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ABSTRACT
In the last two decades, nanotechnology has acquired a new dimension in medicine and healthcare. Applications 
of nanotechnology to neurology complement other approaches for the research, diagnosis and treatment of the 
neurological diseases/disorders (nanoneurology). The clinical challenges imposed by the central nervous system 
(CNS) and the obstacles faced by anything designed to target and interface with CNS are a result of its unique 
anatomophysiology. In this context, we can mention the possibilities of nanoparticles (drugs, contrast agents) to 
cross through blood-brain-barrier. Once entered in CNS, the nanoparticles need to selectively target its intended 
cells or ligands and only then carry out its primary functions. A promising area that has seen marked progress in-
volves nanoengineered technologies for imaging anatomofunctional structures and for tracking transplanted stem 
cells and related applications with high effi cacy and at high spatial resolutions. Several “nano” formulations are 
being investigated as potential carries for drug of various classes to treat the neurological diseases (e.g.: demye-
linating, degenerative, stroke, epilepsy). Other potential future applications of nanotechnology include the use of 
nanoengineered functional scaffold systems for promoting neural regeneration following both acute and chronic 
neurological injury. Applications of nanotechnology to neurology and to neuroscience more broadly, represent 
emerging next-generation basic research, diagnostic and therapeutic tools.
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DEFINITIONS

Nanoneurology is part of nanomedicine/nanoneu-
roscience and represents the ensemble of the nano-
technologies used for research, diagnosis and thera-
py of neurological diseases/disorders (1-4). 

Nanomedicine is defi ned as the application of 
nanotechnology in medicine. Its broad scope cov-
ers the use of nanoparticles, nanodevices and nano-
systems in health-care. Safety, ethical and regula-
tory issues are also included (1-4).

Nanoneuroscience is a new discipline that 
bridges neuroscience and nanotechnology by con-
currently addressing the fundamental goals of these 
two separate fi elds (1-4).

Nanotechnology (molecular engineering) is an 
emerging interdisciplinary area of science and en-
gineering, which utilize materials, devices and sys-
tems through the control of matter on the nanome-
ter-length scale at the level of atoms, molecules and 
supramolecular structures (dimensions from 1 to 
100 nm, where unique phenomena enable novel ap-

plications). Nanotechnology involves imaging, 
measuring, modelling and manipulating matter at 
the nano length scale. Nanotechnology is important 
in medicine mostly because of increasing costs of 
healthcare and the demand for less invasive/more 
effi cient medical procedures (1-4).

Nanotheranostics is the integration of nanodiag-
nosis (e.g.: molecular diagnostic) and nanotherapy 
(e.g.: targeted drug delivery) in one system using 
the benefi ts of nanotechnology. Nanotheranostics is 
extremely attractive for personalized medicine (5, 
6,28).

Nanoparticles (NPs), named also nanocarriers, 
are defi ned as objects in the 1-100 nm range being 
used as a transport module for another substance 
(e.g.: contrast agents, drugs). The unique physico-
chemical properties of NPs fi nd practical applica-
tions in many disciplines of medicine, including 
neurology. NPs are categorized into following plat-
forms: a) nanopolymers (e.g.: colloidal semi-con-
ductor nanocrystal surrounded by polymer shell – 
quantum dot); b) nanoscaffold (three-dimensional 
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structure composed of polymer fi bres); c) micelles 
(an aggregate of surfactant molecules dispersed in 
liquid colloid); d) liposomes (e.g.: liposomal-based 
gadolinium); e) peptides/proteins-based nanoparti-
cles; f) metal complexes (e.g.: gadolinium-based 
endohedral metallo-fullerenes, iron oxide, silver, 
gold, platinum, yttrium and cerium nanoparticles); 
g) carbon platforms (e.g.: nanodiamonds, carbon 
nanotubes); h) dendrimers (e.g.: pegylated den-
drimers) (7-17b, 43).

Nanotechnology for neurophysiological studies
Nanoscale devices incorporating silicon nanow-

ires, carbon nanotubes and nanotransistors are used 
to record electrical activity from neurons. The nano-
electrodes have the following particular possibili-
ties: a) recording from smaller structures; b) record-
ing in vivo from more cells with less volume 
displacement; c) recording intracellular electrical 
activity from thousands of neurons simultaneously 
without perturbing their physiological properties 
(non-invasive); d) existence of intimate contact be-
tween cell and nanoelectrode simplifi es signal source 
attribution (one electrode for one neuron) (18-20).

Microelectrode arrays can be used for in vivo 
monitoring of neuro-transmitters (21,22).

There are two general recording confi gurations: 
a) cell-penetrating electrodes; b) cell-engulfed 
electrodes. For both types of electrodes the crucial 
benefi t is to control the interaction of the recording 
device with the cell, specifi cally the cell membrane 
(23-25).

Nanotechnology for neuroimaging
Ideal imaging contrast agents would exhibit: a) 

high binding affi nity for the target; b) specifi c up-
take; c) retention in the target; d) rapid clearance 
from non-target tissue; e) adequate capillary perme-
ability; f) high stability; g) integrity in physiological 
conditions; h) safety/non-toxicity (1-3,12,26).

Peptides or peptidomimetic-based imaging 
probes can be directly or indirectly labelled with 
imaging moieties to provide or augment the imag-
ing signal while maintaining their biological activ-
ity against specifi c receptors. Multimodal nano-
probes can be simultaneously analyzed (e.g.: MRI 
and PET/SPECT) (27,28). 

Long circulating nanoparticle contrast agents 
(core-encapsulated gadolinium liposomes and dual 
mode gadolinium liposomes) are utilized for con-
trast-enhanced MRI and magnetic resonance angi-
ography (MRA) (29,30).

Gold nanoparticles have become highly promis-
ing contrast agents for optical imaging of their 

unique resonance properties, biocompatibility and 
uncomplicated conjunction to biomolecules (31-
34,44). 

Ultrasmall superparamagnetic nanoparticles of 
iron oxide (USPION – 20-50 nm), due to their long 
blood half-life are readily phagocytosed by infl am-
matory cells and can detect infl ammatory brain le-
sions by in vivo MRI (35-42).

Superparamagnetic nanoparticles (SPION – 0.9-
4.5 μm), due to their high iron content, create sig-
nifi cantly greater hypointense contrast effects than 
USPION on T2-weighted MRI and can enable in 
vivo detection of single cell (35-42).

Molecular MRI (mMRI) is a nanotechnology that 
utilizes contrast agents (USPION or SPION) for 
noninvasive detection and localisation of molecular 
disease markers, cells or therapeutic drugs (43).

Atomic force microscopy (AFM) is a very high-
resolution type of scanning probe microscopy for 
biomolecular manipulation and single-molecule 
imaging (43a).

Fluorescence resonance energy transfer (FRET) 
microscopy is the physical process of energy trans-
fer from an excited donor chromophore to a nearby 
acceptor chromophore and permits investigation 
into structural dynamics of an individual protein 
molecule, monitoring its behavior at different fold-
ing conformations (43b).

Computed tomography (CT) enables 3D ana-
tomic imaging using gold nanoparticles as an X-ray 
contrast agent (43c).

Diffuse optical imaging is a method of imaging 
using near-infrared spectroscopy or fl uorescence-
based techniques for monitoring of blood perfusion 
and oxygenation in living tissue (43d).

Photoacoustic imaging is a nanotechnology ob-
tained by using non-ionizing laser pulses which is 
delivered into biological tissues and some energy is 
absorbed and converted into ultrasonic emission 
(43e).

Nanoparticles for targeted brain drug delivery
Nanoparticles (NPs) for brain drug delivery are 

included in the process of passing therapeutically 
active molecules across blood-brain barrier (BBB) 
for the purpose of treating central nervous system 
(CNS) diseases (44-47). 

The possibility for drug to reach the brain is 
based upon the fact that their crossing of BBB will 
depend completely on the physiochemical and bio-
mimetic features of the NPs vehicle and will not 
depend anymore on the chemical structure of the 
drug, which is hindered inside the NPs (44-47). 
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The ideal characteristics of NPs are: a) it should 
be biochemical inert, nontoxic, biodegradable, bio-
compatible, non-thrombogenic and non-immuno-
genic; b) to avoid reticuloendothelial system and to 
have prolonged circulation time; c) it should be 
stable both physically and chemically in vitro and 
in vivo; d) it should have uniform distribution in 
the target; e) restrict drug distribution to non-target 
cells, tissues or organs; f) controllable and predi-
cable rate of drug release; g) drug release should 
not affect drug action; h) carriers used must be bio-
degradable or readily eliminated from the body 
without any problem; i) no carrier induced modula-
tion in disease state; j) the preparation of the deliv-
ery system should be easy/reasonable, simple, re-
producible and cost effective (48-53).

The advantage of NPs are: a) possibility of con-
ferring on them features such us high chemical and 
biological stability, feasibility of incorporating both 
hydrophilic and hydrophobic pharmaceuticals and 
the ability to be administered by a variety of routes 
(e. g.: oral, inhalational, parenteral); b) can be func-
tionalized by covalent conjugation to various li-
gands (e.g.: antibodies, proteins) to target specifi c 
tissues; c) large surface-area-to volume ratio per-
mits multiple copies of a ligand to be attached and 
to dramatically increase their binding affi nity via 
multivalent functionalization; d) reduction of the 
specifi c therapeutic drug release amount and the 
frequency of the dosages; e) more uniform effect of 
the drug; f) the reduction of drug side effects; 
g) reduced fl uctuation in circulating drug levels; 
h) avoids hepatic fi rst pass metabolism. (48-53). 

Lipid-based nanoparticles (liposomes and solid 
lipid nanoparticles) can improve the ability of the 
drugs to penetrate through the BBB and constituted 
a promising drug targeting system for the treatment 
of CNS disorders (54-56).

Polymer-based nanoparticles (polymeric mi-
celles, dendrimers) has shown signifi cant therapeu-
tic potential and have made them ideal candidates 
for targeted drug delivery across the BBB (e.g.: 
chemicals, vaccine, antibiotics) (57,58). 

NPs encapsulation has the potential to enhance 
many aspects of drug delivery to the brain. Encap-
sulation protects the targeted from degeneration en 
route to the CNS and effectively increasing its bio-
availability (49-52). 

Transport of nanoparticles across blood-brain 
barrier

Three principle barriers regulate and limit ex-
change between blood and neural tissue: a) BBB, 
formed primarly by capillary endothelial cells be-

tween the blood and neuronal tissue; b) choroid 
plexus epithelium, between blood and ventricular 
cerebrospinal fl uid (CSF); c) arachnoid epithelium, 
between blood and subarachnoid CSF. The most 
important barrier, including for drug delivery, is 
BBB (59,60).

The BBB, as a regulated interface between the 
peripheral circulation and CNS, is a structure formed 
by a complex system of endothelial cells, astrocytic 
end feet and pericytes. BBB together with perivascu-
lar neurons constitute a neurovascular unit that is es-
sential for function of the CNS (59-61).

The characteristics of the CNS microvascula-
ture, which make the BBB highly impermeable, 
are: a) tight junctions (TJs) between adjacent en-
dothelial cells, prohibiting paracellular transport; 
b) lack of fenestrations within endothelial cells, 
precluding transcellular transport; c) uniform thick-
ness of cell cytoplasm; d) little vesicular transport; 
d) greater mitochondrial content than other organs; 
e) one endothelial cell encompasses the circumfer-
ence of the capillary lumen, with the opposing ends 
meeting in a TJ; f) the basal side of the endothelial 
cells is directly linked to basal lamina through 
transmembrane protein focal adhesions (61,62).

The basal lamina is formed by three membranes, 
composed of different extracellular matrix mole-
cules: a) structural proteins (collagen and elastin); 
b) specialized proteins (e.g.: fi bronectin, occludin, 
laminin); c) proteogycans. Within the complex ma-
trix, the basement membrane also includes recep-
tors (e.g.: cell adhesion molecules, lipoprotein, 
transferrin) (62,63).

Pericytes are integrated within the basal lamina 
and regulate: a) endothelial cell proliferation, mi-
gration and differentiation; b) BBB adjustments in 
response to stressful stimuli (e.g.: conservation of 
the TJs) (62-64).

Astrocytic end feet contact the basal lamina and 
play a role in: a) tightness of TJs; b) expression of 
transporters; c) regulation of water fl uxes within 
brain through expression of aquaporin 4 (a mem-
brane water channel). Microglia and synaptic ter-
minal boutons of nerve fi bers are in the immediate 
perivascular space. Neurons play a crucial role in 
regulating the BBB in response to metabolic re-
quirements by expression of enzymes that adjust 
vessel permeability (59,61-64).

The BBB plays physical, metabolic and immu-
nologic roles to allow a separate and distinct extra-
cellular fl uid compartment (CSF). The BBB main-
tains a medium for optimal neuronal function, 
protecting the brain from different components of 
peripherally circulation (66,67).
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Molecules cross the BBB either through a para-
cellular route (between cells) or a transcellular 
route (through cells). The majority of molecules 
pass transcellularly due to complexity of TJs. En-
dothelial cells contain membrane transporters (spe-
cifi c receptors) that regulate transcellular traffi ck-
ing between the blood and the brain for essential 
molecules (e.g.: glucose, amino acids, hormones, 
insulin, antibiotics). When the target molecule 
binds to its respective receptor on the endothelial 
luminal surface, it is transcytosed, forming a vesi-
cle that can be transported across the cell (60,62). 

Endothelial cells regulate the concentration of 
toxins and waste products through effl ux pumps, 
which is thought to be one of the major causes of 
chemotherapy drug resistance (67,68).

The BBB plays an important role in immune 
function (the CNS is considered immune privileged 
since BBB restricts the entry of lymphocytes into 
the brain and spinal cord parenchyma) (69,70).

CNS disorders can lead to increased BBB per-
meability (e.g.: tumors, ischemia, infl ammation, 
infection, traumatic injury) (62-64). 

The hyperosmolar solutions (e.g.: manitol) can 
led to increased capillary permeability (62-64).

The ideal method for the delivery of therapeu-
tics across the BBB should have the following 
characteristics: a) to be controlled; b) not damage 
the barrier; c) to be biodegradable and not toxic; 
d) to be selective; e) to be targeted to the BBB and 
to the site of intended action in the brain; f) the drug 
load transported through the BBB should be ade-
quate for reaching therapeutic concentrations in the 
brain; g) therapeutic concentrations should be 
maintained for a suffi cient duration of time for the 
desired effi cacy (48-53,70,71).

The mechanisms involved in drug NPs crossing 
the BBB: a) NPs open the TJs between endothelial 
cells and enable the drugs to penetrate the BBB ei-
ther in free form or together with the nanocarriers 
(only NPs smaller than about 20 nm); b) NPs are 
transcytosed through the endothelial cell layer (ad-
sorptive-mediated/receptor-mediated transcytosis); 
c) NPs are endocytosed by endothelial cells and re-
lease the drugs inside the cell; d) NPs inhibit the 
transmembrane effl ux systems; e) NPs improve de-
livery to the brain by creating a concentration gra-
dient that promotes transport across the endothelial 
cell layer; f) drug transport is enhanced by the solu-
bilisation of the endothelial cell membrane lipids 
by surfactant effect; g) exploiting monocyte/mac-
rophage infi ltration in the CNS (e.g.: „Trojan” 
monocytes for NPs delivery to the brain, NPs mim-
icking activated monocytes); h) NPs may induce 

local toxic effects on the brain vasculature leading 
to a limited permeabilization of the brain endothe-
lial cells (48-53,70-74).

Factors affecting NPs brain drug delivery: a) NPs 
diffusion inside of brain parenchyma (e.g.: presence 
of cellular obstructions, transient binding to cell 
membranes or extracellular matrix); b) „corona” of 
biomolecules on surfaces of NPs; c) BBB alteration 
in neurological diseases; d) size of NPs (75-79).

Different types of NPs were partly discarded after 
having demonstrated their cerebral toxicity when 
utilized in vivo (e.g.: carbon nanotubes, gold-based 
and iron-based nanoparticles). The cytokines can be 
utilized for evaluating the immunotoxicity of nano-
materials. The benefi t-risk balance deriving from 
NPs intended for treatment of CNS diseases should 
be carefully evaluated for each type of NPs. (80-85).

Applications of nanotechnology in demyelinating 
diseases

Multiple sclerosis (MS) is the most prevalent 
infl ammatory, autoimmune demyelinating disease 
involving CNS. A fundamental pathologic feature 
of MS is the formation of multifocal plaques in 
CNS, accompanied by a disruption of the BBB. Le-
sion within myelinated regions of the CNS, medi-
ated by infi ltrating T cells and autoantibodies, are a 
hallmark of the disease and lead to progressive 
neurologic dysfunction. Chronic infl ammatory pro-
cesses that continuously disturb neuroaxonal ho-
meostasis drive neurodegeneration, so the clinical 
outcome probably depends on the balance of stress-
or load (infl ammation) and any remaining capacity 
for neural self-protection (86,87).

Molecular MRI with SPION facilitates visuali-
zation of macrophage infi ltration and provides 
complementary information to gadolinium en-
hancement for MS state assessment (88-90).

Magnetic NPs surfaces can be conjugated with 
antibodies such as anti-VCAM-1 or other endovas-
cular targets implicated in BBB breakdown that 
could indicate the beginning of neuroinfl ammatory 
and/or demyelinating pathology (88-90).

Mesenchymal stem cells (MSCs) may dampen 
neuroimfl ammation reducing microglial activation. 
MSCs may differentiate into glial lineages such as 
oligodendrocytes or promote neurogenesis in the 
brain parenchyma, effectively mitigating the neu-
rodegenerative arm of MS and experimental auto-
immune encephalomyelitis (EAE). NPs can be 
used to track transplanted MSCs to ensure survival 
and function upon differentiation in the target tis-
sue (91-95).
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Liposome-encapsulated prednisolone was more 
effective than 5-fold higher dose of free predniso-
lone in terms of reducing T cells and macrophage 
infi ltration, restoring BBB and ameliorating the 
clinical course of EAE (96).

Aquasomes (e.g.: myelin basic protein) repre-
sent a possible delivery vehicle for peptides in MS 
therapy (97).

Plasmid deoxyribonucleic acid (DNA) vaccines, 
which aim to induce tolerance in MS by encoding 
for one or more myelin antigens, show great poten-
tial for MS therapy (98,99).

Targeting micro ribonucleic acid (mRNA) by 
delivering a cognate antisense sequence represent a 
novel therapeutic strategy regulating pathogenic 
gene expression, relevant for MS, in which the ex-
pression of a particular mRNA correlates with dis-
ease severity (100). 

Glatiramer acetate – GA (Copaxone) is a non-
biologic (synthetic) complex drug and fi rst-genera-
tion nanomedicine composed of a heterogeneous 
mixture of immunogenic polypeptides (L-glutamic 
acid, L-alanine, L-lysine and L-tyrosine) in na-
noscale sizes and in a defi ned molar ratio as a col-
loidal solution. There are the same amino acids rep-
resented in myelin basic protein. Copaxone is 
included in the group of disease-modifying thera-
pies for MS treatment. Copaxone has immunomod-
ulatory effects at the T-cell level in MS patients: 
a) modifi es the GA-reactive T-cell repertoire; b) re-
duces the proliferative reactivity of GA-specifi c 
CD4-positive T cells; c) restores GA-induced pro-
liferation of CD8-positive T cells; d) stimulates a 
new population of Th2 CD4-positive T cells; e) pro-
duces neurotrophic factors. In EAE, GA-reactive 
Th2 cells were found in CNS. Clinically, Copax-
one: a) reduces the frequency and severity of re-
lapses; b) reduces the accumulation of lesions with-
in brain and spinal cord as seen on MRI; c) slows 
down the accumulation of physical disability and 
cognitive defi cits (100a-100e).

Pegylated interferon beta-1a (Plegridy) is an in-
terferon beta-1a conjugated to a polyethylene gly-
col (PEG) molecule and can be used for the treat-
ment of patients with relapsing-remitting MS. 
Plegridy (125 μg) utilized subcutaneous every 2 
weeks signifi cantly reduced the adjusted annual-
ized relapse rate and disability progression with 
parallel sustained improvements in all MRI end-
points, compared with placebo. The drug might be 
an effective treatment for relapsing-remitting MS 
with less frequent administration than other inject-
able therapies (101-107). 

Applications of nanotechnology in 
neurodegenerative diseases

Parkinson’s disease (PD) is a progressive neuro-
degenerative disease and occurs primarily due to 
death of dopaminergic neurons in the substantia ni-
gra pars compacta of nigrostriatal system. The most 
important mechanisms of neurons degeneration in 
PD are: a) abnormal accumulation of the protein al-
pha-synuclein bound to ubiquitin inside neurons 
forming Lewy bodies; b) proteosomal and liposomal 
system dysfunction; c) reduced mitochondrial activ-
ity; d) iron accumulation in the substantia nigra; 
e) oxidative stress. Chronic neuroinfl ammation may 
be a slow and steady reason for neuro-degeneration 
and neural dysfunction during the asymptomatic 
stage of PD. Familial forms of PD (less than 10%) 
are the results of mutations in specifi c genes: a) al-
pha-synuclein; b) parkin; c) dardarin (108-111).

Drug delivery systems (DDSs) in PD therapy 
are currently focused on: a) reformulation of exist-
ing drugs; b) reposition of compounds approved for 
other indications; c) development of novel small 
molecules, genes and cell-based approaches (112). 

Existing antiparkinsonian drugs have been used 
in animal models through different routes (includ-
ing via naso-brain), as nanoparticles: a) dopamine-
loaded chitosan; b) succinyl dopamine; c) levodopa-
α-lipoic acid; d) levodopa methyl ester/bensera-
zide-polylactic-co-glycolic acid – PLGA); e) rotig-
otine-PLGA; f) apomorphine-tripalmitin; g) ropin-
irole-nanoemulsion; h) rasagiline-PLGA; i) bro-
mocriptine-chitosan (113-122).

Neurotrophic factors have been proposed as an 
alternative therapy to prevent or slow down PD. In 
this context, were used genetic modifi ed mesen-
chymal stem cells or specifi c nanoparticles for de-
livering of nerve growth factor (NGF), glial cell-
derived neurotrophic factor (GDNF) and brain 
derived neurotrophic factor (BDNF) (123,124).

Nanoparticles can be injected by stereotaxy in 
discrete, precise and functional brain areas without 
damaging the surrounding tissue: a) nano-enabled 
scaffold device for dopamine; b) GDNF – PLGA; 
c) GDNF/BDNF – PLGA; d) plasmid-GDNF (125-
129).

Vectors used are derived from adeno-associated 
viruses and lentiviruses. A possible approaches are: 
a) to induce 3,4-dihidroxiphenylalanine – DOPA 
and dopamine – DA biosynthesis in basal ganglia 
(delivery of tyrosine hydroxylase – TH and aromat-
ic amino acid decarboxylase – AADC); b) to in-
crease gamma-aminobutyric acid – GABA activity 
in subthalamic nucleus (delivery of glutamic acid 
decarboxylase – GAD); c) to protect neuronal func-
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tions and halt disease (delivery of GDNF); c) to in-
terfere with alpha-synuclein or parkin expression 
(130-140).

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative dementia of old age with loss of 
neurons and synapses in the cerebral cortex and 
certain subcortical regions. The neuropathological 
hallmarks of AD are extracellular amyloid plaques 
and intracellular neurofi brillary tangles. Amyloid 
plaques are made up of small peptides, called beta-
amyloid (Aβ), cleaved sequentially from a larger 
amyloid precursor protein (APP) by two enzymes 
(β-secretase and γ-secretase). If APP is cleaved by 
α-secretase rather β-secretase then Aβ is not formed. 
Neurofi brillary tangles comprise mainly of the tau 
protein which binds micro-tubules, thereby facili-
tating the neuronal transport system. Uncoupling of 
tau protein from microtubules and aggregation into 
tangles inhibits transport and results in microtubule 
disassembly. Apolipoprotein (Apo E4) has been ge-
netically linked to late-onset (>60 years) familial 
and sporadic AD. Early-onset AD, the rare familial 
form, is the result of a mutation in AAP, presenilin 
1 or presenilin 2. In the pathogenesis of AD are also 
involved: a) infl ammatory and immune mecha-
nisms; b) oxidative stress/free radicals (compound-
ing with advancing age); c) mitochondrial dysfunc-
tion; d) cerebral amyloid angiopathy; e) decreased 
acetylcholine (Ach) and acetyl-choline-transferase 
(Acht); f) neuroinfl ammation; g) disruptions in ho-
meostasis of metal ions (Fe++, Zn++, Cu++) (141-144). 

Application of nanotechnology in molecular de-
tection of biomarkers is promising for very early 
diagnosis of AD. Potential application of nanotech-
nology in molecular diagnosis is mainly based on 
special physical, chemical and biological charac-
teristics of certain multifunctional NPs (145,146). 

It is possible to detect AD biomarkers (amyloid 
β-derived diffusible ligant or Aβ) in vitro and in 
vivo in both humans and animal models (147-154). 

The therapeutic potential of nanotechnology in-
cludes disease-modifying therapy (neuroprotec-
tive/neuroregenerative) and symptomatic therapy. 
Several nanocarriers systems have been studied to 
increase the bioavailability, effi cacy and safety of 
different AD therapeutic agents (146,154,155).

Nanotechnology-based approaches are capable 
of protecting neurons from: a) Aβ oligomeric spe-
cies; b) uncoupling tau protein; c) oxidative stress; 
d) glutamate (Glu) excitotoxicity (156-168).

Nanocarrier systems have been used to transport 
drugs through BBB for AD therapy: a) Acht inhibi-
tors (rivastigmine); b) neurotransmitters (Ach); 
c) antioxidants (curcumin, ferulic acid): d) neuro-

protectors (estradiol, mifepristone, green tea poly-
phenol); e) metal chelators (d-penicillamine); f) genes 
(DNA, NGF) (169-180).

Huntington’s disease (HD) is a progressive 
neurodegenerative genetic disease characterized by 
neuronal lesions mainly in striatum and cerebral 
cortex. The inherited mutation that causes HD is 
known as a CAG (cytosine, adenine and guanine) 
trinucleotide repeat expansion in the huntingtin 
(Htt) gene. Expanded Htt is unstable and induces a 
mutant Htt protein in brains and many of the body’s 
tissue of HD patients and animal models. In HD, 
the proteolytic activity of ubiquitin proteasome 
system (UPS) is reduced in brain and other tissues. 
Neuropathological hallmark of HD is the presence 
of neuronal nuclear inclusions and cytoplasmic ag-
gregates of misfolded mutant Htt (181-183).

Neuroprotective gene therapy had good results 
in HD using: a) polymer-encapsulated cells engi-
neered to secrete GDNF in human; b) specifi c func-
tional enhancements by proteasome activator of 
UPS in model cells (184-185). 

The application of RNA interface/small interfer-
ing RNA technologies to silence mutant Htt has ther-
apeutic potential in HD animal models (186-190).

Amyotrophic lateral sclerosis (ALS) is a pro-
gressive neurodegenerative disease due to degen-
erations of motor neurons in the primary motor cor-
tex, brain stem and spinal cord (motor neuron 
disease). Most ALS cases are sporadic (sALS) but 
5-10% are familial (fALS) and of these about 20% 
have a mutation of the Cu/Zn-superoxidase (SOD1) 
and about 2-5% have mutation of the transactive 
response DNA binding protein (TARDBP) gene. 
Mutations of both SOD1 and TARDBP induce in-
clusions (e.g.: ubiquitin-positive aggregates) in 
neurons. Excitotoxicity and apoptosis are other 
events contributing to motor degeneration and 
death. Also, oxidative stress is directly implicated 
in pathogenesis of ALS (191-193).

Proteomics and biomarkers of oxidative stress 
may be detected by nanotechnology in plasma, 
CSF or/and urine of both sALS and fALS, includ-
ing in presymptomatic stage (194-199).

Metals nanoparticles can be excellent probes in or-
der to monitor the biological assembly and its mecha-
nism of ALS and SOD1 aggregates (200-202). 

Nanoliposomes can be utilized as carriers for 
delivery of drugs and genes in ALS (203).

Applications of nanotechnology in stroke 
Stroke is defi ned as an acute neurologic dys-

function of vascular origin with sudden or at least 
rapid occurrence of symptoms and signs corre-
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sponding to the involvement of focal areas in the 
brain, lasting more than 24 hours. There are two 
essential types of strokes: a) ischemic stroke 
(~85%); b) hemorrhagic stroke (~15%). (204).

Ischemic stroke (IS) results when cerebral 
blood fl ow (CBF) to an area of brain is decreased or 
interrupted by stenosis, thrombosis, embolus (e.g.: 
cardiac or carotid arteries sources) or hemodynam-
ic mechanisms (e.g.: low perfusion pressure, water-
shed) in intra/extra cerebral arteries and induce cer-
ebral infarction. About 25% of all ischemic strokes 
are cryptogenetic. Transient ischemic attack (TIA) 
is an acute episode of temporary neurologic dys-
function, without acute infarction, that typically 
lasts less than one hour (204,205,214). 

CBF thresholds of IS are: a) infarct core (<10 
ml/100 g/min); b) reversible penumbra (10-18 
ml/100 ml/min); c) normal tissue, including benign 
oligemia (>18 ml/100 g/min) (206). 

Ischemia develops a complex cascade of dy-
namic pathological events that evolves over time, 
including: a) depletion of oxygen and glucose; 
b) depletion of cellular energy (e.g.: failure of mito-
chondria functions); c) anaerobic metabolism; 
d) disruption of BBB and extracellular matrix; e) loss 
of membrane ion pump (e.g.: infl ux of calcium, so-
dium and chloride plus effl ux of potassium ions) 
followed by cytotoxic edema (potentially reversi-
ble) and vasogenic edema (irreversible); f) release 
of excitatory neurotransmitters (e.g.: glutamate); 
g) production of oxygen stress (reactive oxygen 
species); h) activation of platelet and coagulation 
cascade; i) induction of cell death in ischemic core 
and apoptosis in peripheral ischemic zone; j) robust 
infl ammatory responses (e.g.: peripheral leukocyte 
infl ux into the cerebral parenchyma, activation of 
endogenous microglia, release of proinfl ammatory 
cytokines, chemokines and matrix metalloprotein-
ases); k) activation of various neuroprotective 
mechanisms (e.g.: neurotrophins, interleukin-10, 
granulocyte-colony stimulating factor, angiogene-
sis). Status of cerebral collateral circulation could 
infl uence the effects of arterial occlusion (e.g.: is-
chemia reperfusion injury) (205-213).

Blood biomarkers of ischemic stroke are studied 
for stroke risk (e.g.: cardioembolic stroke), diagno-
sis, infarct volume, stroke severity, hemorrhagic 
transformation and stroke outcome (215).

Hemorrhagic stroke (HS) occurs due to rapid 
accumulation of blood within brain parenchyma 
(hemorrhagic transformation) induced by arterial 
hypertension, antiplatelet/anticoagulant therapy, 
cavernoma and/or amyloid angiopathy (216-221). 

Depending on the dynamic of hematoma expan-
sion, the primary damage is the result of mass ef-

fect. Secondary damage is induced by many paral-
lel and in cascade pathological pathways, including: 
a) cytotoxicity of blood; b) hypoxia due to disrupt-
ed vascular supply; c) raised intracranial pressure; 
d) oxidative stress; e) disruption of BBB; f) infl am-
mation; g) brain edema; h) massive brain cell death 
(216-218).

Hemorrhagic infarct (HI) is a secondary hem-
orrhage into initially IS and may appear as a result 
of: a) cerebral embolic infarct; b) thrombolytic/ an-
ticoagulant therapy; c) cerebral venous infarct; 
d) rapid recanalisation/reperfusion of the occluded 
artery (e.g.: carotid endarterectomy, carotid artery 
stenting) (222,223).

Atherosclerosis (Aths) is a specifi c type of ar-
teriosclerosis and affects large and medium sized 
arteries, inducing stenosis or occlusion. Aths is a 
slow and progressive arterial disease, which be-
come dangerous in 6 or 7 of decades of life. Aths is 
due to a chronic infl ammatory response of white 
blood cells (monocytes and T-lymphocytes – trans-
formed in foam cells), lipoproteins, platelets and 
smooth muscle cells in the intimal and medial lay-
ers of arteries. Aths lesions (Aths plaques) are sepa-
rated into two broad categories: a) stable; b) unstable 
(vulnerable). Aths plaques is followed by a) throm-
bus formation in carotid, vertebrobasilar and/or ce-
rebral arteries (atherothrombotic stroke); b) down-
stream cerebral arterial embolism of atheroma debris 
(embolic stroke); c) lipohyalinosis which affects 
small vessels (lacunar stroke) (224-226). 

Nanotechnologies (e.g.: USPION, fi brin-specif-
ic mMRI agents, gold nanoparticles, radionuclide 
tracers) can be used for detection of intracerebral 
thrombus or hemorrhage, early stage of ischemic 
stroke, ischemic penumbra, neural stem cell trans-
plants, Aths plaque composition, reactive oxygen 
species and apoptosis (227-239).

Nanoparticles can be used in stroke therapy: a) 
recanalisation/thrombolysis (e.g.: tissue plasmino-
gen activator – tPA, anti-fi brin monoclonal anti-
body, ultrasound plus tPA, urokinase); b) neuropro-
tection/neuro-regeneration (e.g.: human mesenchymal 
stem cells, vasoactive/neuroactive drugs, genes, 
antioxidant enzymes, cerebrolysin, anti-apoptotic 
agents, ion channel modulators, growth factors, 
anti-infl ammatory agents); c) inhibition of athero-
sclerotic plaques growth (e.g.: statins, anti-infl am-
matory agents) (240-273).

Applications of nanotechnology in epilepsy 
Epilepsy (Ep) is a chronic cerebral disease char-

acterised as an enduring predisposition of the brain 
to generate unprovoked epileptic seizures, with 
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neurobiologic, cognitive, psychological and social 
consequences. Ep is not a singular disease, but is 
heterogeneous in terms of clinical expression, un-
derlying etiologies and pathophysiology (274). 

Epileptic seizure (ES) is defi ned as a transient 
occurrence of signs and/or symptoms due to abnor-
mal excessive and hypersynchronous discharges of a 
group of neurons in the brain. ES are broadly classi-
fi ed according to their site of origin and pattern of 
spread in: a) partial seizures/secondary generalized 
seizures ; b) primary generalized seizures (274).

Epileptogenesis (development of Ep) refers to a 
process in which an initial brain-damaging insult 
triggers a complex, dynamic and heterogeneous 
cascade at multiple hierarchial levels of CNS (e.g.: 
molecular, cellular, neurotransmitters, synaptic, 
neuronal network) towards the generation of ES. 
Epileptogenesis can have genetic and/or acquired 
determinants. The changes after the fi rst brain in-
jury include cellular mitochondrial dysfunction, 
gliosis, neurogenesis, neurodegeneration, axonal 
damage, dendritic plasticity, BBB deterioration, re-
cruitment of infl ammatory cells into brain tissue, 
reorganisation of synapses, extracellular matrix 
and molecular architecture neuronal cells. At a ba-
sic level, an ES represents a disruption in normal 
balance between excitatory and inhibitory currents 
of neurotransmission in the CNS. These currents 
are mediated via two types of ion channels: a) volt-
age-gated ion channels are activated by changes in 
membrane potential (depolarizing currents are ex-
citatory and are mediated by inward Na+ and Ca++ 
conductances, while inhibitory, hyperpolarizing 
currents include inward Cl- and outward K+ con-
ductances; b) ligand-gated ion channels are acti-
vated by binding of a neurotransmitter to an iono-
tropic receptor on the postsynaptic membrane (the 
primary excitatory neurotransmitter in the brain is 
Glu, while GABA is primary inhibitory neurotrans-
mitter). Glial cells play an important role in epilep-
togenesis by: a) restoration of homeostasis after 
neural activity (particularly extracellular K+); 
b) rapid and effi cient removal of extracellular Glu; 
c) modulation of neural excitability (e.g.: regula-
tion of extracellular pH). Paroxysmal depolariza-
tion shift (PDS) is the cellular correlate of the inter-
ictal epileptiform discharge (a hallmark of focal 
Ep). Abnormal neuronal circuitry is required for 
propagation of PDS to other neurons to produce 
discharge on EEG or a clinical ES. ES can result 
from different brain injuries that alter the balance 
between inhibition and excitation. Recurrent ES 
lead to subsequent decreased threshold to addition-
al ES and is associated with psychosocial comor-

bidities (e.g.: impairment of cognition, behaviour 
and motor regulation). Absence seizures arises 
from alterations in thalamocortical circuitry. Cel-
lular and electrophysiologic changes in developing 
brain make it vulnerable to epileptogenesis. Novel 
treatments (antiinfl ammatory, immunosuppressants 
and treatments that modify cellular adhesion, pro-
liferation or neuronal plasticity) have demonstrated 
favourable effects on genetic and acquired epilep-
togenesis (275-281).

Ictogenesis describes the processes of transition 
from the interictal state to a ES and includes the 
involvement of pyramidal cells, interneurons, as-
trocytes, GABA-ergic and Glu-ergic signalling and 
ionic perturbations (282).

Biomarkers of epileptogenesis and ictogenesis 
could: a) predict the development of an Ep condi-
tion; b) identify the presence and severity of tissue 
capable of generating spontaneous ES; c) measure 
progression after the condition is established; 
d) follow-up potential antiepileptogenetic and anti-
seizure drugs and devices (283).

Action mechanisms of antiepileptic drugs 
(AEDs): a) AD that affect Na+ channels (carbam-
azepine, lacosamide, lamotrigine, oxcarbazine, 
phenytoin, rufi namide); b) AD that affect Ca++ 
channels (ethosuximide); c) AD that affect inhibi-
tory transmission (benzodiazepines, clobazam, 
phenobarbital, tiagabine, vigabatrin); d) AD that af-
fect exitatory transmission (perampanel): e) AD 
that affect K+ channels (ezogabine); f) AD with 
multiple action mechanisms (felbamate, gabapen-
tin, levetiracetam, pregabalin, topiramate, valpro-
ate, zonisamide) (284,285).

Rational combination of drugs involves estab-
lishing the optimal dose of baseline agents and add-
ing drug with multiple mechanisms and avoiding 
combining those with similar modes of action. A 
third drug may be added if there is partial response 
but seizure control remains suboptimal. Special at-
tention should be paid to the overall drug load to 
avoid side-effects (286).

Drug-resistant epilepsy (refractory epilepsy) is 
recognized after failure of adequate trials of two 
tolerated and appropriately chosen and used anti-
epileptic drugs to achieve sustained seizure free-
dom. The mechanisms of drug resistance are vari-
able and multifactorial according to the underlying 
cause and to the drug’s site of action. Hypothesized 
biologic mechanisms of drug resistance in epilepsy 
operate at: a) BBB level (P-glycoprotein expres-
sion); b) altered expression or function of neuronal 
voltage-gated ion channels that are known targets 
of AD; c) mechanisms not targeted by current AD 
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(electrical coupling through gap junctions, mito-
chondrial dysfunction, antibodies to neuro-trans-
mitter receptors) (287).

P-glycoprotein belongs to the CNS drug trans-
porters and multidrug resistance-associated pro-
teins 1 (MRP1). P-glycoprotein is an important 
protein of the cell membrane that functions as a 
biological barrier by extruding toxin and xenobiot-
ics out of cells and plays a signifi cant role in drug 
absorption and disposition. P-glycoprotein expres-
sion is increased at the BBB and sclerotic hippo-
campus levels in patients with pharmacoresistant 
Ep. P-glycoprotein inhibition enhances AD effi ca-
cy (288,289).

Nanotechnologies (e.g.: magnetonanoparticles, 
diffuse optical imaging, photoacoustic imaging) 
can be used to localize ES onset and epileptogenic 
zone. Nanoscale methods suggest that detection 
and prediction algorithms may be enhanced by re-
cording signal at the neuronal and vascular level of 
resolution (290-299).

An alternative to delivering free AEDs to the 
brain is to encapsulate the drugs within a nanoscale 

delivery system. Drug delivery nanosystems may 
help to maintain the therapeutic concentration of 
AEDs in the brain tissue. Factors that regulate 
achieving and maintain of therapeutic AEDs con-
centration in the brain include BBB, active removal 
of AD from the brain to the vascular lumen by 
MRP1, systemic toxicity of drugs and drug phago-
cytosis by macrophages in the reticulo-endothelial 
system. In this context, it is possible to use AEDs 
and/or adjuvant drugs (carbamazepine, clonazepam, 
ethosuximide, gabapentin, oxcarbazepine, pheno-
barbital, phenytoin, valproic acid) as: a) polymeric 
NPs encapsulating an active substance or forming a 
drug-polymer complex; b) liposomes entrapping 
hydrophilic drugs in the aqueous core or binding 
hydrophobic/aminophilic drugs to the lipid layer; 
c) hydrogel NPs; d) chitosan solid lipid NPs; 
e) core-shell NPs (300-313).
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