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Alzheimer’s disease, Parkinson’s disease and stroke are the most common CNS diseases, all characterized
by progressive cellular dysfunction and death in specific areas of the nervous system. Therapeutic devel-
opment for these diseases has lagged behind other disease areas due to difficulties in early diagnosis,
long disease courses and drug delivery challenges, not least due to the blood–brain barrier. Over recent
decades, nanotechnology has been explored as a potential tool for the diagnosis, treatment and mon-
itoring of CNS diseases. In this review, we describe the application of nanotechnology to common CNS
diseases, highlighting disease pathogenesis and the underlying mechanisms and promising functional out-
comes that make nanomaterials ideal candidates for early diagnosis and therapy. Moreover, we discuss
the limitations of nanotechnology, and possible solutions.
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CNS diseases are a group of neurological disorders that affect the neuronal structure and function of the brain
or spinal cord. CNS diseases, especially Alzheimer’s disease (AD) [1], Parkinson’s disease (PD) [2] and stroke [3],
have become a significant healthcare challenge, not least with a rapidly aging population. Although advances have
been made in understanding the pathogenesis of CNS diseases, early diagnosis and treatment remain elusive and
currently therapies primarily treat symptoms. Also, although various novel drugs (e.g., proteins, peptides, siRNAs,
synthetic chemicals, etc.) have been identified, however, most of these may not succeed due to the unsatisfied
drug pharmacokinetics, and unspecific targeting and potentially increase side effects. The challenges come from
biological barriers, especially the blood–brain barrier (BBB). BBB is the well-organized interface between the CNS
and the peripheral circulation, which impedes influx of most compounds from blood to brain [4]. Composed by
endothelial cells, astrocyte end-feet and pericytes, BBB strictly controls the transfer of molecules, ions and cells
between the blood and the CNS. There are five main routes for any chemicals to transport across the BBB: the
diffusive route by transcellular-lipoid bilayer membrane; transport carriers; specific receptor-mediated endocytosis
and transcytosis; adsorptive transcytosis; paracellular-tight junctions. These pathways allow BBB protects CNS
from toxins, pathogens, inflammation and maintains CNS homeostasis [5]. However, the restrictive nature of BBB
also set a challenging obstacle for drug delivery to the CNS. It is also worth noticing that BBB dysfunction has been
observed in most CNS diseases, including AD, PD and stroke. Although it is uncertain whether BBB dysfunction
is causal of diseases onset, changes of the transport system and enzymes is a vital contributor and exacerbator to
the pathologies [5]. BBB compromise in CNS diseases also has significant implications for disease treatment. It is
interesting to assume the intact BBB in CNS diseases will benefit drug delivery efficiency. However, this will be a
controversial strategy as BBB dysfunction is an essential contributor to development of the disease.

However, nanotechnology has developed rapidly over recent decades and may have considerable potential advan-
tages for CNS diseases diagnosis and treatment. Nanotechnology refers to the control or manipulation of engineered
materials or devices organized at the nanometer scale (one billionth of a meter) to achieve unique functional proper-
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ties [6]. Indeed, the properties of nanomaterials are significantly different to those at their corresponding macroscale
due to differences in arrangement and spacing of surface atoms and molecules [7].

Therefore, nanomaterials hold great potential for biomarker development, theranostics and therapeutics. First,
modified nanomaterials can be used to target damaged cells and tissues via molecular-scale interactions. Nanoengi-
neered materials can also simultaneously sustain drug release, enhance bioavailability, deliver multiple agents and
protect compounds from degradation when surface modified with distinct molecules. Nanomaterials are also an
excellent candidate to develop BBB bypass strategies, including carrying a surface functionalization to target and
penetrate the BBB and increase half-life in blood. These nanomaterial properties place them at the forefront of
future diagnostic and therapeutic opportunities for CNS diseases.

In this review, we provide an overview of recent studies applying nanotechnology to CNS diseases, in particular,
neurodegenerative diseases (NDs) and stroke. Although extensive reviews on the application of nanotechnology
against CNS diseases have emerged in recent years, most of these summarized the progresses with an emphasize on
the chemical and structure aspects of nanomaterials. In this regard, balanced discussions are made to describe the
disease pathogenesis and the mechanisms that make nanomaterials ideal candidates for early diagnosis and therapy.
We also discuss the application of nanotechnology to the stimulation of adult neurogenesis, which would benefit
most patients with CNS diseases.

Nanotechnology in AD
AD is characterized by progressive memory loss, emotional disturbances and impaired cognitive function associated
with the degeneration and death of neurons in the limbic structures (hippocampus, amygdala and their associated
cortices). There are two key neuropathological hallmarks of AD: intracellular neurofibrillary tangles formed from
filaments of hyperphosphorylated Tau protein, and extracellular senile plaques formed by amyloid-β (Aβ) peptide
aggregation [8]. A multitude of genetic, pathological and biochemical studies suggest that Aβ accumulation caused
by imbalanced Aβ production and clearance plays a central role in AD pathogenesis [9]. As such, the ‘Aβ cascade
hypothesis’ has become widely accepted to explain AD pathogenesis [10]. According to this hypothesis, Aβ peptide
accumulation triggers AD pathogenesis and leads to synaptic damage, neuronal death and cognitive deficits. Thus,
Aβ has been targeted for AD diagnosis and therapy. In recent decades, nanotechnology-based therapeutic strategies
such as modulating Aβ production, inhibiting Aβ aggregation and enhancing Aβ clearance have been widely
explored and amazing progress has been made (Figure 1 & Table 1).

Modulation of Aβ production
Modulation of Aβ production is one of many effective approaches to reduce cerebral Aβ levels. Aβ is generated
from the transmembrane amyloid precursor protein (APP) by proteolysis. During proteolysis, APP is first cleaved
by secretase family proteases – α-, β- or γ-secretase – and, consequently, follows one of two different and exclusive
pathways: amyloidogenic and nonamyloidogenic. In the amyloidogenic pathway, APP is cleaved by β-secretase
(β-site APP-cleaving enzyme-1 [BACE1]) at the N-terminus of the Aβ domain, from which the APPs-β fragment
is generated and an APP C-terminal fragment (βCTF or C99) remains. The residual β-CTF is further cleaved by
γ-secretase to release Aβ and the APP intracellular domain. As γ-secretase has a number of cleavage sites, it generates
variable length of Aβ fragments (37–43 amino acids), with Aβ42 being the most toxic. In the nonamyloidogenic
pathway, APP is sequentially cleaved by α-secretase and γ-secretase to release a soluble amino terminal fragment
(APPs-α) and a C-terminal fragment (α-CTF or C83). Unlike in the amyloidogenic pathway, α-secretase cleaves
APP in the middle of the Aβ region, so no Aβ is generated [11]. Nanoparticles (NPs) can be engineered to deliver
siRNAs or other agents into neuronal cells to regulate secretase activity. In this way, nanotechnology-based strategies
that decrease Aβ production by modulating secretase expression may fundamentally alleviate Aβ-induced toxicity
and have potential clinical utility.

As APP cleavage by BACE1 is the rate-limiting step in Aβ production, using BACE1 siRNA to suppress
BACE1 is a logical approach to prevent Aβ production [11]. However, neuronal cell membranes and the BBB
limit BACE1 siRNA entry into nerves. A recent study used fluorescent quantum dots (QDs) to deliver BACE1
siRNAs into SK-N-SH human neuroblastoma cells. Although immunogenicity and nonspecific delivery restricted
the application of BACE1 siRNA, in this study, negatively charged siRNAs were electrostatically adsorbed to the
surface of QDs to form QD-PEG/siRNA nanocomplexes, which freely crossed cell membranes and the BBB.
The QD-PEG/siRNA nanocomplexes significantly inhibited AD-associated BACE1 gene expression by 51% in
SK-N-SH cells [12]. Usefully, these QDs also provided a platform to monitor and track siRNA delivery due to
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Table 1. Summary of developing nanoapplications in Alzheimer’s disease.
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

Fluorescent
quantum dots

BACE1 siRNA PEG SK-N-SH cells • Achieved gene silencing efficiency of almost 51% [12]

Exosomes BACE1 siRNA RVG and Lamp2b C57BL/6 mice • Significantly decreased the total A�1–42 levels [13]

• Significantly decreased BACE1 mRNA levels

Nanolipidic
particles

EGCG – APPswe N2a cells • Improved the neuronal �-secretase enhancing ability in
vitro up to 91%

[15]

Polystyrene
nanoparticles

– N2PY (the iron
chelator)

Human cortical neuronal
cells

• Significantly protected cells from A�-associated
cytotoxicity

[21]

POM@P
nanoparticles

– A�15–20 and Congo
red

PC12 cells • POM@P nanoparticles rescued A�-induced cytotoxicity [23]

Au nanorods – POM@P and A�15–20 Mice cerebrospinal fluid • Inhibited A� aggregation under NIR irradiation [24]

Liposomes – Cis-glycofused
benzopyran
compound

In solution • Significantly inhibited A�1–42 aggregation [25]

PLA nanoparticles Curcumin PEG Tg2576 Mice • Produced a tendency toward better working memory in
the radial arm maze test

[27]

• Produced better cue memory in the fear condition test

Selegiline In solution • The destabilizing effects of two types fibril (fA�(1–40) and
fA�(1–42)) were increased

[30]

WS2 nanosheets – – In solution • Inhibited A� aggregation and dissociated preformed A�

aggregates
[31]

PC12 cells • Rescued A�40-induced cytotoxicity

Liposomes – Phosphatidic acid
and ApoE-derived
peptide

A� solutions • Significantly inhibited A�42 aggregation in solution [32]

• Significant destabilization of A�42 aggregates was
observed in solution

– APP/PS1Tg mice • Insoluble and soluble A�1–40 was decreased by 33 and
32%, respectively; Insoluble and soluble A�1–42 was
decreased by 26 and 11%, respectively

[33]

• Strongly reduced the levels of soluble A� species with MW
up to 90 kDa, 70.5%

• Reduced the number and total area of brain A� plaques
by 34%

• Significantly recovered their long-term recognition
memory in Novel-object recognition test

Lipoprotein-based
nanoparticles

– ApoE3 Primary microglia and
astrocytes culture

• Accelerated microglial and astroglial degeneration of A� [43]

SAMP8 mice • Attenuated microgliosis

• Amyloid plaques were markedly decreased in both the
cortices and hippocampi

• Significantly attenuated impairment of neuronal integrity
and neuron loss

• Significantly improved spatial learning and memory on the
measures of Morris water maze performance

Liposomes – Phosphatidic acid
and ApoE-derived
peptide

APP/PS1Tg mice • Significantly withdrawn A� peptides and increased plasma
A� levels

[45]

Chitosan
nanoparticles

– Intramembranous
fragment of A�

Kunming male mice • Had significantly more IgG against A�42 in serum and a
lower titer of IgG against A�42 in the brain after the last
immunization

[47]

PLGA nanoparticles – A�1–15 peptide Balb/c mice • Enhanced immune responses and serum IgG levels [48]

CeO2 or ceria
nanoparticles or
nanoceria

– – Primary cortical neurons • Reduced endogenous peroxynitrite and protected against
A�-induced mitochondrial fragmentation and neuronal cell
death

[54]

PEG and A�-Mab A�1–42-induced AD
model cells (SH-SY5Y
cells)

• Protected neurons against A�-mediated cytotoxicity [56]

A�: Amyloid-�; A�-Mab: A� monoclonal antibody; ApoE: Apolipoprotein E; APP: Amyloid precursor protein; Au: Gold; BACE1: �-site APP-cleaving enzyme 1; EGCG:
Epigallocatechin-3-gallate; LTP: Long-term potentiation; MW: Molecular weight; NIR: Near infrared; PEG: Poly(ethylene glycol); PLA: Polylactic acid; PLGA: Poly(lactic-co-glycolic
acid); POM@P: Polyoxometalate; RAGE: Receptor for advanced glycation end products; RVG: Rabies viral glycoprotein; VP025: Phosphatidylglycerol-based phospholipid nanopar-
ticles.
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Table 1. Summary of developing nanoapplications in Alzheimer’s disease (cont.).
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

VP025 – – Wister rats • Significantly inhibited caspase-3 activation in hippocampal
tissues

[57]

• Significantly attenuated the A�-induced depression in LTP

Au nanoparticles Anthocyanins – A�-treated mice • Attenuated A�-induced neuroinflammation and
neuroapoptosis

[58]

• Reduced the levels of A�, BACE-1, the microgliosis,
astrocytosis, and RAGE expression

PLGA nanoparticles Dexibuprofen PEG APPswe/PS1dE9 mice • Reduced memory impairment more effectively and
decreased brain inflammation

[59]

A�: Amyloid-�; A�-Mab: A� monoclonal antibody; ApoE: Apolipoprotein E; APP: Amyloid precursor protein; Au: Gold; BACE1: �-site APP-cleaving enzyme 1; EGCG:
Epigallocatechin-3-gallate; LTP: Long-term potentiation; MW: Molecular weight; NIR: Near infrared; PEG: Poly(ethylene glycol); PLA: Polylactic acid; PLGA: Poly(lactic-co-glycolic
acid); POM@P: Polyoxometalate; RAGE: Receptor for advanced glycation end products; RVG: Rabies viral glycoprotein; VP025: Phosphatidylglycerol-based phospholipid nanopar-
ticles.
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Figure 1. Schematic diagram of the nano-therapy strategies in Alzheimer’s disease.
BBB: Blood–brain barrier; LRP: Lipoprotein receptor-related protein; PLGA: Poly(lactic-co-glycolic acid); QD: Quantum dot; ROS: Reactive
oxygen species.

their unique spectroscopic properties [12]. Alvarez-Erviti et al. [13] also successfully delivered BACE1 siRNA into
mouse brains using modified exosomes, which are endogenous transporting nanovesicles measuring 40–100 nm
in diameter. To reduce immunogenicity, exosomes were prepared from self-derived immature murine dendritic
cells and were further modified with the neuron-specific rabies viral glycoprotein (RVG) peptide fused to Lamp2b
(an exosomal membrane protein) to promote specific targeting. These modified exosomes were then loaded with
BACE1 siRNA by electroporation, and they specifically delivered siRNA to central neurons in normal C57BL/6
mice. The therapeutic potential of exosome-mediated siRNA delivery using this method was demonstrated by
successful mRNA (60%) and protein (62%) knockdown of BACE1 together with a 55% reduction in total Aβ1–42

levels [13].
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The nonamyloidogenic pathway has also been proposed as an alternative target to reduce Aβ production.
Epigallocatechin-3-gallate (EGCG) was shown to enhance the nonamyloidogenic pathway via the PI3K/Akt
pathway; however, in practice, poor bioavailability limited its use [14]. Smith et al. [15] recently applied lipid-based
NPs functionalized with EGCG (EGCG NPs) to increase α-secretase activity and EGCG bioavailability and found
that EGCG NPs doubled the oral bioavailability of EGCG in rats and improved α-secretase activity by up to 91%
in APPswe N2a-mutant APP neuroblastoma cells [15].

Theoretically, NPs can be used to modulate Aβ production via three pathways that control secretase activity:
inhibition of β-secretase, inhibition of γ-secretase, or activation of α-secretase. However, inhibition of γ-secretase
has been reported to interfere with numerous physiological processes, leading to serious side effects [16]. In contrast,
there has been great progress in targeting α- and β-secretase using NPs [17], although long-term safety is still
unknown with further studies required.

Inhibition of Aβ aggregation
Aβ monomers can spontaneously aggregate to form oligomers and fibrils. Unlike Aβ monomers, Aβ oligomers are
toxic in AD [18]. Thus, inhibiting Aβ aggregation or dissolving Aβ aggregates may slow or even stop AD progression.
Nanotechnology-based strategies are attractive and promising for this purpose due to the potential to engineer and
conjugate metal chelators, Aβ-binding peptides, Aβ peptide ligands and other small molecules.

Numerous studies have shown that zinc, copper and iron are markedly enriched in Aβ deposits. Furthermore, the
interaction between specific metals (particularly iron and copper) and Aβ can promote Aβ peptides to form dityrosine
cross-linked oligomers [19,20], thereby accelerating Aβ deposition. As such, metal chelators act as potent inhibitors
of Aβ aggregation through disruption of Aβ oligomer formation. Unfortunately, the BBB and metal chelator
neurotoxicity limit their utility. However, NPs might overcome these limitations to inhibit Aβ aggregation. Recently,
nanoparticle-chelator conjugates (nano-N2PY) have been reported to protect human cortical neurons from Aβ-
induced toxicity by inhibiting Aβ aggregation [21]. Another interesting study reported that nanoliposomes modified
with different chelating ligands such as copper acetate, histidine, zinc acetate and ethylenediaminetetraacetic acid
disaggregated and resolubilized Cu-Aβ1–42 and Zn-Aβ1–42 aggregates in PC12 neuronal cells. This finding suggests
that chelating ligand-bound NPs can protect neuronal cells from Aβ aggregation-induced toxicity [22].

Besides metal chelators, polyoxometalates (POMs) form a class of early transition metal oxygen anion NPs engi-
neered to hybridize with Aβ15–20 peptide (POM@P nanospheres) and prevent Aβ aggregation. These bifunctional
POM@P nanospheres acted as nanoclusters to inhibit Aβ aggregation in mouse cerebrospinal fluid (CSF) and
rescued Aβ-induced cytotoxicity in PC12 neuronal cells. POM@P nanospheres also acted as effective fluorescent
probes to monitor their inhibitory effects by Congo red (an Aβ fibril stain) fluorescence changes [23]. More recently,
POMs were loaded with another Aβ inhibitor, Aβ15–20, to form self-assembling peptide-conjugated gold (Au)
nanorods, which acted as effective diagnostic probes to detect Aβ aggregation. These integrated, three-segment
NPs (an Aβ-targeting element, a reporter and inhibitor) effectively inhibited Aβ aggregation, dissociated amyloid
deposits with near-infrared irradiation and were effective and highly sensitive diagnostic probes to detect Aβ aggre-
gates in mouse CSF [24]. Hence, these NPs might have potential as future theranostic tools for the treatment and
monitoring of AD, although further in vivo studies are required.

Another good example of a nano-based agent for halting Aβ aggregation are cis-glycofused benzopyran-decorated
nanoliposomes. The cis-glycofused benzopyran was applied as an Aβ ligand and linked to nanoliposomes, resulting
in improved stability and binding affinity. As expected, the decorated nanoliposomes significantly inhibited and
delayed Aβ1–42 aggregation in vitro [25].

Apart from Aβ peptide ligands, other small molecules have been bound to NPs to prevent Aβ aggregation.
For example, curcumin, a potent anti-inflammatory and antioxidant compound, can modulate multiple targets
implicated in the pathogenesis of NDs and stroke [26]. However, its poor bioavailability and stability have limited
its application in preventing Aβ aggregation. Cheng et al. [27] developed curcumin-decorated polyethylene glycol–
polylactic acid (PEG–PLA) NPs to overcome these disadvantages. Encouragingly, after administering these NPs to
Tg2576 AD mice, memory impairments were greatly improved as reflected by radial arm maze and contextual fear-
conditioning testing, although plaque densities were not obviously altered [27]. In addition, curcumin inhibited the
formation of fibrillar and oligomeric Aβ in vitro by attaching to the nanoliposome surface [28]. Natural compounds
loaded to NPs have a great potential to inhibit Aβ aggregation. Indeed, there is one excellent review that summarized
the application of nanocarriers to load various natural compounds in treating various NDs [29]. In this review, we
only selected some iconic examples focusing on the neurobiology mechanism behind the function.
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Dissolving Aβ aggregates represents another approach for reversing Aβ aggregate-induced toxicity. NPs decorated
with the small-molecule selegiline, a selective monoamine oxidase-B inhibitor, were reported to dissolve Aβ

aggregates. In an encouraging study, selegiline was loaded on polylactic-co-glycolic acid-PEG (PLGA-b-PEG) NPs
(selegiline-loaded PLGA-b-PEG NPs) to dissolve existing Aβ aggregates. The destabilizing effect of selegiline-loaded
PLGA-b-PEG NPs on Aβ fibril (Aβ1–40 and Aβ1–42) formation was observed in vitro [30]. Another study applied WS2

nanosheets, a transition metal dichalcogenide nanomaterial, to inhibit Aβ aggregation. WS2 nanosheets crossed the
BBB to selectively absorb Aβ40 monomers through van der Waals and electrostatic interactions, thereby inhibiting
Aβ aggregation and dissolving Aβ40 fibrils through their uniquely high near-infrared absorption [31].

Bifunctionalized liposomes have also been used to dissolve Aβ aggregates. These bifunctionalized liposomes were
decorated with a modified peptide derived from the receptor-binding domain of human apolipoprotein E (mApoE)
to bind the BBB, and phosphatidic acid (PA) to bind Aβ (mApoE-PA-LIP). mApoE-PA-LIP crossed the BBB,
inhibited Aβ aggregation and triggered disaggregation of Aβ aggregates in vitro, implying that mApoE-PA-LIP is
a robust inhibitor of Aβ deposition [32]. Further studies of mApoE-PA-LIP focused on reducing Aβ burden and
ameliorating memory impairment in AD model mice. Amazingly, administration of mApoE-PA-LIP for 3 weeks
(three injections per week) displayed the unique capacity to decrease total Aβ1–42, especially its oligomeric forms
(-70.5%), in APP/PS1 AD model mice. As a result, impaired memory was improved when tested by the novel
object recognition test [33].

Of the NPs that inhibit Aβ aggregation, AuNPs deserve special mention due to their unique physicochemical
properties suitable for medical applications [34]. AuNPs hinder Aβ aggregation when conjugated with the Aβ-binding
peptide. Kogan et al. [35] conjugated AuNPs with H-Cys-Leu-Pro-Phe-Phe-Asp-NH2 (Cys-PEP, an Aβ-binding
peptide). The AuNP complexes dissolved Aβ deposits in solution when heated locally or remotely [35]. Furthermore,
AuNPs conjugated with the Aβ-binding petite CLPFFD irreversibly inhibited amyloidogenesis by Aβ in solution
under microwave irradiation [36]. The Kogan group conjugated both CLPFFD and THRPPMWSPVWP (THR,
a peptide targeting the BBB) to the surface of AuNPs to target BBB receptors (AuNPs-THR-CLPFFD). These
modified AuNPs possessed improved BBB permeability, providing hope for further therapeutic application [37].
More recently, Au nanorods modified with D1 peptide (to bind Aβ) and Angiopep-2 (to penetrate the BBB) have
been reported to decrease Aβ toxicity in a Caenorhabditis elegans AD model [38]. Although exactly how these Au
nanorods modulate Aβ aggregation remains unclear, they offer promising new alternatives for the treatment of AD
and other amyloidogenic diseases.

Due to their great biocompatibility and easy conjugation with other chemical entities, AuNPs have huge potential
in diagnostics and therapeutics. Note, however, that considerable further clinical development is still required to
translate AuNPs for clinical benefit.

Improvement of Aβ clearance
Typically, Aβ clearance is achieved via two major pathways: enzymatic degradation and receptor-mediated clearance.
In the enzymatic degradation pathway, microglia and astrocytes internalize and degrade cerebral Aβ. In the receptor-
mediated clearance pathway, Aβ either directly binds to low-density lipoprotein receptor-related protein (LRP) or
indirectly binds to LRP by attaching LRP ligands such as ApoE to transport Aβ across the BBB and out of the
brain [39]. In AD patients, especially late-onset AD patients, Aβ clearance is impaired overall [40]. Thus, promoting Aβ

clearance is a prospective approach to reduce Aβ toxicity. Currently, removing Aβ with Aβ-specific antibodies (Abs)
is relatively efficient but is known to cause autoimmune-related adverse effects [41]. Nanotechnology-based strategies
are highly efficient as they promote both clearance pathways. In the enzymatic degradation pathway, the remolded
NPs accelerate glia-mediated Aβ degradation. In the receptor-mediated pathway, NPs facilitate receptor-mediated
Aβ efflux due to their high binding affinity to Aβ peptides and improved and simultaneous targeting of LRP or
LRP ligands. Improving the peripheral clearance of Aβ directly or indirectly also contributes to receptor-mediated
Aβ efflux. As such, this nanotechnology approach has been explored extensively for AD treatment.

High-density lipoproteins (HDLs) have also been widely investigated for accelerating Aβ degradation. HDLs
have many advantages, including their ultrasmall size (8–12 nm diameter), long half-life and specific targeted
delivery [42]. Song et al. recently reported that ApoE3-reconstituted HDL (ApoE3-rHDL) showed high affinity
to both monomeric and oligomeric Aβ. This approach can be used to efficiently transport Aβ to microglia and
astroglia lysosomes, thereby accelerating Aβ degradation. After intravenous injection into SAMP8 mice for 4 weeks,
ApoE3-rHDL was found bound to circulating Aβ and facilitated Aβ degradation in liver cells. Amazingly, reduced
Aβ deposits, ameliorated neurologic changes and attenuated microgliosis were also observed in SAMP8 mouse
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brains [43]. Encouragingly, Morris water maze results suggested that ApoE3-rHDL also rescued deficits in spatial
learning and memory in ApoE3-rHDL-treated SAMP8 mice [43].

In the receptor-mediated efflux pathway, Aβ not only enters the bloodstream by interacting with LRP but also
re-enters the brain from the plasma through the receptor for advanced glycation end products, suggesting that Aβ

exists in equilibrium in the brain and the plasma [39]. This equilibrium may be interrupted by Aβ sequestration
in plasma to create a peripheral sink and increased efflux of soluble Aβ from the brain [44]. Thereby, approaches
that directly deliver Aβ out of the brain or scavenge Aβ from the bloodstream are effective at preventing Aβ

accumulation. mApoE–PA–LIP is capable of facilitating Aβ efflux from brain to bloodstream and can accelerate
peripheral Aβ clearance in APP/PS1 mice [33]. For insoluble Aβ aggregates (i.e., fibrils and plaques), mApoE–
PA–LIP can destabilize them into soluble Aβ, allowing their transport from the brain into the circulation before
peripheral clearance. A more recent study reported that mApoE–PA–LIP can delay AD symptom progression and
prevent memory impairment in presymptomatic-stage AD mice [45]. More specifically, mApoE–PA–LIP promoted
brain Aβ clearance by the peripheral ‘sink’ effect, thereby improving Aβ turnover in the brain and slowing down Aβ

accumulation. Furthermore, no toxicity was observed. These findings imply that mApoE–PA–LIP may represent a
new, ‘all-in-one’ NP to combat Aβ accumulation [32,33,46].

Besides directly promoting peripheral Aβ clearance by mApoE–PA–LIP [33], immunization is another proposed
Aβ clearance approach. Active (immunizing with Aβ peptides) and passive (by administrating anti-Aβ Abs) Aβ

immunizations are commonly used strategies to promote peripheral Aβ clearance. The application of nanotechnol-
ogy to immunization affords many advantages including controlled antigen release and stabilized vaccine antigens.
Based on these benefits, Songjiang and Lixiang [47] exploited chitosan microsphere as an Aβ nanocarrier, which
was loaded with an Aβ fragment (NP-IF-A) to function as a vaccine. As a result, NP-IF-A successfully activated
an immunization response in mice [47]. Similarly, Aβ1–15 peptides encapsulated in PLGA NPs enhanced serum Abs
responses; Balb/c mice immunized with Aβ1–15-loaded PLGA NPs had high circulating anti-Aβ Abs comparable
to the response induced by the potent Freund’s adjuvant [48]. Compared with active immunotherapy, anti-Aβ

monoclonal Ab (Aβ-mAb)-decorated liposomes had higher affinities for Aβ monomers and fibrils [49], and Aβ-mAb
nanoliposomes dramatically reduced circulating and brain levels of Aβ1–40 and Aβ1–42 in APP/PS1 mice. In addi-
tion, the ratio of phosphorylated to total Tau and the levels of glial fibrillary acidic protein and reactive glia decreased
after Aβ-mAb nanoliposome treatment [50]. In order to functionalize and personalize AD-specific nanomedicines,
further studies could focus on how to combine Aβ-mAb nanoliposomes with brain-targeting ligands to directly
target Aβ deposits in the brain.

Targeting other AD pathogenesis
Ongoing efforts to understand AD pathogenesis revealed several other hypotheses, including synaptic alterations,
microglia and astrocyte activation, impairment of iron homeostasis and oxidative injury. The final common
pathway is neuronal death and dementia associated with clinical symptoms [51,52]. Therefore, methods targeting
those pathogenesis would be expected to protect against AD pathogenesis.

Cerium oxide NPs (CNPs, also called nanoceria or CeO2-xNPs) are a widely recognized antioxidant in chronic
inflammation and degenerative diseases [53] that have been reported to resist mitochondrial fragmentation and
neuronal cell death. Nanoceria can switch between their 3+ and 4+ states to scavenge superoxide anions, hydrogen
peroxide and peroxynitrite, which contribute to oxidative stress [54]. Therefore, nanoceria has emerged as a promising
therapeutic for various NDs [55]. A recent study reported that nanoceria showed excellent capacity for scavenging
reactive nitrogen species, especially tyrosine-nitrated protein (a biomarker of nitric oxide-dependent oxidative
stress), and rescued cortical neurons from S-nitrosocysteine-induced death [54]. In another finding, PEG and anti-
Aβ Abs-coated CNPs (Aβ-CNPs-PEG) protected against oxidative stress/Aβ-mediated neurodegeneration through
the brain-derived neurotrophic factor (BDNF) signaling pathway [56]. Another study found that anti-inflammatory
phosphatidylglycerol-based phospholipid NPs (VP025) attenuated Aβ-induced long-term potentiation deficits by
inhibiting caspase-3 activation [57]. Recent efforts have focused on exploiting NPs as drug carriers into the brain.
For instance, anthocyanin-conjugated AuNPs have been shown to reduce Aβ-induced neuroinflammation and
apoptosis by inhibiting the p-JNK/NF-κB/p-GSK3β pathway in both in vivo and in vitro AD models without
significant neuronal cytotoxicity [58]. Another study used dexibuprofen-loaded nanospheres, which reduced memory
impairment and decreased brain inflammation and Aβ plaque formation in APPswe/PS1dE9 mice [59].

In summary, each step of Aβ production, aggregation and clearance can be a considered potential target
to overcome amyloid formation-induced toxicity. As such, nanotechnology has been applied to target Aβ and
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its aggregated forms. Exciting progress has been made in this area, with positive outcomes in modulating Aβ

production, inhibiting Aβ aggregation, enhancing Aβ clearance and even reversing Aβ-induced learning and
memory deficits in AD model mice. Also, targeting other AD pathogenesis, such as inflammation and oxidative
stress by nanotechnology is a promising approach to manage, delay and even treat AD.

Detection of AD biomarkers
The clinical diagnosis of AD is typically based on medical history, which includes cognitive function, neurological
and general physical examination, and routine laboratory analyses [60]. However, before AD dementia presents and
is diagnosed, AD pathophysiology may have been present for many years or even decades. Hence, AD progression
can be regarded as having two key stages: preclinical and clinical. In the preclinical stage, AD biomarkers are present
but insufficient to produce neuronal death and dementia symptoms [61], so treatment received at this stage would
be optimal. AD biomarker detection is critical for the early diagnosis of AD and to develop efficient treatment
strategies to slow or halt disease development, delay AD-associated dementia and to monitor treatment outcomes.
Compared with conventional AD biomarkers, nanotechnology offers several advantages in this area.

Aβ detection

As discussed above, Aβ peptide accumulation is regarded as a key contributor to early AD pathophysiology. The
surface modification of NPs with various molecules such as Aβ-binding peptides and high-affinity compounds has
great potential to boost diagnostic sensitivity and accuracy. The application of nanotechnology to Aβ detection has
focused on targeting Aβ in the plasma and CSF and neuroimaging Aβ deposition. Among various high-sensitivity
technologies, an ultrasensitive assay established by the Georganopoulou’s group was highly efficient. In this method,
AuNPs were utilized for biobarcode assaying to determine the concentration of Aβ-derived diffusible ligands, a
potential soluble pathogenic AD marker. The detection accuracy of his method was as high as 0.1 fM [62]. Roney
et al. [63] designed polymeric n-butyl-2-cyanoacrylate (PBCA) NPs to encapsulate the radiolabeled amyloid affinity
drug 125I-clioquinol (CQ, 5-chloro-7-iodo-8-hydroxyquinoline). They showed that 125I -CQ-PBCA NPs crossed
the BBB and exhibited significantly greater brain uptake and retention of the imaging agent in AD transgenic
mice compared with wild-type controls [63]. Furthermore, ultrasmall superparamagnetic iron oxide NPs chemically
coupled with Aβ detected amyloid deposition through magnetic resonance microimaging in AD transgenic mice,
albeit with some safety concerns [64].

Agents with high affinity for Aβ are crucial for the development of potential novel therapeutics and diagnostics.
Numerous molecules have been studied for improving Aβ affinity when decorating NPs, including PA or cardiolipin
(22–60 nM) [65], curcumin (1–5 nM) [66], Aβ-mAb-decorated PACA NPs (700 pM for monomers and 300 pM
for fibrils) [67] and Aβ-mAb-attached nanoliposomes (500 pM for fibrils) [49,68]. Additionally, Brambilla’s group
demonstrated that PEGylated NPs exhibited a high affinity for both soluble and serum Aβ monomers and soluble
oligomers and possessed a drastically increased blood half-life [68]. Although advances have been made in improving
the affinity of agents for Aβ, the BBB remains a major obstacle to their application in vivo. Therefore, bifunction-
alized NPs that bind to Aβ and penetrate the BBB hold great promise for therapeutic and diagnostic purposes. To
this end, Salvati et al. [69] developed dual-functional nanoliposomes decorated with both PA (to bind Aβ) and the
antitransferrin receptor Ab (RI7217), the latter chosen because transferrin receptors are expressed on the BBB and
are typically considered a target for BBB transportation. These dual-function nanoliposomes showed enhanced BBB
permeability in an in vitro BBB model and higher affinity for Aβ as evaluated by surface plasmon resonance [69].
Analogously, PEG–PLA NPs simultaneously decorated with Aβ-binding peptide (QSHYRHISPAQVC) and BBB-
targeting ligand (TGNYKALHPHNGC) stained amyloid deposits in the sub-micromolar range in the brains of
AD model mice and humans [70]. Moreover, nanoliposomes decorated with methoxy-XO4 (XO4), a highly specific
Aβ plaque ligand, acted as a targeting moiety and fluorescent marker. After intravenous injection into APP/PS1
mice, XO4-decorated nanoliposomes crossed the BBB and bound to Aβ plaque deposits in both parenchymal and
vascular areas [71].

Therefore, using NPs to target Aβ has great potential to accelerate the development of AD treatment and
diagnosis. Both therapeutic and diagnostic strategies urgently require novel technologies to specifically target Aβ.
Nanotechnology represents a promising approach for Aβ detection both in solution and in living animals. Future
studies will no doubt continue to explore nanotechnology-based materials to accurately detect Aβ.

2348 Nanomedicine (Lond.) (2018) 13(18) future science group



Application of nanodiagnostics & nanotherapy to CNS diseases Review

Tau detection

According to the National Institute of Aging-Alzheimer’s Association guidelines, evidence of amyloid positivity
and presence of Tau or phospho-Tau in the CSF support the diagnosis of progression toward AD-related neuronal
injury [72].

Early studies revealed that AuNPs are ultrasensitive and highly selective for detecting Tau protein (<195 pg/ml)
in CSF when using its two-photon Rayleigh scattering properties. Furthermore, when AuNPs are coated with
anti-Tau Abs, two-photon Rayleigh scattering intensity increases about 16-fold [73]. AuNP-based immuno-PCR
(nano-iPCR) had superior sensitivity for the detection of Tau protein in human CSF samples [74]. Furthermore,
polyclonal anti-Tau protein-immobilized AuNPs and monoclonal anti-Tau-functionalized hybrid magnetic NPs
(MNPs) were combined in a sandwich assay for ultrasensitive and selective Tau detection. These two types of
NP were regarded as the recognition and surface-enhanced Raman scattering components, respectively, and the
detection limit for this sandwich assay was less than 25 fM [75].

It is commonly accepted that Aβ and Tau are particularly relevant to early-stage AD pathophysiology. Although
currently available methods such as neuroimaging, ELISA and PCR can detect pathological Aβ and/or Tau protein,
they have not yet extended to point-of-care use due to the need for high expertise, complicated operations and the
challenge of low detection limits [76]. Hopefully, future research will focus on applying nanotechnology to detect
these biomarkers in a molecular range, as this holds great promise for translation to clinical use and improving
patient outcomes.

Nanotechnology in PD
PD is a common ND that presents with a constellation of symptoms including muscle rigidity, resting tremor,
postural instability and slowing of physical movement (bradykinesia) [77]. Pathologically, PD is characterized by the
progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNC) together with the existence of
fibrillar α-synuclein inclusions, known as Lewy bodies [78]. Loss of dopaminergic neurons in the SNC, which leads
to dopamine (DA) depletion, is regarded as the underlying cause of degenerative motor symptoms in PD. Currently
available treatments are based on DA replacement, particularly with L-3,4-dihydroxyphenylalanine (levodopa or
L-dopa, the precursor of DA) [79]. Although levodopa is an effective medicine for PD patients, especially during
the early stages of the disease, long-term levodopa use may lead to motor complications such as dyskinesia and
fluctuations in motor response [80]. Furthermore, although DA replacement relieves symptoms, it does not delay
disease progression. These unsatisfying therapeutic results have led to numerous studies that aim to find efficient
neuroprotective strategies that slow, stop or even reverse the progression of PD. Although the exact pathogenesis
of PD is not clear, many studies suggest that misfolding protein aggregation, ubiquitin–proteasome system (UPS)
impairment, mitochondrial dysfunction, oxidative stress and inflammation may all contribute to dopaminergic cell
death in PD [81]. These molecular pathways are potential targets for neuroprotection. In this respect, nanotechnology
could provide the convenience of drug delivery, controlled agent release, enhanced BBB permeability and specific
cell targeting. Nanotechnology-based neuroprotection strategies including targeting α-synuclein accumulation,
oxidative stress, mitochondrial dysfunction, inflammation and growth factor supplementation hold great promise
for PD treatment. Therefore, the application of nanotechnology in both DA replacement and neuroprotection
presents a wide range of possibilities for PD (Figure 2 & Table 2).

DA replacement
DA deficiency is the key neurochemical abnormality in early-stage PD. To date, the most effective approach for
relieving disease symptoms is replenishment of depleted DA. Levodopa administration remains the standard clinical
treatment for PD. However, levodopa has a relatively short half-life in plasma, resulting in the need for frequent
levodopa administration over the long term to maintain its therapeutic effect, which can cause fluctuating plasma
levodopa and striatal DA levels. Fluctuating levodopa plasma levels causes nonphysiological pulsatile stimulation of
striatal DA receptors, consequently inducing response failures and motor complications such as dyskinesia [82,83].
NPs have been engineered to control levodopa release and have a longer half-life, thereby reducing drug dose and
the risk of levodopa-induced dyskinesia.

Zn/Al-layered double hydroxides, a novel layered organic–inorganic nanocomposite material was synthesized to
incorporate levodopa. This levodopa-incorporated nanocomposite showed excellent sustained release performance,
indicating the potential to reduce the pulsatile stimulation of dopaminergic neurons [84]. Gambaryan et al. [85]

applied PLGA NPs loaded with levodopa (nano-DOPA) to increase PD treatment efficiency. In the study, the
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Table 2. Summary of developing nanoapplications in Parkinson’s disease.
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

PLGA nanoparticles L-dopamine – 6-OHDA-
lesioned
rats

• Significantly heightened placing task scores
• Restored the motor function in foot-fault asymmetry test

[85]

Dopamine – • Significantly decreased amphetamine-induced rotations [86]

• Restored the decrease of locomotor activity

• No additional mitochondrial damage or ultrastructural changes

Fe3O4 nanoparticles NGF and shRNA N-
isopropylacrylamide
derivative

MPP+-induced
PD model mice

• Improved locomotor activity [92]

• Remarkably decreased the mRNA levels of �-synuclein and
enhanced TH mRNA levels

• Upregulated TH expression and downregulated �-synuclein
expression

VP025 – – Proteasome
inhibitor treated
rats

• Significantly decreased time spent in the amphetamine-induced
accelerating rotarod

[94]

• Prevented the decrease in spontaneous locomotor activity

• Restored the dopamine for 6 weeks

6-OHDA-
lesioned
rats

• Significantly induced the reduction of amphetamine-induced
rotation rates

[95]

• Significantly spared striatal dopamine

• Rescued considerable ipsilateral nigral dopaminergic neurons

• Significantly reduced ipsilateral microglial activation

• Significantly reduced p38 activation, which can mediate
apoptotic cell death

Dendrigraft
poly-L-lysines

Caspase-3
shRNA

Virus glycoprotein
peptide (RVG29),
PEG

Rotenone-
induced PD
model rats

• Downregulated caspase-3 activity in brains [96]

• Improved locomotor activity in open field test

• Rescued TH-positive neurons

• Decreased the levels of TNF-� and NO

C60(OH)24 – – MPP+-induced
PD model cells

• Protected cells from oxidative damage [98]

• Prevented against mitochondrial dysfunction, including
improvement of MMP and complex I and II activities

• Increased total GSH levels, also prevented the total GSH loss and
enhanced [GSSG]/[GSHt] ratio significantly. And pretreatment with
C60(OH)24 did significantly inhibit the increase of [GSSG]/[GSHt]
ratio

CeO2 or ceria
nanoparticles or
nanoceria

– – MPTP-induced
PD model mice

• Protected against the MPTP-induced decline in striatal dopamine [99]

Lactoferrin-
modified
nanoparticles

Curcumin Lactoferrin Rotenone-
induced PD
model cells

• Efficiently reduced ROS levels [100]

• Significantly protected against rotenone-induced neurotoxicity

• Suppressed the expression of �-synuclein

Nanocomposites Curcumin – Drosophila of
PD

• A significant delay of climbing ability lost [101]

• A significant decrease in the lipid peroxidation

Resveratrol
nanoemulsion

Vitamin E and
resveratrol

– Wistar rats • Significantly increased the levels of GSH and SOD [103]

Polyanhydride
nanoparticles

Apocynin Folic acid Dopaminergic
neuronal cell,
mouse primary
cortical neurons
and human
mesencephalic
cell

• Protected against oxidative stress-induced mitochondrial
dysfunction more effectively

[107]

PBCA nanoparticles NGF Polysorbate 80 MPTP-induced
PD model mice

• Reversed the scopolamine-induced amnesia [108]

• Increased locomotor activity

6-OHDA: 6-Hydroxydopamine; GDNF: Glial cell line-derived neurotrophic factor; FGSH: Glutathione; GSSG: Glutathione disulfide; MMP: Mitochondrial membrane potential;
MPP+: 1-Methyl-4-phenylpyridinium; MPTP: 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NO: Nitric oxide; PAMAM: Polyamidoamine; PBCA: Polymeric n-butyl-2-cyanoacrylate;
PD: Parkinson’s disease; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); ROS: Reactive oxygen species; SOD: Superoxide dismutase; TH: Tyrosine hydroxylase; VP025:
Phosphatidylglycerol-based phospholipid nanoparticles.
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Table 2. Summary of developing nanoapplications in Parkinson’s disease (cont.).
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

PAMAM dendrimer GDNF gene Lactoferrin and PEG Rotenone-
induced PD
rats

• Markedly increased locomotor activity in rats [109]

• Rescued dopaminergic neurons

6-OHDA-
induced PD
rats

• Lowered apomorphine-induced rotation and improved
locomotor activity

[110]

• Reduced dopaminergic neuronal loss

6-OHDA: 6-Hydroxydopamine; GDNF: Glial cell line-derived neurotrophic factor; FGSH: Glutathione; GSSG: Glutathione disulfide; MMP: Mitochondrial membrane potential;
MPP+: 1-Methyl-4-phenylpyridinium; MPTP: 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NO: Nitric oxide; PAMAM: Polyamidoamine; PBCA: Polymeric n-butyl-2-cyanoacrylate;
PD: Parkinson’s disease; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); ROS: Reactive oxygen species; SOD: Superoxide dismutase; TH: Tyrosine hydroxylase; VP025:
Phosphatidylglycerol-based phospholipid nanoparticles.
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Figure 2. Schematic diagram of the nano-therapy strategies in Parkinson’s disease.
DA: Dopamine; DPR: Dendrigraft; NP: Nanoparticle; PBCA: Polymeric n-butyl-2-cyanoacrylate; ROS: Reactive oxygen
species.

therapeutic effects of nano-DOPA were estimated in PD model rats using motor coordination tests. Compared with
levodopa or levodopa-benserazide (the peripheral decarboxylase inhibitor)-treated PD rats, nano-DOPA-treated
PD rats exhibited longer-lasting therapeutic effects with a significant restoration of motor function. Further analysis
demonstrated that nano-DOPA had a greater effective half-life, bioavailability and efficacy. These characteristics
highlight the feasibility of applying nanotechnology to levodopa administration for PD treatment [85].

The fact that DA cannot cross the BBB is also a key limitation of directly treating PD with DA. Recently, NPs
have been modified to deliver DA across the BBB and control its release. In fact, DA-loaded PLGA NPs were
designed to deliver DA into the brains of 6-hydroxydopamine (6-OHDA)-induced PD model rats. Intravenous
administration of DA-loaded PLGA NPs significantly increased DA levels in the SNC and recovered neurobehavioral
abnormalities without cardiovascular toxicity in the brain or periphery. Furthermore, DA-loaded PLGA NPs slowly
and continually released DA, potentially reducing DA autoxidation-mediated toxicity and avoiding drug-related
side effects. In summary, DA-loaded PLGA NPs can deliver DA into the brain and prevent bulk DA-associated
toxicity, suggesting that nanotechnology may provide a safe and novel therapeutic tool for DA supplementation
strategies [86].

future science group www.futuremedicine.com 2351



Review Zhang, Wang, Yu, Xiao & He

Targeting α-synuclein accumulation
Neuroprotective therapy is believed to prevent neuronal cell death through inhibition of cell dysfunction and
death-related molecular pathways. Among the various implicated molecular pathways, α-synuclein accumulation
has been considered a key contributor to neurodegeneration in PD. The conversion of α-synuclein from soluble
monomers to insoluble forms contributes to toxic consequences such as disruption of synaptic transmission,
impairment of the UPS and mitochondrial dysfunction [87]. More recent evidence suggests that host α-synuclein
may exert deleterious effects on neighboring cells through self-propagating conformation [88]. Given the potential
toxicity of various α-synuclein aggregates (oligomers and fibrils), approaches targeting α-synuclein accumulation
could protect against neurodegeneration and revolutionize PD treatment [89]. In this way, NPs designed as nonviral
vectors or α-synuclein-targeting carriers offer great potential for inhibition of α-synuclein production.

A recent study by Loureiro et al. [90] showed that double targeting immunoliposomes might have therapeutic
potential by targeting α-synuclein. In this study, immunoliposomes were decorated with the antitransferrin receptor
OX26 (to target the BBB) and anti-α-synuclein LB509 Abs (to target α-synuclein). EGCG was used as the test
drug, which was encapsulated in the immunoliposomes. This immunoliposome-encapsulated EGCG continuously
released for 44 h in an in vitro BBB model [90]. Curcumin-loaded amine-functionalized mesoporous silica NPs
have been reported to significantly inhibit α-synuclein fibril formation [91]. It is conceivable that future PD therapy
will focus on using these dual targeting immunoliposomes to deliver α-synuclein aggregation and/or production
inhibitors. More recently, magnetic Fe3O4 NPs were designed as novel nanocarriers to reduce α-synuclein expression.
The nanocarriers were prepared from magnetic Fe3O4 NPs and coated with N-isopropylacrylamide derivative
(NIPAm-AA) and NGF. The shRNA was then loaded onto the Fe3O4 NPs (NP-NIPAm-AA-NGF [pDNA]).
Amazingly, NP-NIPAm-AA-NGF (pDNA) successfully interfered with α-synuclein synthesis in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced PD model mice and sequentially prevented α-synuclein-induced toxicity [92].

Targeting inflammation
Inflammation is recognized as a key contributor to PD. A number of studies have shown that microglia, inflammatory
cytokines and the complement systems at least in part drive neuronal death in PD [93]. Therefore, anti-inflammatory
agents may delay PD progression, attracting the attention of many investigators interested in designing NPs to
target these inflammatory pathways.

VP025 has also been used in PD treatment. In fact, VP025 can prevent microglial activation and inhibit
6-OHDA-induced dopaminergic neuron loss. Moreover, VP025 can also prevent impairment of dopaminergic
motor activity in 6-OHDA or proteasome inhibition-induced PD models [94,95]. Another study performed by
Liu et al. [96] used dendrigraft poly-L-lysine NPs to encapsulate shRNAs to silence caspase-3, which consequently
stopped microglial activation and prevented neuronal death. In this study, encapsulated caspase-3 shRNA (pshC-3)
dendrigraft poly-L-lysine NPs (DPR/pshC-3 NPs) were modified with rabies virus glycoprotein peptide (RVG29)
to cross the BBB. This DPR/pshC-3 NP downregulated the expression and activation of caspase-3, substantially
improving locomotor activity and rescuing dopaminergic neuronal loss in PD model rats [96].

Targeting antioxidative stress
Studies conducted on human postmortem material suggest that reactive oxygen species (ROS) generated by
mitochondrial complex I inhibition also play an important role in PD pathogenesis. Therefore, excessive ROS
are likely to contribute to oxidative stress [97]. NPs have been widely explored to resist oxidative damage or target
mitochondria for therapeutic purposes.

Recently, the polyhydroxylated fullerene derivative C60(OH)24 was shown to prevent mitochondrial dysfunction
and oxidative damage in 1-methyl-4-phenylpyridinium-induced neuroblastoma PD model cells. These studies
confirmed that C60(OH)24 not only worked as a powerful free radical scavenger but also as a Phase 2 enzyme
inducer, consequently indirectly activating antioxidant pathways [98]. Nevertheless, C60(OH)24 toxicity was still a
big problem. It is also worth noting that nanoceria-based treatments have extended to PD due to a recent study
showing that nanoceria protects against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopaminergic neu-
rodegeneration in a PD mouse model [99].

As well as antioxidative nanostructures, NPs have also been used to deliver antioxidants to protect neurons. Re-
cently, Bollimpelli et al. [100] demonstrated that curcumin-loaded lactoferrin NPs were effective for intracellular drug
uptake, sustained retention and neuroprotection against rotenone-induced neurotoxicity in SK-N-SH cells [100].
Similarly, alginate-curcumin nanocomposite was reported to reduce oxidative stress and prevent neuronal apoptosis
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in a fly PD model. This nanocomposite showed a significant dose-dependent delay in climbing disability [101].
Another study showed that superoxide dismutase (SOD)-loaded PLGA NPs protected against H2O2-induced ox-
idative stress in cultured human neurons in a dose- and time-dependent manner [102]. Moreover, vitamin E-loaded
resveratrol nanoemulsion reduced oxidative stress by increasing glutathione (GSH) and SOD levels in haloperidol-
treated rats. Stable vitamin E nanoemulsion encapsulating resveratrol provided a higher targeting efficiency and
reduced haloperidol-induced neuronal death [103]. These findings suggest that NP-modified agents have a potent
antioxidative application potential for PD treatment.

Notably, mitochondrial dysfunction, which is believed to be relevant in PD pathogenesis, contributes to free rad-
ical stress and causes neuronal damage. Organelle-specific targeting NPs have emerged as a promising technology to
restore mitochondrial dysfunction. A recent study demonstrated the feasibility of using peptide-based multiwalled
carbon nanotubes to deliver nucleic acids to mitochondria [104], suggesting that NP-based intracellular delivery is
a potential way to address mitochondrial dysfunction diseases. Furthermore, surface modification of nanocarriers
with mitochondriotropic triphenylphosphonium cations facilitated efficient subcellular delivery and significantly
enhanced the therapeutic effect and activity of ceramide [105]. Similarly, triphenylphosphonium-conjugated den-
drimers have been used as polymeric gene vectors, showing high transfection efficacy with low cytotoxicity in
HeLa and COS-7 cells [106]. Encouragingly, a recent study showed that apocynin (the mitochondria-targeting
antioxidant)-loaded polyanhydride NPs protected against oxidative stress-induced neuronal damage in different
cells [107]. These functional NPs have the potential for application in mitochondria dysfunction-related PD diagnosis
and treatment.

Neurotrophic factor supplementation
NGF and other neurotrophic factors such as glial cell line-derived neurotrophic factor (GDNF) are essential to
CNS development and function. NGF and GDNF effectively protect and repair degenerate neurons. However, the
low BBB permeability of both NGF and GDNF limit translation to clinical practice. NPs have emerged as targeted
carriers for the delivery of these therapeutic proteins or genes across the BBB.

An early study showed that PBCA NPs could deliver NGF into the brains of PD model mice. Polysorbate
80-coated PBCA NPs adsorbed NGF and transported it across the BBB. After intravenous administration, the
NGF-adsorbed PBCA NPs successfully reversed scopolamine-induced amnesia and improved recognition and
memory [108]. Another study reported that GDNF gene-encapsulated lactoferrin-modified NPs exhibited powerful
neuroprotection in 6-OHDA or rotenone-induced PD models. Indeed, this functionalized NP increased and
maintained GDNF expression. As a result, improvements in locomotor activity, increased levels of monoamine
neurotransmitters, and decreased dopaminergic neuronal loss were observed in both models [109,110].

In conclusion, nanotechnology is increasingly being developed for PD therapy. Although considerable advances
have been made in nanotechnology-based DA replacement and neuroprotective strategies, the gap between the
laboratory and clinic still requires a lot of effort to be bridged. As such, there remains a need for further investigations
in applying nanotechnology to these aforementioned neuroprotective strategies.

Detection of PD biomarkers
Early-stage diagnosis of PD is crucial for preventing disease progression. Preclinical-stage biomarkers could help to
identify high-risk individuals and provide the opportunity to treat patients before motor and nonmotor symptoms
develop [111]. α-Synuclein and DA abnormalities and mitochondrial dysfunction are closely related to PD, but the
highly sensitive detection of biomarkers related to these processes remains a challenge for current technologies. To
solve this problem, a number of nanotechnology-based approaches have been developed to detect α-synuclein, DA
and mitochondrial dysfunction.

α-Synuclein detection

Ultrasensitive detection of α-synuclein may be helpful in PD diagnosis, as α-synuclein plays an important role in PD
pathogenesis. An et al. [112] reported a novel, highly sensitive and stable electrochemical immunosensor prepared
from G4-polyamidoamine dendrimer-encapsulated AuNPs (PAMAM-Au nanocomposites). The PAMAM-Au
nanocomposite was constructed as an effective platform to target α-synuclein and assist electron transfer for
signal enhancement. Later, horseradish peroxidase secondary Ab was attached to AuNPs to achieve enzymatic
signal amplification. In fact, this dual signal amplification technology reached a limit of detection of 14.6 pg/ml
for α-synuclein [112]. Another study developed a high-sensitivity immunosensor using Au-doped TiO2 nanotube
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arrays for photoelectrochemical detection of α-synuclein. This immunosensor was an effective platform for signal
amplification that increased sensitivity to concentration limits of 34 pg/ml [113].

DA detection

The preferential vulnerability of dopaminergic neurons in PD suggests that DA may play a major role in PD
pathophysiology. Therefore, DA detection may be a feasible strategy for PD diagnosis. Nanotechnology-based DA
detection is highly sensitive and could form the basis of early diagnostic tools for PD. Vertically aligned zinc oxide
(ZnO) nanowire arrays (ZnO NWAs) prepared from a 3D graphene foam were a promising method to detect DA
with high sensitivity. ZnO NWAs also demonstrated high selectivity, with a detection limit of 1 nM for DA in
the serum of PD patients. Furthermore, ZnO NWAs also selectively detected uric acid and ascorbic acid through
a method called differential pulse voltammetry. Further comparison and analysis of uric acid levels in PD patients
and healthy individuals suggested that uric acid may also be a biomarker for early PD [114].

Detection of mitochondrial dysfunction

As noted above, PD has always been linked to mitochondrial dysfunction. Ma et al. [115] developed an in vitro and
intracellular complex I sensor-attaching ubiquinone-terminated disulfide (QnNS) to attach CdSe/ZnS quantum
dots (QDs; QnNS-QDs). The complex showed the capacity for early detection and monitoring of PD. In the
presence of NADH and complex I (the first enzyme of the mitochondrial respiratory chain), the surface-attached
QnNS-QD layer was reduced to HQnNS-QDs by electron transfer. Since QDs are highly sensitive to changes in
electron transfer, the change in QD fluorescence intensity reflected the level of complex I. As such, QnNS-QDs
were feasible for detecting complex I levels in human SH-SY5Y neuroblastoma cells via monitoring of fluorescence
changes. This technique may represent a promising tool for PD detection [115].

In summary, PD pathogenesis involves various molecular pathways, all of which contain potential biomarkers for
early PD diagnosis. DA, α-synuclein and mitochondrial dysfunction are all attractive targets for nanotechnology-
based diagnostic approaches.

Nanotechnology in stroke
Stroke, one of the most common causes of human disability and death, is caused by the interruption of the blood
supply in the brain to deprive tissue of oxygen and nutrients, leading to a cascade of pathological biochemical
reactions and ultimately cell and tissue death. There are two types of stroke: ischemic and hemorrhagic. Ischemic
stroke is more common, accounting for 87% of all stroke occurrences [116], and ischemic tissue is distinguished by
a necrotic core surrounded by a variably sized ischemic penumbra. This is because cell death occurs in minutes due
to a lack of ATP, ionic disruption and other dysfunction in the ischemic area, while in peripheral zones, termed the
ischemic penumbra, neurons are potentially salvageable due to residual perfusion from collateral blood vessels [117].
Therefore, it is possible and necessary to limit neuronal injury and restore cellular function in the ischemic penumbra.
Early recanalization by clot lysis and reperfusion can decrease ischemic injury. However, only a few patients (about
5%) receive this therapy due to the short therapeutic time window (of about 3 h) [118]. Other drawbacks of this
traditional treatment include a risk of reperfusion damage, brain edema and hemorrhagic complications [119]. These
drawbacks have prompted the development of alternatives such as thrombolysis and neuroprotective treatments,
which include inhibition of oxidative stress, inflammation and apoptosis. Nanotechnology presents numerous
advantages and opportunities in stroke treatment including enhanced BBB permeability and the capacity for
sustained and controlled drug release. Most researches on nanotechnology-based therapeutics in stroke have focused
on applying these advantages to preventing oxidative stress, inflammation and apoptosis (Figure 3 & Table 3).

Recanalization therapy
Intravenous thrombolysis with recombinant tissue plasminogen activator (tPA) remains the standard clinical
treatment for acute ischemic stroke patients within 4.5 h of symptom onset [120]. However, intravenous thrombolysis
carries potential hemorrhagic complications. tPA, which activates plasmin so as to trigger fibrinolysis, is systemically
distributed rather than specifically activating fibrinolysis. However, after stroke onset, the vascular flow slows due to
the obstructed blood vessel, and higher doses of tPA are required for effective thrombolysis, aggravating hemorrhagic
complications. Nanotechnology offers a convenient platform to immobilize and encapsulate specific molecules in
nanocarriers at a higher loading rate. Thus, nanotechnology-based approaches can further reduce hemorrhagic
complication rates by effectively delivering thrombolytic agents to the thrombus. Recent reports have suggested
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Table 3. Summary of developing nanoapplications in stroke.
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

Liposomes Hemoglobin Impermanent middle
carotid arteries
occlusion of monkey

• The LEH-treated monkeys had a better mobilization and
muscular strength in the forelimb and in the hindlimb

[130]

• The cortex morphological changes were prevented [131]

Quercetin Permanent middle
cerebral artery
occlusion of rats

• Partial reversal of motor deficits [137]

• Significantly prevented a reduction of GSH levels in ipsilateral
striatum and cortex

• A significant increase in numbers of neuron cells in striatum and
cortex

• Significantly reduced cerebral oedema volume

PLGA nanoparticles – Impermanent common
carotid arteries
occlusion of rats

• Prevented degradation of SOD and catalase from ischemic insults [138]

• Markedly reduced ROS generation

• Significantly downregulated the expression of iNOS in the
hippocampus

• Minimized the caspase-3 activity in hippocampal region

• It is predicted to be highly effective in preventing hippocampal
neuronal loss

Polylactide
nanoparticles

– • GSSG/GSH ratio was significantly reduced [139]

• Markedly reduced diene generation in whole brain homogenate

Solid lipid
nanoparticles

Curcumin Bilateral common
carotid arteries
occlusion of rats

• Significantly attenuated the increase in ITL and RTL in the EPM [140]

• A significant improvement in memory consolidation in Morris
water maze

• Significantly restored the LPO, GSH, SOD, catalase and nitrite

Polymer
(PEG-polystyrene)
nanoparticles

Antioxidant
nitroxyl radicals
such as TEMPO

Impermanent middle
carotid arteries
occlusion of rats

• Significantly lowered superoxide anions production in neuronal
cells

[141]

• Reduced the infarction volume significantly

PLGA nanoparticles SOD Focal cerebral
ischemia-reperfusion
injury model

• Significantly lowered neurological-deficit scores [142]

• The infarct lesion area in each coronal slice of brain was
significantly less

• The number of TUNEL-positive cells was significantly fewer

• Significantly reduced the ROS activation

Liposomes SOD PEG Mouse model of
cerebral ischemia and
reperfusion injury

• Got an appreciably better improvement in neurological behavior
test
• Significantly decreased the infarct volume

[143]

PBCA nanoparticles SOD Anti-NR1
antibodyPLGA nanoparticles SOD

CeO2 or ceria
nanoparticles or
nanoceria

– Mouse hippocampal
brain slice model of
ischemia

• Decreased ischemia-induced ROS production by approximately
30%

[145]

• Reduced ischemic cell death by approximately 50%

• Reduced ROS levels

• Significantly increased cell viability

CHO-K1 cells incubated
to increase intracellular
ROS

• Protected CHO-K1 cells from ROS-induced cell death [146]

Ischemic stroke model
rats

• Considerably reduced infarct volumes up to 50%

• Lowered the number of apoptotic cells and decreased
proapoptotic proteins, such as phospho-p53, cleaved caspase-3 and
gelsolin

Polymer
(e-caprolactone)
nanoparticles

Indomethacin OGD model of
hippocampal slice
cultures

• Significantly prevented the increase of IL-1b, IL-6 and TNF-� levels
in the culture medium

[151]

• Significantly reduced the phosphorylation levels of ERK1/2 and
JNK

• Prevented the OGD-induced IB4 reactivity

• Cell death significantly decreased

Anti-NR1 antibody: Anti-NMDA (N-methyl-D-aspartate) receptor 1 antibody; EPM: Elevalted plus maze; ERK: The extracellular-signal-regulated kinase; GSH: Glutathione; GSSG:
Glutathione disulfide; HMGB 1: High mobility group box 1; IB4: Isolectin B4; iNOS: Inducible nitric oxide synthase; ITL: Initial transfer latency; JNK: The c-Jun N-terminal kinase; LEH:
Liposome-encapsulated hemoglobin; LPO: Lipid peroxidation; NMDA: N-methyl-D-aspartic acid receptor; OGD: Oxygen-glucose deprivation; PAMAM: Polyamidoamine; PBCA:
Polymeric n-butyl-2-cyanoacrylate; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); PX-18: 2-N,N-bis(oleoyloxyethyl) amino-1-ethanesulfonic acid; ROS: Reactive
oxygen species; RTL: Retention transfer latency; SOD: Superoxide dismutase; TEMPO: 2,2,6,6-Tetramethylpiperidine-1-oxyl; TUNEL: Terminal deoxynucleotidyl transferase dUTP
nickend labeling; Z-DEVD-FMK: N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone; TfRMAb: Antimouse transferrin receptor monoclonal antibody.
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Table 3. Summary of developing nanoapplications in stroke (cont.).
Nanomaterials Therapeutic

agent
Target ligand Model Outcome Ref.

PX-18 nanocrystals PX-18 Impermanent common
carotid arteries
occlusion of gerbils

• Markedly decreased reactive astrocytes and reduced microglial
activation

[152]

• Significantly reduced neuronal DNA damage

• Resulted in a marked reduction of delayed neuronal death

• Reduced ischemia-induced neuronal degeneration

PAMAM dendrimer HMGB1 siRNA H2O2- or
NMDA-treated primary
cortical culture

• Alleviated NMDA-induced neuronal death in primary cortical
culture

[153]

• Total infarction volume was reduced to 70.6%

Chitosan
nanospheres

Z-DEVD-FMK TfRMAb Focal cerebral
ischemia-reperfusion
injury model mice

• Significantly decreased the infarct volume [156]

• Decreased neurological deficits

• Dramatically suppressed caspase-3 activities in the ischemic
hemispheres

Carbon nanotubes Caspase-3 siRNA Endothelin Stroke
Model

• Significant reduction in the number of apoptotic cells [157]

• Significant improvement in the ‘skilled reaching’ tests

Anti-NR1 antibody: Anti-NMDA (N-methyl-D-aspartate) receptor 1 antibody; EPM: Elevalted plus maze; ERK: The extracellular-signal-regulated kinase; GSH: Glutathione; GSSG:
Glutathione disulfide; HMGB 1: High mobility group box 1; IB4: Isolectin B4; iNOS: Inducible nitric oxide synthase; ITL: Initial transfer latency; JNK: The c-Jun N-terminal kinase; LEH:
Liposome-encapsulated hemoglobin; LPO: Lipid peroxidation; NMDA: N-methyl-D-aspartic acid receptor; OGD: Oxygen-glucose deprivation; PAMAM: Polyamidoamine; PBCA:
Polymeric n-butyl-2-cyanoacrylate; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); PX-18: 2-N,N-bis(oleoyloxyethyl) amino-1-ethanesulfonic acid; ROS: Reactive
oxygen species; RTL: Retention transfer latency; SOD: Superoxide dismutase; TEMPO: 2,2,6,6-Tetramethylpiperidine-1-oxyl; TUNEL: Terminal deoxynucleotidyl transferase dUTP
nickend labeling; Z-DEVD-FMK: N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone; TfRMAb: Antimouse transferrin receptor monoclonal antibody.

Death

Recanalization
therapy

Streptokinase decorated PFC NPs

tPA conjugated magnetic NPs

LEH
Oxidative stress

Apoptosis

Z-DEVD-FMK chitosan NPs

Caspase-3 siRNA f-CNT

HMGB1 siRNA/e-PAM-R

PX-18 nanocrystal

IndOH-NC

Nanoceria

SOC-NPs

Nanoparticulated curcumin

TEMPO containing NPs

Nanoparticulared quercetin

Inflammation

Figure 3. Schematic diagram of the nano-therapy strategies combating cell death instroke.
NPs: Nanoparticles.

that MNPs based on superparamagnetic iron oxide are a promising candidate as a modified nanocarrier for targeted
delivery of tPA [121–124]. For example, Chen et al. [122] found that silica-coated MNPs conjugated with tPA (SiO2-
MNP-tPA) enhanced storage stability. In a thrombolysis model, SiO2-MNP-tPA showed enhanced penetration
into blood clots and significant reductions in blood clot lysis time under magnetic guidance compared with free tPA
at the same drug dosage [122]. Encouragingly, a novel, magnetic-active nanomotor directly enhanced tPA-mediated
thrombolysis and had a higher thrombus removal efficiency. This magnetic-active nanomotor not only targeted
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tPA to thrombus, but also effectively improved thrombolysis by improving drug delivery through control of many
parameters such as nanorod concentration, magnetic field and frequency [125]. This innovative approach may
provide new avenues for tPA-based stroke treatment.

Besides tPA, other thrombolytic agents such as streptokinase and urokinase have also been effective in animal
clot models [126,127]. For example, perfluorocarbon (PFC) NPs, also known as artificial blood substitutes, have
been decorated with antifibrin MAbs and urokinase. The decorated PFC NPs were highly selective in dissolving
fibrin both in vitro and in a canine clot model [126]. Moreover, when decorated with streptokinase for specific
fibrin targeting, PFC NPs showed the potential not only for clot detection and rapid induction of fibrinolysis
but also for decreasing clot volume by approximately 30% over an hour [127]. Furthermore, McCarthy et al. [128]

synthesized cross-linked dextran-coated iron oxide NPs (CLIO) to target two different thrombus components:
activated factor XIII (FXIIIa, which can stabilize the nascent thrombus) and fibrin. In the study, FXIIIa-targeted
CLIO was conjugated to recombinant tPA (CLIO-FXIII-PEG-tPA) to investigate its thrombolysis effects in a
murine pulmonary embolism model. CLIO-FXIII-PEG-tPA efficiently bound to and readily lysed clots [128]. These
results suggest that nanotechnology-based thrombolysis is a reasonable option for recanalization of occluded vessels,
as bleeding and clot lysis complications may be avoided.

Narrow therapeutic time windows and other unintended risks are also limiting factors for the application of
thrombolysis [129]. Nanotechnology-based oxygen carriers are good candidates for improving oxygen supply without
the hemorrhagic risk. Liposome-encapsulated hemoglobin (LEH) possesses similar functions and structure to red
blood cells and has been widely applied to protect cells from death and to reduce ischemic injury. For instance,
Kawaguchi et al. [130] showed that LEH preserved the cerebral metabolic rate of O2 and significantly reduced the
area of infarction in a monkey acute ischemic stroke model [130]. Longitudinal observations also confirmed that
LEH could preserve cerebral metabolic rate of O2 for 8 days after occlusion and reperfusion of the middle cerebral
artery in monkeys [131]. Recently, LEH was studied in a permanent middle cerebral artery occlusion model and was
found to decrease cerebral infarct volumes as expected. Thereby, optimal results with LEH provided the exciting
prospect of LEH translating into clinical use [132].

Despite successful recanalization after thrombolysis, reperfusion after prolonged ischemia is possibly deleterious
due to ischemia-reperfusion injury [133]. However, Shimbo et al. [134] recently reported that infarct areas decreased
and edema volumes in rat brains shrank after injection of LEH. Interestingly, LEH-treated mice performed better
neurologically. These studies suggest that intraarterial infusion of LEH can potentially also reduce ischemia-
reperfusion injury [134].

Targeting oxidative stress
Many mechanisms lead to cell and tissue death in stroke including excitotoxicity, oxidative stress, inflammation and
activation of apoptosis. Of these, oxidative stress generates numerous free radicals and plays an important role in
ischemic damage. Free radicals including ROS and RNS react with nucleic acids, proteins and lipids and directly or
indirectly lead to dysfunction before culminating in cell death [135]. Nanotechnology provides novel tools superior
to current therapy for targeting oxidative stress in ischemic stroke.

Under normal physiological conditions, ROS are kept at low levels due to the scavenging mechanisms of endoge-
nous antioxidant systems including SOD, GSH peroxidase, catalase and antioxidant vitamins. After reperfusion,
several ROS-generating enzymatic systems are activated, and excessive ROS overwhelm endogenous antioxidant
systems, leading to oxidative damage. Nanotechnology-based delivery of exogenous free radical scavengers to protect
endogenous antioxidant enzymatic systems may be a reasonable and effective approach for ischemic stroke therapy.

Quercetin, an important polyphenolic bioflavonoid antioxidant, has the potential to be a strong free radical
scavenger in oxidative stress-induced damage [136]. However, quercetin use in CNS diseases treatment is limited
by the fact that it cannot cross the BBB. Liposomal quercetin (LQ) has shown excellent performance in a rat
permanent ischemic stroke model. LQ reversed decreases in GSH within 24 h and alleviated cerebral edema,
suggesting that LQ can protect against oxidative damage [137]. Furthermore, Das and colleagues [138] studied
the neuroprotective effects of nanocapsule-encapsulated quercetin in a rat cerebral ischemia-reperfusion model,
showing that nanoencapsulated quercetin could improve neuronal count, protect mitochondrial membranes and
downregulate the activity of caspase-3 and inducible nitric oxide synthase (iNOS), which produces nitric oxide to
damage the brain and contributes to the late stages of cerebral ischemia, in both young and aged rat brains [138].
Moreover, further studies confirmed that these neuroprotective effects were achieved by protecting endogenous
antioxidant enzymes such as SOD and catalase from ischemia-induced oxidative damage [138,139]. Curcumin has
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also been used to protect endogenous antioxidant enzymes, with Kakkar et al. [140] demonstrating that curcumin-
loaded solid lipid NPs restored SOD, GSH, catalase and mitochondrial complex enzyme levels in a mouse cerebral
ischemic reperfusion injury model, indicating that curcumin-loaded solid lipid NPs may contribute to inhibition
of lipid peroxidation and increase the activity of many endogenous antioxidant defense enzymes [140]. Recently,
Marushima et al. [141] developed an antioxidant nitroxyl radical, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
for inclusion in radical-containing NPs (RNPs) for scavenging free radicals. In an ischemia-reperfusion injury
model, the infarction volumes of RNP-treated rat brains were significantly lower than controls. Moreover, both
lipid peroxidation and protein oxidation were suppressed, indicating that RNPs have higher neuroprotective efficacy
than conventional free-radical scavengers such as TEMPO [141].

As a major antioxidant, SOD is overconsumed in ischemic brains. Supplementing brains with exogenous SOD is
an effective therapeutic strategy. Reddy and Labhasetwar [142] showed that SOD encapsulated in PLGA NPs (SOD-
NPs) prevented neural edema, reduce ROS levels and protected neurons from apoptosis in the rat focal cerebral
ischemia-reperfusion injury model. After SOD-NP administration, the neurological deficits of the treated rats were
restored and their cerebral infarct areas shrank [142]. Furthermore, several NPs (liposomes, polybutylcyanoacrylate
or PLGA) were synthesized to transfer the active form of SOD (4000 to 20,000 U/kg) in mouse cerebral ischemia
and reperfusion injury models. All these designed NPs exhibited highly efficient reductions in infarct volume and
improvements in behavioral tests (neurologic deficits) after cerebral ischemic injury. These distinct functional NPs
were further confirmed to be effective in reducing apoptosis and inflammatory markers [143].

As well as transporting natural antioxidants or antioxidant enzymes, some NPs can directly scavenge free radicals
because of their intrinsic antioxidant properties. For example, nanoceria, widely explored in chronic inflammation
and degenerative diseases [53], have potent free radical-scavenging properties and good biocompatibility [144]. For
ischemic stroke therapy, Estevez et al. [145] explored nanoceria in a mouse hippocampal ischemic brain slice model.
The results revealed that nanoceria could reduce cell death by decreasing ROS and nitric oxide [145]. Similar
results were found when nanoceria was applied to a rat focal ischemia-reperfusion model, reducing infarct volume,
preventing ischemic cell death and significantly scavenging ROS. Notably, optimal doses of nanoceria (0.5 and
0.7 mg/kg) were also reported [146]. These encouraging results suggest that nanoceria offer a hopeful treatment
modality for ischemic stroke patients. Furthermore, water-soluble fullerene derivatives such as hexasulfonated
C60 (FC4S) [147] and carboxyfullerene [148] were also functionalized to prevent oxidative damage. For instance,
carboxyfullerene may attenuate oxidative injury in a transient focal ischemia-reperfusion rat model. In this study,
intracerebroventricular infusion of carboxyfullerene not only decreased cortical infarction but also prevented the
elevation of lipid peroxidation and GSH depletion. However, intravenous administration of carboxyfullerene did
not protect against cortical infarction. Also, the undesirable effects of the treatment may limit the therapeutic utility
of carboxyfullerene [148].

Targeting inflammation
Numerous studies indicate that cerebral ischemia induces the expression of a variety of inflammatory signaling
factors [149]. These inflammatory molecules activate microglia and stimulate infiltration of peripheral leukocytes,
which accelerates and expands the infarct [150]. Thus, inflammatory mediators such as cytokines, adhesion molecules
and integrin are vital for initiating and sustaining neuroinflammation. These neuroinflammatory factors are
produced immediately after the onset of ischemia and contribute to amplification of ischemic damage [117].
Therefore, blocking inflammatory responses to reduce damage is a promising neuroprotective therapeutic strategy.

Indomethacin, a nonsteroidal anti-inflammatory drug, was loaded into polymeric (polycaprolactone) NPs
(IndOH-NC) and its neuroprotective effects evaluated on oxygen-glucose-deprived hippocampal slices. IndOH-
NC decreased levels of proinflammatory cytokines such as IL-1β, IL-6 and TNF-α for up to 48 h after oxygen–
glucose deprivation. Furthermore, phosphorylation of ERK1/2 and JNK was decreased, and iNOS expression also
decreased [151]. Recently, a nanocrystal formulation of 2-N, N-bis (oleoyloxyethyl) amino-1-ethanesulfonic acid
(PX-18) was reported to protect against cerebral ischemia-reperfusion-induced damage by inhibiting inflammation
in gerbils. PX-18 is a selective inhibitor of the group IIA secretory phospholipase A2, which plays an important role
in inflammatory processes. A PX-18 nanocrystal suspension offered good bioavailability, reduced delayed neuronal
death and ameliorated DNA damage effectively in a gerbil ischemia-reperfusion model. Furthermore, glial cell
activation was reduced, reinforcing the outstanding anti-inflammatory efficiency of PX-18 nanocrystals [152].

Another approach for anti-inflammation therapy is RNAi. Kim et al. [153] utilized biodegradable polyamidoamine
ester (e-PAM-R) dendrimers to deliver siRNA of high mobility group box-1 (HMGB1, a novel cytokine-like
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molecule) into H2O2- or NMDA-treated primary cortical cultures and rats with cerebral ischemia. The results
revealed that transfection of HMGB1 siRNA with e-PAM-R substantially alleviated H2O2- or NMDA-induced neu-
ronal death in cell cultures and rat brains. The transfection of HMGB1 siRNA with e-PAM-R precisely suppressed
gene expression associated with inflammation and markedly reduced infarct volumes, suggesting nanotechnology-
based siRNA delivery holds potential for ischemia treatment [153].

Targeting apoptosis
After the onset of ischemic stroke, many neurons in the ischemic penumbra undergo apoptosis during acute
and/or chronic phases due to tissue and cell damage triggering apoptotic pathways [154]. Apoptosis is believed to
be responsible for the damage surrounding the core of the ischemic zone [155]. Hence, antiapoptotic therapy in
ischemic stroke has been widely investigated. Caspase-3 has a vital role in apoptosis and is present in both the
acute and chronic stages of ischemic stroke [154]. Application of N-benzyloxycarbonyl-Asp (OMe)-Glu (OMe)-
Val-Asp (OMe)-fluoromethyl ketone (Z-DEVD-FMK), a specific caspase-3 inhibitor, provided neuroprotection
in ischemic stroke. To increase BBB permeability, Z-DEVD-FMK was loaded into chitosan nanospheres and
conjugated to an antimouse transferrin receptor MAb to selectively recognize the transferrin receptor expressed
on the cerebral vasculature. Z-DEVD-FMK-loaded nanospheres significantly decreased infarct volume, recovered
neurological deficits and inhibited ischemia-induced caspase-3 activity in a mouse model [156]. Furthermore,
RNAi technology has also been applied to caspase-3 inhibition. Al-Jamal et al. [157] found that caspase-3 siRNA
delivered by functionalized carbon nanotubes significantly silenced caspase-3 expression in neuronal tissue and
reduced neurodegeneration in an endothelin-1-induced rodent stroke model. Notably, caspase-3 siRNA delivered
by functionalized carbon nanotubes also promoted functional preservation before and after focal ischemic damage
of the rodent motor cortex [157].

In summary, an ideal stroke therapeutic would benefit both primary and secondary neuronal damage. Theoreti-
cally, combination therapy that includes early relief from ischemia-hypoxia and persistent neuroprotection would
be most beneficial for expanding the therapeutic window, minimizing side effects and ameliorating ischemia-
and reperfusion-induced damage. In recent decades, nanotechnology has contributed to stroke treatment. Com-
pared with traditional treatments, these developments have great potential to bridge the gap between experimental
results and clinical outcomes. Especially, as ischemic stroke is also a thrombotic disease, the development of
nanotechnology-based thrombolysis may also be applied to stroke treatment.

Diagnosis of stroke
Nanotechnology has also been explored for the diagnosis of ischemic stroke. There are two main nanotechnology-
based diagnostic areas: imaging molecules as contrast agents and the detection of thrombosis biomarkers. Imaging
molecules can improve early lesion detection, contributing to treatment monitoring and dose optimization [158]. An
increasing number of reports suggest that nanotechnology-based molecular imaging can provide enhanced binding
affinity, specificity and targeting efficacy. PFC NPs are synthetic organic compounds in which hydrogen atoms are
replaced with fluorine atoms. They serve as a ‘positive’ contrast agent for the detection of inflammation by MRI.
PFC NPs can be used to differentiate inflamed regions from healthy ones [159]. With respect to the detection of
thrombosis biomarkers, thrombin-coated NPs may allow application in point-of-care diagnostics. Lin et al. [160]

conjugated thrombin-sensitive peptide substrates to the surface of NPs to detect the changes in circulating thrombin
levels, providing a novel system for sustained monitoring of coagulation [160].

Nanotechnology in neurogenesis
Neurogenesis refers to the processes by which neurons are generated from neural stem/precursor cells (NSPCs).
Research over the past few decades has established that adult neurogenesis continuously occurs in specific regions
of adult brains, primarily in the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone of
the hippocampal dentate gyrus [161,162]. The discovery of adult neurogenesis implies that lost neurons may be
replaced by new ones, thus raising hope for restoring age- or disease-induced neuronal death and neurological
function [163]. AD, PD and stroke commonly and progressively lose neuron structure or function. Under these
conditions, neurogenesis is impaired or altered and its associated functions are compromised or lost [164,165]. As such,
enhancing neuroregeneration may have the promising therapeutic potential for AD, PD and stroke. Several groups
have succeeded in stimulating endogenous neurogenesis and triggering NSPC differentiation using pharmacological
agents, but the results from these studies have failed to translate to the clinical setting [166]. Obstacles include drug
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Figure 4. Schematic diagram of nanomaterials boost neurogenesis.
EPO: Erythropoietin; LIF: Leukemia inhibitory factor; NP: Nanoparticle; NSC; Neural stem cell; RA: Retinoic acid.

solubility, stability, BBB permeability and insufficient concentrations in damaged regions. Novel technologies are
required to overcome these barriers and minimize undesirable effects. Therefore, nanotechnology has been studied
to maximize BBB permeability for drug delivery, achieve sustained drug release and deliver multiple targets for
restoring endogenous neurogenesis (Figure 4 & Table 4).

Several growth factors such as erythropoietin (EPO), EGF, NGF, BDNF and FGF-2 have been identified that
stimulate neurogenesis [167]. Wang et al. [168] engineered polymeric NPs containing EGF (which stimulates NSPC
proliferation) or EPO (which reduces apoptosis of newly generated cells). The two functional NPs were encapsulated
in a hyaluronan methylcellulose hydrogel (used for sustained release). This delivery system achieved the sequential
release and accumulation of EGF followed by EPO: EGF was completely released within the first week, while EPO
was released after the first week. The sustained release NPs promoted the regeneration in the peri-infarct region,
which correlated with an increase in NSPC proliferation [168]. Besides delivery of growth factors, regulating distinct
signaling pathways involved in NSPC survival and proliferation may also be effective. Nanoceria has been reported to
promote neurogenesis by regulating AMPK–PKC–CBP (the 5′-adenine monophosphate-activated protein kinase–
protein kinase C-cyclic adenosine monophosphate response element-binding protein) signaling pathway, thereby
bringing about multiple benefits in ND therapy [169]. Nanoceria has been well studied in antioxidative stress [170].
In a recent report, PEG-coated nanoceria significantly reduced oxidative stress under hypoxia exposure, promoted
neurogenesis and enhanced hippocampal neuron survival. Correspondingly, Morris water maze tests revealed that
coated nanoceria ameliorated hypoxia-induced memory impairment in a rat model [169]. The canonical Wnt/β-
catenin signaling pathway is mainly involved with survival, proliferation and differentiation of NSPCs during adult
hippocampus neurogenesis [171,172] and is likely to play a significant role in the pathophysiology of many NDs and
act as a potential target in regenerative or neuroprotective therapy [173]. It is well known that glycogen synthase
kinase-3β (GSK-3β) inhibition can activate Wnt/β-catenin signaling by enhancing β-catenin levels [174]. Thus,
intracellular delivery of specific GSK-3β inhibiting proteins is a direct way to regulate neurogenesis. However, few
of these proteins can be delivered into the cytoplasm due to the impermeable cell membrane. Hydrophobically
modified 15-nm silica NPs attached to GFP-FRATtide (green fluorescent protein, frequently rearranged in advanced
T-cell lymphoma 1-derived peptide) to block the active site of GSK-3β showed promising results. These silica NPs
enabled intracellular delivery and promoted NSPC self-renewal [175]. Moreover, curcumin, which as noted above
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acts as an Aβ aggregation inhibitor, also promoted neurogenesis through direct regulation of the Wnt/β-catenin
pathway. NPs greatly improved the bioavailability of curcumin in the brain and offered a platform to achieve
intracellular delivery and sustained/controlled release. Curcumin encapsulated in PLGA NPs stimulated NSPC
proliferation and differentiation in the hippocampus and SVZ areas of rat brains as well as increasing nuclear
translocation of β-catenin and decreasing GSK-3β levels. Finally, curcumin NPs have the capability to reverse
Aβ-impaired learning and memory in an AD rat model [176].

Under normal basal conditions, adult NSPCs produce neuroblasts before sequentially migrating and integrating
into the olfactory bulb and hippocampus, respectively. When neural damage occurs, inflammatory mediators
and chemokines, which recruit neurogenesis-produced newborn precursors to the damaged site, are primarily
responsible for NSPC migration [177]. NPs decorated with these inflammatory mediators and chemokines can
potentially manipulate migration and repair the injured regions. Leukemia inhibitory factor (a regulator of stem
cell mobilization) and HGF (a pleiotropic cytokine of mesenchymal origin that enhances NSPC recruitment into
the lesion) are good candidates for regulating NSPC migration. Li et al. [178] revealed that leukemia inhibitory factor-
loaded NPs combined with HGF-loaded hydrogels could manipulate the mobilization and migration of human
NSPCs in vitro [178]. Moreover, nanostructured hydrogels functionalized with phage-derived peptides successfully
induced NSPC differentiation and supported NSPC proliferation in vitro [179].

Differentiation is another crucial part of neurogenesis. Nanotechnology has great potential for promoting neural
differentiation. For example, as discussed above, curcumin-encapsulated PLGA NPs can boost endogenous neu-
rogenesis and stimulate newly born cells to differentiate into mature neurons in the SVZ and dentate gyrus [176].
Histamine, a neurotransmitter, is involved in a broad range of physiological functions including arousal, anxiety,
learning and memory [180]. Bernardino et al. [181] found that PLGA-labeled histamine NPs stimulated neurogenesis
in vitro and triggered SVZ cell differentiation into mature neurons both in vivo and in vitro [181]. As previous reports
suggest, retinoic acid (RA) has nuclear receptors and is involved in axonal regeneration and neural differentiation
in the brain and also maintains the differentiated state of adult neurons [182]. However, RA has low solubility in
aqueous solution and is rapidly metabolized, which can be overcome by loading using nanotechnology. RA-loaded
polymeric NPs released RA into cells at higher concentrations compared with free RA. RA-loaded polymeric NPs
also modulated the differentiation of SVZ cells into neurons [183]. In a later study, Santos et al. [184] demonstrated
that RA-loaded polymeric NPs might be a potent tool to induce differentiation of SVZ NSPCs. The nanofor-
mulated RA boosted axonogenesis, avoided using solvents and could potentially be engineered to target NSPC
differentiation [184]. Moreover, the strong ROS-scavenging ability of nanoceria also stimulated the proliferation and
differentiation of PC12 cells [185].

Nanomaterials, in addition to delivering bioagents across the BBB and targeting specific areas of the brain, can
also play therapeutic roles by exploiting pathological mechanisms. Impaired neurogenesis is a common characteristic
of all NDs and stroke, and contributes to different types of neurological and psychiatric disorders [186]. Current
research suggests that nanotechnology not only stimulates the generation, migration and neuronal differentiation
of NSPCs but can also be applied to AD, PD, stroke treatment and other neurological disorders. Considering the
great potential of nanotechnology, investigating how to use nanotechnology to mobilize endogenous NSPCs is just
starting.

Conclusion & future perspective
CNS diseases have huge impacts on the lives of affected patients. Currently available treatments for CNS diseases
only temporarily alleviate symptoms. Nanotechnology serves as an exciting and promising new means to diagnose,
treat and monitor CNS diseases.

By employing active biomaterials, gene therapy, cell therapy and signaling molecules – combined with multidis-
ciplinary research areas including chemistry, biology, physics, mathematics and engineering – nanotechnology has
become a leading contributor to CNS diseases research and may potentially hold the key to the future detection,
treatment and follow-up of CNS diseases [187].

Currently, difficulties in early detection, the presence of the BBB, concerns about drug biocompatibility and
poor targeting efficiency with traditional methods have limited CNS diseases treatment. For early diagnosis,
nanotechnology offers methods with higher specificity and sensitivity to more accurately detect CNS diseases-
associated biomarkers. Also, due to their excellent biocompatibility, biodegradation, ability to multiload, and
targeted and controlled drug delivery, nanodetection and nanomedicine have made great contributions to CNS
diseases treatment [188].
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Table 4. Summary of developing nanoapplication in neurogenesis.
Nanomaterials Therapeutic

agent
Target ligand Model Outcomes Ref.

PLGA nanoparticles
and HAMC

EGF and EPO PEG Stroke model mice • Attenuated the inflammatory response of brain tissue [168]

• Repaired and minimized damage in a mouse stroke model

CeO2 or ceria
nanoparticles or
nanoceria

Hypobaric hypoxia
exposure rat model

• Significantly reduced oxidative stress damage [169]

• Ameliorated hypoxia-induced memory impairment

• Promoted neurogenesis

Silica nanoparticles GFPeFRATtide GFPeFRATtide Cultured human
embryonic kidney
epithelial cells and
NSCs

• Increased the intracellular levels of c-MYC protein, which can
potentially impact stem cell proliferation and differentiation

[175]

PLGA nanoparticles Curcumin – A�-induced
neurotoxicity model
rats

• Increased expression of genes involved in cell proliferation
(reelin, nestin and Pax6) and neuronal differentiation (neurogenin,
neuroD1, neuregulin, neuroligin and Stat3)

[176]

• Reversed learning and memory impairments

PLGA nanoparticles
and hydrogels

HGF and LIF – Human neural stem
cells

• Significantly mobilized hNSCs and promoted their migration [178]

PLGA nanoparticles Histamine – SVZ cells • Significantly increased the percentage of NeuN-positive neurons [181]

GFP transgenic mice • Induced neuronal differentiation of grafted cells in the DGs of
hippocampal slices

Polymeric
nanoparticles

Retinoic acid – SVZ cells • Increased the number of NeuN-positive neurons [183]

C57BL/6 mice • Induced the expression of proneurogenic genes in the SVZ
neurogenic niche

[184]

DG: Dentate gyrus; EPO: Erythropoietin; HAMC: Hyaluronan methylcellulose hydrogel; hNSCs: Human neural stem cells; LIF: Leukemia inhibitory factor; NeuN: Neuronal nuclear
protein; NSC: Neural stem cell; PEG: Poly(ethylene glycol); PLGA: Poly(lactic-co-glycolic acid); SVZ: Subventricular zone.

Personalized treatment based on monitoring the efficacy and safety of treatment progress would greatly benefit
clinical outcomes of complex CNS diseases. The term theranostics was coined to indicate concomitant therapeutic
and diagnostic properties in a single agent. Combined with nanotechnology, diagnosis and therapy can exist within
a single multifunctional nanomaterial, known as ‘theranostic NPs’ [189]. The ideal theranostic NP would selectively
target the diseased tissue and have an effective therapeutic action. We believe that the development of effective
theranostic NPs is critical for successful future CNS diseases therapy. Theranostic-based nanotechnology is expected
to lead to major advances in precision and personalized medicine.

Multiple dysfunctions such as impaired neurogenesis, inflammatory imbalance, mitochondrial dysfunction
and oxidative stress have been observed in several CNS diseases. Nanotechnology can be used to optimize drug
formulations and combine multiple drugs into a single NP for synergistic therapeutic benefits. Moreover, being able
to control time and dosage of drug release using NPs would also improve therapeutic efficiency. Furthermore, as these
dysfunctions are commonly observed in different neurodegenerative diseases, nanotechnology-based therapeutic
strategies that are being investigated in specific CNS diseases might easily be repositioned to other CNS diseases.

Application of nanotechnology in CNS diseases treatment still faces limitations and challenges. One critical issue
for the development and translation of nanomedicines to clinical practice is safety concerns. In the brain, nano-
materials may induce inflammation, apoptosis and oxidative stress [190]. Thus, the biodegradation of nanocarriers
from the brain is critical and should be taken into consideration in future design.

So far there is no specific method to determine the toxicity level and targeted drug release in the CNS.
Furthermore, several studies reported that certain NPs grow naturally in our bodies, which could be a long-term
health concern [191]. As such, a comprehensive testing program including pharmacokinetics, biodistribution, and
acute and chronic toxicological testing is required before the introduction of NPs into clinical trials and practice.
Also, considering the unique nature of each NP, it is necessary to understand the specific issues associated with
each type of NP when evaluating toxicity. To address this, standardization and strict regulation of nanomaterials
for clinical trials are required. Application of organic and degradable NPs, which could minimize toxicity concerns,
would be of greatest benefit in this area. In addition, understanding the mechanism of nanomaterial-caused toxicity
will help to benefit to minimize potential risk.

Another aspect limits the application of nanotechnology in CNS disease is the specific targeting. Although
nanotechnology has greatly improved targeting specificity, formulations designed for brain delivery still accumulate
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in other regions of the body such as the liver and kidney. Thus, specific remote triggering of drug release is important
for specific function and to reduce off-target effects. The design of triggerable nanoformulations will facilitate the
clinical translation of nanomedicine in CNS diseases treatment. Furthermore, development of NPs that could
target specific brain cells such as dopaminergic neurons for PD and microglia for neuroinflammation would also
enhance their potential therapeutic value. Furthermore, the administration route used to delivery NPs also effects

Executive summary

Nanotechnology has considerable potential & advantages for CNS diseases diagnosis & treatment
• Modified nanomaterials can be used to target damaged cells and tissues in CNS diseases via molecular-scale

interactions.
• Nanoengineered materials can simultaneously sustain drug release, enhance bioavailability, deliver multiple

agents and protect compounds from degradation when surface modified with distinct molecules. These
nanomaterial properties place them at the forefront of future diagnostic and therapeutic opportunities for
neurodegenerative diseases (NDs).

Nanotechnology represents a promising approach for Alzheimer’s disease diagnosis & treatment, both in solution
& in living animals
• Nanotechnology has been applied to target amyloid-β (Aβ) peptide and its aggregated forms. Exciting progress

has been made in this area, with positive outcomes in modulating Aβ production, inhibiting Aβ aggregation,
enhancing Aβ clearance and even reversing Aβ-induced-learning and memory deficits in Alzheimer’s disease (AD)
model mice. Overall, targeting Aβ with nanotechnology is a promising approach to manage, delay and even treat
AD.

• Also, targeting other AD pathogenesis, such as inflammation and oxidative stress nanotechnology, is a promising
approach to manage, delay and even treat AD.

• Applying nanotechnology to detect AD biomarkers in a molecular range holds great promise for translation to
clinical use and improving patient outcomes.

Application of nanotechnology in both dopamine replacement & neuroprotection presents a wide range of
possibilities for Parkinson’s disease
• Nanotechnology-based treatment strategy including dopamine replacement, targeting α-synuclein accumulation,

targeting inflammation, targeting antioxidative stress and neurotrophic factor supplementation have been
applied for Parkinson’s disease (PD) treatment.

• A number of nanotechnology-based approaches have been developed to detect α-synuclein, dopamine and
mitochondrial dysfunction.

Nanotechnology presents numerous advantages & opportunities in stroke
• Application of nanotechnology in stroke including enhanced blood–brain barrier permeability and the capacity

for sustained and controlled drug release.
• Most research on nanotechnology-based therapeutics in stroke have focused on applying these advantages to

preventing oxidative stress, inflammation and apoptosis.
Enhancing neuroregeneration may have promising therapeutic potential for CNS diseases
• Nanotechnology has been studied to maximize blood–brain barrier permeability for drug delivery, achieve

sustained drug release and deliver multiple targets for restoring endogenous neurogenesis.
• Nanotechnology not only stimulates the generation, migration and neuronal differentiation of neural

stem/precursor cells but can also be applied to ND treatment and other neurological disorders.
Conclusion & future perspective
• For early diagnosis, nanotechnology offers methods with higher specificity and sensitivity to more accurately

detect ND-associated biomarkers. Also, due to their excellent biocompatibility, biodegradation, ability to
multiload, and targeted and controlled drug delivery, nanodetection and nanomedicine have made great
contributions to ND treatment.

• Theranostic-based nanotechnology is expected to lead to major advances in precision and personalized medicine.
• Several common dysfunctions, such as impaired neurogenesis, inflammatory imbalance, mitochondrial

dysfunction and oxidative stress, have been observed in several NDs. Thus, nanotechnology-based therapeutic
strategies that are being investigated in one specific disease might easily be repositioned to other NDs.

• The design of triggerable nanoformulations will facilitate the clinical translation of nanomedicine in ND
treatment. Furthermore, development of nanoparticles (NPs) that could target specific brain cells such as
dopaminergic neurons for PD and microglia for neuroinflammation would also enhance their potential
therapeutic value.

• It is necessary to understand the specific issues associated with each type of NP when evaluating toxicity. To
address this, standardization and strict regulation of nanomaterials for clinical trials are required. Application of
organic and degradable NPs, which could minimize toxicity concerns, would be of greatest benefit in this area.
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its efficiency to reach the brain. For instance, intravenously injected NPs would be exposed to blood plasma, where
they would bind competitively with proteins and many other complex biomolecules. Also, some studies showed that
inhaled NPs could cause harmful inflammation and brain damage. Thus, a safe and high efficiency administration
route for each specific NP must be developed.

Apart from the health risk and targeting specific concerns, NPs are also very expensive. The complex design and
engineering process makes nanomedicine unaffordable for patients. To favor translation of research work to clinic
application, future studies need to consider cost-effective formulation design.

Despite these concerns, nanotechnology holds a number of advantages compared with traditional CNS diseases
treatments. There remain unsolved problems, but nanomedicine is still relatively new and has great potential for
translation to clinical use as smarter and better tools for the diagnosis, treatment and monitoring of CNS diseases.
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