbreviations: NP, nanoparticle; TFeB, transcription factor eB; ROS, reactive oxygen species; Atg, autophagy protein.
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exposure times, leading to the intracellular accumulation of 

ROS and apoptosis. Similar toxic effects have also been found 

in brain microglia cells (BV2).114,115

Autophagy is the only cell process able to degrade large 

components; therefore, NPs may be processed by cells using 

autophagy (Figure 4 shows ZnO NPs triggering autophagy). 

NP-mediated autophagy may be an adaptive cellular response 

facilitating the degradation and clearance of NPs, but may 

also cause harmful cellular dysfunction. The physicochemical 

and biochemical properties of the NPs, such as their surface 

properties, charge, size, and adsorption of biological com-

ponents, are important factors mediating their interactions 

×

×

×

×× ×

Figure 4 ZnO NPs trigger autophagy.
Notes: (A) TeM images of autophagosomes and cellular structures in macrophages treated with ZnO NPs. Black arrows point to ZNP clusters. Autophagosome formations 
in ZnO NP-treated cells are indicated by red arrows. High-magnification view of a large autolysosome containing clusters of ZnO NPs and cellular debris. Nuclei of the 
treated cells also contain large numbers of dense ZnO NPs. (B) Detection of autophagic vacuoles in macrophages at different time points (control, 0.5, 3, 6, 12, and 24 hours 
[h]), treated cells and rapamycin (positive control)-treated cells. (C) Autophagic flux in macrophages under ZnO NP exposure measured by staining with LC3-FITC antibody 
and assessed by a fluorimeter. Reprinted from Toxicol Lett; 227(1), Roy R, Singh SK, Chauhan KS, Das M, Tripathi A, Dwivedi PD, Zinc oxide nanoparticles induce apoptosis 
by enhancement of autophagy via PI3K/Akt/mTOR inhibition, 29–40, Copyright © 2014 with permission from elsevier Ireland Ltd.103

Abbreviations: ZnO NPs, zinc oxide nanoparticles; TeM, transmission electron microscopy; FITC, Fluorescein isothiocyanate isomer I.
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with cells, including autophagy.58,116 We will review how the 

properties of NPs affect their interaction with different cells 

in “Key factors influencing the neurotoxicity of NMs”.

Activated cell-signaling pathways
NPs can destroy or travel through the cellular membrane into 

the cell. Concomitant with ROS, NPs can change the con-

figuration and conformation of biological macromolecules 

(including membrane lipid, protein, and nucleus), resulting 

in their corresponding dysfunction. Certain cell-signaling 

pathways can be activated upon NP interactions, such as the 

proinflammatory cytokines referred to as MAPK and nuclear 

factor-κB cascades. The proposed direct action of AgNPs on 

membrane receptors and the subsequent ROS generation and 

activation of signaling pathways involving various protein 

kinases were recently reviewed by Marano et al.81 Wang 

et al80 demonstrated that ZnO NP-induced oxidative stress 

activates the JNK signaling pathway, compromising the 

integrity of cellular membranes and leading to the apoptosis 

of astrocytes. Furthermore, exposure to TiO
2
 NPs through 

intranasal administration has been shown to lead to the acti-

vation of HO-1 through the p38-Nrf-2 signaling pathway in 

mice, subsequently leading to ROS accumulation; the oxida-

tion of lipids, proteins, and DNA; and brain injury.117

Key factors influencing the neurotoxicity of NMs
The physicochemical and biochemical properties of NPs 

are important factors mediating their interactions with cells, 

including cell-stress reactions and the biological character-

istics of particular cells. Moreover, dosage, mode of admin-

istration, and exposure time are key factors that affect the 

severity of toxicity induced by any given NP.118 Many data 

show that cellular uptake pathways, subcellular processing 

mechanisms, and cytotoxicity are determined by particle 

surface properties. Here, we will review the key factors 

affecting the toxicity of NPs in the CNS.

Size
The toxic behaviors of NPs differ from those of their bulk 

counterparts.119 NP-induced cytotoxicity against tissue cells 

is strongly influenced by the size of the particle; thus, the 

particle size should be taken into careful consideration in the 

design of NPs for biomedical uses. Smaller AgNPs (10 nm 

size) have been found to be more toxic than larger AgNPs 

(50 and 100 nm) in inducing necrotic cell death in PC12 

cells.120 Sharma et al121 showed that small NPs induced more 

pronounced BBB breakdown, brain edema formation and neu-

ronal injuries, glial fibrillary acidic protein upregulation, and 

myelin vesiculation in young animals compared to controls. 

These studies suggest that the effect of NPs on neurotoxicity 

is inversely related to the size of the NPs. Serious attention 

should be paid to the physicochemical characteristics of NMs 

when assessing their neurological effects.

Shape
Compared to the numerous studies addressing the effect 

of various types of NPs on cell functions, very few reports 

address the effect of NP shape on cellular function. Differ-

ent shapes of the same NM can potentially induce different 

cellular responses by nonspecific uptake into cells.122 Using 

spherical and rod-shaped mesoporous silica NPs (MSNPs), 

Meng et al123 showed that the aspect ratio differences in the 

MSNPs could be sensed by HeLa and A549 cells through an 

active sensing mechanism. The rate and abundance of MSNP 

uptake by the macropinocytosis process were determined by 

the aspect ratio of the rod-shaped MSNPs. Particle morphol-

ogy has been thought to play a crucial role in both cellular 

interactions with NPs and the systemic distribution of NPs.

HAP NPs are widely used as a bone-filling material in 

the maxilla and mandible. Needle-shaped and short rod-

like HAP NPs have been found to induce greater cellular 

injury in primary cultured rat osteoblasts than spherical and 

long rod-like HAP NPs by inhibiting growth and activating 

apoptosis.124 Thus, the shape of the HAP NPs may have a 

significant effect on the apoptotic level, which may be attrib-

uted to the mechanical stresses on the cell surface caused by 

the particle–cell interactions.116,125

Mesoporous materials are beginning to be utilized in bio-

medical applications due to their high Brunauer, Emmett and 

Teller surface area and large pore volume. Long rod-shaped 

MSNPs induce greater cell apoptosis than short rod-shaped 

and spherical MSNPs with similar diameters, suggesting that 

the shape of NPs influences the uptake of NPs by cells via 

cell endocytosis.126

Charge
Recent studies have shown that the charge of NPs greatly 

affects their cellular uptake in vitro.127 Because of the 

electrostatic attraction between the cell membrane and 

positively charged NPs, particles with positively charged 

surfaces are more easily adsorbed onto the cell surface and 

accumulated inside the cells than their negatively charged or 

neutral counterparts.128 For small NPs (2 nm), for example, 

a positive charge can interfere with the cell membrane 

potentiality, leading to Ca2+ influx into cells and inhibiting 

cell proliferation.129
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Relative to anionic and neutral NPs, cationic NPs have 

been shown to have higher ROS-associated toxicity.130 

Negatively charged NPs do not easily adhere to cell surface 

because of the repulsion with the negatively charged cell 

membrane and thus were once considered to be nontoxic. 

However, a recent study showed that even negative NPs can 

induce a small amount of toxicity in their interactions with 

membrane proteins or lipid raft structuring transmembrane 

proteins or channels.131 Membrane potential and membrane 

integrity are considered to play crucial roles in proper signal-

ing in neuronal cells. A disturbance in membrane potential 

and membrane integrity could be induced by charged NPs, 

which may have a remarkable effect on the normal func-

tion of the CNS and thus seems to be one of the causes of 

neurotoxicity.

Surface modification
For clinical applications, NPs must have the ability to 

disperse in water and other hydrophilic media. Surface 

modification can be used to prevent the aggregation of NPs 

and improve the compatibility of NPs with solid matrices or 

biological environments. Surface modification is considered 

one of the most effective ways of controlling and modulat-

ing cellular interactions with NPs and thus their biological 

consequences. Surface modification can rescue or even 

reverse the biological consequences of NPs. For example, 

sulfur atom affinity is widely used in the surface modifica-

tion of noble metal NPs. Thiol-capped noble metal NPs are 

synthesized by reducing noble metal ions in the presence 

of thiol. While the reduced noble metal atoms aggregate to 

form NPs, thiol molecules attach on the surface of NPs to 

passivate the growing surface and minimize aggregation.132 

Compared to unmodified fullerene NPs, which can generate 

ROS to damage cells, surface-modified fullerene NPs can 

selectively enter oxidized cerebral microvessel endothelial 

cells and protect these cells by attenuating ROS-induced 

cellular damage, such as F-actin depolymerization.133,134 

Nanocrystalline TiO
2
 is widely applied in biomedical ceram-

ics and implant-related biomaterials that are translocated 

into the murine brain, induce pathological lesions to the 

hippocampus, and alter neurochemical levels in the brain 

after intranasal instillation.135,136 However, the neurotoxic-

ity of nanocrystalline TiO
2
 could be affected by surface 

modification. For example, compared with hydrophobic 

NPs, hydrophilic nanocrystalline TiO
2
 NPs exhibit a greater 

influence on the 5-HT and 5-HIAA monoamine levels in the 

subbrain regions.137 Sousa et al138 modified the 15 nm gold 

NP surface by coating with functional polyelectrolyte layers 

and human serum albumin and found that the modified gold 

NPs were able to pass the BBB and accumulate in neuronal 

or glial cells in specific regions close to the brain stem.

These studies show that the physicochemical modifica-

tion of NMs can influence or even reverse their mammalian 

neurotoxicity. Other important factors include the “protein 

corona”, chemical characteristics, metal impurities, and 

degradation properties.

Aggregation and dispersion
The aggregation and formation of a protein corona in the 

extracellular environment alters the size, shape, and surface 

properties of particles, giving them a “biological identity” 

that is different from their initial “synthetic identity”. Inter-

estingly, the subsequent interaction between NPs and cells 

is not determined by their “synthetic identity” but by their 

“biological identity”.139 Relative to organic NPs, inorganic 

NPs are more susceptible to aggregation in biological 

environments. Sadhukha et al140 examined the effect of 

aggregation on NP-induced magnetic hyperthermia. Well-

dispersed SPIONPs were found to induce less apoptosis 

than submicron size aggregates, with the latter causing 

rapid membrane damage and acute cell death. Their results 

suggested that the aggregation state of SPIONPs largely 

determined the extent and mechanism of hyperthermia-

induced cell death.

In a complex nonlinear paradox, lower doses of NPs can 

sometimes increase, rather than decrease, the toxicity of a 

given source material as a function of the surface properties 

of the particles themselves. That is, higher concentrations or 

doses can favor NP agglomeration in the absence of surface 

modifications to prevent spontaneous agglomeration due to 

close physical interactions of highly reactive NPs in concen-

trated colloidal liquids.141 The resultant nanoaggregates as a 

whole can then hide or quench the originally hyperreactive 

surfaces of their smaller NP “parts”.142 Consequently, the 

specific larger agglomerated NP form is less toxic at a higher 

concentration than a lower dose of smaller but well-dispersed 

NPs, eg, NPs of PbS or copper.143

Limitations of the current research 
and future prospects
The mechanism of NM nanotoxicity is still not clear; for 

example, many studies attribute it to oxidative stress or 

ROS, but some NMs, such as CNT fullerene, are very good 

free radical scavengers and antioxidants. Therefore, the 

mechanism of nanotoxicity is still an important topic for 

future research.
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A lack of common standards is one of the limitations of 

the current studies of NP cytotoxicity. Different cell lines, 

exposure times, and colorimetric assays are used in different 

studies, which make it difficult or even impossible to com-

pare cytotoxic effect among these results. No single method 

meets all conditions for obtaining information on NP cyto-

toxicity. Because different NPs exhibit different biological 

responses, a combination of assays is often suggested to study 

the mechanisms underlying cytotoxicity. A set of sensitive 

cell lines would also be required to accurately identify NM 

cytotoxicity.144

Another limitation is that the NP dose used in in vitro 

studies often exceeds a realistic relevant dose. Moreover, 

these in vitro models cannot accurately reproduce various 

cellular interactions present in the body. Therefore, it is dif-

ficult to predict the toxicological behavior of NPs in living 

organisms by in vitro models alone.145,146

There are still many unanswered questions concerning 

nanoneurotoxicity. For instance, after bypassing the BBB, 

where do NPs go? How do they leave the brain? The degrada-

tion of NP coatings and NP cores inside the cell environment 

is an important issue that deserves serious consideration 

when designing safe and functional NMs. No results have 

been reported on this issue to date.

When NPs enter the body, the surface properties of NPs 

may change by adsorbing proteins from biological fluids 

(such as blood, plasma, or interstitial fluid), leading to a 

distinct new epitope, for example, protein corona exposure in 

the biological microenvironment. Furthermore, serum protein 

binding to the NPs can alter the surface charge and accelerate 

the cellular uptake of NPs through receptor-regulated endo-

cytosis. However, so far, studies addressing the cell surface 

protein corona interactions with NPs remain limited.

Data regarding the distribution of metal-based NPs in 

the brain parenchyma are scarce, including data regarding 

the disruption of the BBB and adverse brain alterations 

caused by metal-based NPs. The effects of the persistence 

of poorly soluble metal-based NPs are of particular con-

cern, and few studies have considered the effect of NPs 

on the CNS.147

Summary
The rapid pace of breakthroughs in nanotechnology prom-

ises great improvements in the diagnosis and treatment 

of brain disease. However, the risk of danger from these 

breakthroughs increases with their potential benefit. The 

scientists and engineers who conduct nanoscale research have 

the responsibility of considering the public safety aspects of 

their research and acting to protect society when necessary. 

When considering the clinical use of a nano-based product, 

doctors should evaluate the risk/benefit ratio and minimize 

the dose prescribed.
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