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A B S T R A C T

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND), is a progressive neurodegen-
erative disease that affects both upper and lower motor neurons, which results in loss of muscle control and
eventual paralysis [1]. Currently, there are as yet unresolved challenges regarding efficient drug delivery into the
central nervous system (CNS). These challenges can be attributed to multiple factors including the presence of the
blood-brain barrier (BBB), blood-spinal cord barrier (BSCB), as well as the inherent characteristics of the drugs
themselves (e.g. low solubility, insufficient bioavailability/bio-stability, 'off-target' effects) etc. As a result, con-
ventional drug delivery systems may not facilitate adequate dosage of the required drugs for functional recovery
in ALS patients. Nanotechnology-based strategies, however, employ engineered nanostructures that show great
potential in delivering single or combined therapeutic agents to overcome the biological barriers, enhance
interaction with targeted sites, improve drug bioavailability/bio-stability and achieve real-time tracking while
minimizing the systemic side-effects. This review provides a concise discussion of recent advances in
nanotechnology-based strategies in relation to combating specific pathophysiology relevant to ALS disease pro-
gression and investigates the future scope of using nanotechnology to develop innovative treatments for ALS
patients.
1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as motor neuron
disease (MND) or Lou Gehrig's disease, is a rapidly progressive neuro-
degenerative disease that causes dysfunction of the nerves that control
muscle movement [1,2]. The morbidity of ALS is around one to three
people per 100,000 worldwide [3]. To date, there is no effective treat-
ment for ALS, the reported median life expectancy of ALS patients ranges
from 24 to 48 months from the time of diagnosis [3]. ALS mainly affects
motor neurons in the brain, brainstem, and the spinal cord (Fig. 1A) [4],
leading to progressive motor neuron degradation and muscle atrophy,
which ultimately result in paralysis and eventually to death due to res-
piratory failure [3].

ALS can be categorized as familial (fALS) or sporadic (sALS) disease,
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depending on whether the patient has a family history of the disease or
not. fALS is generally considered to account for 5%–20% of all cases of
ALS [2]. More than 20 genes have been found associated with fALS, of
which C9orf72 (40%), SOD1 (20%), FUS (1–5%), and TARDBP (1–5%)
are four genes which account for most familial ALS cases [5]. The
mechanisms of neuronal death mediated by these gene defects are still
unclear. However, it is suggested that these converge and overlap with
the same mechanisms seen in the development of sporadic ALS. Specif-
ically, but not exhaustively, glutamate excitotoxicity, protein misfolding
and aggregation, endoplasmic reticulum (ER) stress, neuroinflammation,
oxidative stress, mitochondrial dysfunction, loss of trophic factors,
cytoskeletal elements and defects in axonal transport. These pathophys-
iological defects are viewed as some of the principal events that promote
ALS disease progression (Fig. 1B) [6] and many therapeutic strategies
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Fig. 1. (A) Schematic illustration of the human
corticospinal tract. The vulnerable and resistant
motor neuron (MN) groups in ALS are shown in
red and blue, respectively. Reproduced with
permission from Ref. [4]. (B) The proposed
cellular and molecular mechanisms involved in
ALS. Reproduced with permission from Refs. [6].
Schematic structure of the blood–brain barrier
(BBB) (C) and the blood–spinal cord barrier
(BSCB) (D) that together comprise the blood-
–Central Nervous System (CNS) barrier. Repro-
duced with permission from Ref. [13,14].
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have been developed to target these mechanisms. Disappointingly, to
date, the US Food and Drug Administration (FDA) has only approved two
drugs that only slow ALS progression modestly: rituzole and edaravone
[3]. Almost all other clinical trials have failed to show any improved
clinical efficacy in the treatment of ALS over the last 20 years [7,8]. Poor
understanding of mechanisms, inappropriate animal models, imperfect
clinical trial design, lack of effective biomarkers, delayed diagnosis,
insufficient bioavailability/biostability of drugs, and low efficiency of
delivering ALS drugs to CNS are some of the potential reasons hindering
significant translational progress in ALS clinical trials [7,9].

To address the above limitations in ALS treatment, new strategies are
required. Encouragingly, the achievements of nanotechnology-based
approaches in treating neurodegenerative diseases including Alzheim-
er's (AD) [10] and Parkinson's diseases (PD) [11] in the last few years
offer hope that nanobased strategies may be usefully applied to improve
the therapeutic efficiency of drugs in ALS clinical trials. These include,
but are not limited to, improving drug bioavailability/biostability,
2

overcoming biological barriers such as the blood-brain-barrier (BBB),
reducing side-effects, attenuating off-target effect, precise targeting to
disease sites and achieving real-time tracking [9,12]. Many potentially
useful ALS therapies suffer from suboptimal efficacy, these may be
revitalized by nanotechnology. This review outlines proposed mecha-
nisms, current treatment, and on-going clinical trials of ALS. It further
discusses the various challenges in delivering ALS drugs to CNS and how
nanotechnology can be applied to address these challenges. Additionally,
this review highlights the recent advances of using
nanotechnology-based strategies in addressing the specific pathophysi-
ology that is relevant to ALS disease progression.

2. Proposed mechanisms of ALS

Although the precise mechanisms of ALS are still poorly understood,
it is believed that ALS is mediated by a complex interaction among
cellular, molecular, and genetic pathways. The proposed principal



G.Y. Wang et al. Materials Today Bio 6 (2020) 100055
disease mechanisms contributing to ALS are: (1) Mutations in genes that
lead to impairment of normal protein function. So far, more than 20
genes have been associated with ALS, with C9orf72, SOD1, FUS, and
TARDBP implicated in most familial ALS cases [15]; (2) Protein mis-
folding and aggregation; Essential RNA-binding proteins in ALS, such as
TAR DNA binding protein of 43 kDa (TDP-43), Fused in sarcoma (FUS),
ATXN2, hnRNPA1/A2, undergo cytosolic accumulation and nuclear
depletion, thereby causing protein misfolding and aggregation [16,17];
The most common case is TDP-43 aggregation, which is found aggre-
gated and mislocalized in >95% ALS patients (both sporadic and famil-
ial) [16,17]; (3) Glutamate excitotoxicity; increased synaptic glutamate
mediates the rise of intracellular calcium levels, which in turn leads to
excessive excitotoxicity that is thought to be one of main mechanisms
resulting in neuronal death [18]; (4) Oxidative stress; when the pro-
duction rate of free radicals or reactive oxygen species (ROS) is greater
than the ability of endogenous radical scavenging molecules in neurons
to neutralize these, excessive oxidative stress results and causes irre-
versible damage to cellular proteins, DNA, RNA and cell structures;
indeed, most ALS patients show evidence of increased levels of oxidative
damage in serum, urine samples, or cerebrospinal fluid (CSF) [19]; (5)
Mitochondrial dysfunction; mitochondria are vital organelles for energy
metabolism, phospholipid biogenesis, apoptosis, and calcium homeo-
stasis; mitochondrial dysfunction has been extensively found in ALS an-
imal models and patients and is widely thought to directly attribute to
disease pathogenesis [19]; (6) Neuroinflammation; ALS is not considered
an autoimmune disease as immune-system mediated acute neuro-
inflammation may promote motor neuron function; however, chronic
neuroinflammation may lead to motor neuron degeneration, due to the
excessive production of proinflammatory growth factors and cytokines
which have been detected in ALS patients [20,21]; (7) Disrupted
Table 1
Ongoing Phase-III interventional trials on ALS.

Compound Target/mechanism Recruiting Identifier

Aroursodeoxycholic
acid

Anti-apoptotic Not yet NCT03800524

Methyl cobalamin B12 vitamin derivative Yes NCT03548311
Masitinib Tyrosine kinase c-Kit

inhibitor
Not yet NCT03127267

CannTrust CBD Oil Active cannabinoid Yes NCT03690791
Arimoclomol Stimulates repair

pathways
Yes NCT03491462

Levosimendan Calcium channel
sensitizer

Yes NCT03505021

Deferiprone Iron chelator Not yet NCT03293069
MSC-NTF cells Mesenchymal cell

therapy
Yes NCT03280056

Search query: ALS (Amyotrophic Lateral Sclerosis) https://clinicaltrials.gov/
Filtered for: tatus: Recruiting – Not yet recruiting – Active, not recruiting –

Enrolling by invitation; Study type: Interventional (Clinical Trial); Study Phase:
Phase-III.

Table 2
Ongoing clinical trials on ALS/MND in Australia.

Clinical trial title Description

Cu(II)ATSM A small molecule that is able to deliver copper to cells

EMERALD Cannabis Based Medicine Extract (CannTrust CBD Oil)
Communication and Assistive
Technology (CAT)

Assessment and intervention within CAT [31]

Oral levosimendan (ODM-109) Restore respiratory function in patients with ALS [32]
Triumeq Antiretroviral therapy [33]
Tecfidera Reduce neuroinflammation and increase the levels of R
BIIB067 (Tofersen) Antisense therapeutic specifically targeted SOD1 muta
CNM-Au8 An oral, gold nanocrystal liquid suspension. CNM-Au8

remove the toxic byproducts of cellular metabolism th
ALS-205/PMX205 Potent non-competitive inhibitors of complement C5a

Sources can be found from website of https://www.mndsa.org.au/Discover-our-resea
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cytoskeletal and axonal transport have also been implicated in the
abnormal accumulation of neurofilaments (NFs) and the mislocalization
of hypophosphorylated NFs in motor neuron cell bodies or axons. These
have been observed as crucial pathological hallmarks of ALS [6,22].
Current therapeutic strategies targeting the above mechanisms have
shown some progress in ALS clinical trials and studies ahead of clinical
usage [23]. In the next section, we will provide a concise introduction
into currently approved treatments and on-going clinical trials for ALS.

3. Current treatments and clinical trials for ALS

As of now, the US Food and Drug Administration (FDA) has approved
only two drugs for the treatment of ALS: riluzole and edaravone. Riluzole
was first approved by the FDA in 1995, and in the ensuing decades, many
other countries, including Australia, Canada, and also countries
throughout Europe, also approved riluzole as the first line drug for ALS
[24]. It is thought that riluzole can reduce the glutamate excitotoxicity by
preventing the release of glutamate, as excessive glutamate accumulation
in the brain and spinal cord is one of the main features of ALS [24].
Edaravone received FDA approval in 2017 and Health Canada approval
in 2018. Edaravone treatments are also available in Japan and South
Korea. Edaravone acts as an effective free radical scavenger (e.g. lipid
peroxides, hydroxyl radicals) in the CNS, and excessive oxidative stress is
thought to be one of the main mechanisms leading to neuronal death [25,
26]. Although these two treatments have slowed down the symptoms in
ALS patients, the treatment effect is still modest [26]. In recent years,
more drugs and treatments are under investigation in ALS clinical trials,
including drugs targeting SOD1 mutations, anti-excitotoxic agents,
mitochondrial protectants, anti-apoptotic agents, anti-inflammatory
agents, and neurotrophic factors etc. [26] Ongoing Phase-III interven-
tional trials (based on US national library of medicine) are listed in
Table 1 [27] and ongoing clinical trials on ALS/MND in Australia are
listed in Table 2. We believe more drugs will become available to serve
ALS patients in the coming years. However, given the extremely
complicated causes of ALS, drugs targeting a single mechanism may not
generate significant therapeutic effects, thus a combination of drugs may
lead to better clinical outcomes. In addition, given the existence of bio-
logical barriers (e.g. BBB, BSCB) and the possible inherent limitations of
the drug (e.g. low solubility, easy degradation, ‘off-target’ effects), there
are still significant challenges in regards to effectively delivering thera-
peutic drugs to the CNS in order to slows the clinical progress of ALS
[28]. In the next section, we will give a detailed discussion about the
challenges of delivering therapeutic drugs to the CNS for the treatment of
ALS.

4. Challenges of delivering ALS therapeutic drugs to CNS

Although plenty of newly developed therapeutic agents (e.g. thera-
peutic proteins, neurotrophic factors, antisense oligonucleotides) have
Status Recruiting

containing damaged mitochondria [29] Phase
2/3

Yes

[30] Phase 3 Yes
Yes

Phase 3 Yes
Phase 3 Not yet

egulatory T cells (Tregs) in humans [34] Phase 2 Completed
tion in ALS patients [35]. Phase 3 Yes
can support bioenergetic cellular reactions and assist to
at may induce motor neurons breakdown in ALS [36].

Phase 2 Yes

receptor 1 (C5aR1) [37] Phase 1 Not yet

rch/Latest-research/Clinical-trials.aspx.

https://clinicaltrials.gov/
https://www.mndsa.org.au/Discover-our-research/Latest-research/Clinical-trials.aspx
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been synthesized to combat ALS [7,26], the therapeutic efficacy of these
approaches have been largely disappointing due to their largely unsat-
isfactory in vivo properties, such as low stability in biological environ-
ments, poor BBB permeability, rapid enzymatic degradation, immune
system clearance, unfavorable pharmacokinetic properties or inappro-
priate release profiles [7,8,38,39]. The presence of any one of these
limitations may explain why a particular therapeutic agent fails to
effectively target the CNS to achieve clinical efficacy. The major chal-
lenges in delivering ALS therapeutic drugs to CNS is described in the
following section.
Fig. 2. (A) Typical blood-brain barrier transport pathways for substances passing thro
NPs which affect the permeability of NPs through the BBB. Reproduced with permissi
(D) Typical non-invasive nanotechnology-based CNS drug-delivery strategies to cros

4

4.1. Blood-brain barrier and blood-spinal cord barrier

The blood-brain barrier (BBB) and the blood-spinal cord barrier
(BSCB) (Fig. 1C and D) [13,14] play a crucial role in protecting the
central nervous system (CNS) [40]. The BBB/BSCB serves to selectively
allow substances such as nutrients and small lipid-soluble molecules to
pass through the capillary endothelial membrane while limiting the
entrance of pathogens or toxins (Fig. 2A) [40–42]. However, this pro-
tection mechanism is also a major barrier for delivering ALS therapeutic
drugs to the CNS. It is believed that the BBB/BSCB hinders CNS delivery
ugh the BBB. Reproduced with permission from Refs. [42]. (B) Major features of
on from Refs. [60]. (C) Typical nanostructures used for drug delivery or imaging.
s the BBB.
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of more than 90 % of small-molecule drugs and nearly all biologics (e.g.
small interfering RNA (siRNA), DNA, antisense oligonucleotides (ASOs)
[38]. Moreover, the BBB/BSCB also controls brain-to-blood, spinal
cord-to-blood or cerebrospinal fluid (CSF)-to-blood excretion of drugs
and endogenous compounds through the action of efflux transporters
[42–44]. The primary efflux transporter is P-glycoprotein (P-gp), which
effluxes many endogenous substrates and exogenous molecules,
including considerable lipid-soluble drugs. P-gp activity constitutes a
major cause of the failure of many potential ALS therapeutics to reach
therapeutic concentrations in the CNS [45]. Even the FDA-approved drug
riluzole, only exhibited limited accumulation in the CNS due to the drug
efflux mechanisms [46].Additionally, various degrading enzymes, in
particular phase I and phase II enzymes, are localized at capillary
endothelial cells membranes, accompanied by numbers of transporter
proteins that strictly regulate the passage of therapeutic substances
through the CNS. Many potential ALS drug candidates that might
otherwise penetrate BBB/BSCB are blocked by these barriers [47].
However, as elaborated below, nanotechnology offers several, poten-
tially exciting, solutions to this problem.

4.2. Biostability and bioavailability

Aside from poor BBB-permeability, insufficient biostability and
bioavailability are additional problems that limit the effectiveness of
potential ALS therapeutics. In particular, approximately half of all newly
developed chemical therapeutics by the pharmaceutical industry show
extremely low aqueous solubility [48]. For example, due to the
cholesterol-like structure, the mitochondrial-targeted neuroprotective
compound Olesoxime (TRO19622) only has limited solubility in water
[49]. In another study, P7C3A20 an aminopropyl carbazole, demon-
strates delayed disease progression in a G93A-SOD1 mice model, how-
ever, its solubility in water was also limited, thus further approaches
were needed to improve its efficiency [50,51]. To date, most drugs used
in the clinic for the treatment of CNS disease are small (<400 Da),
lipid-soluble molecules (e.g. edaravone, riluzole) that can cross the BBB
by active transmembrane diffusion. However, the drug absorbed by the
brain capillary endothelial cells must then be delivered to the interstitial
fluid of the brain tissue for therapeutic function. Consequently, a drug
molecule that is too lipophilic risks sequestration by stacking at the
capillary bed and, as a result, may not reach the cells behind the BBB
[52]. Therefore, it is crucial to design drugs with appropriate lipid sol-
ubility to guarantee sufficient drug accumulation within the CNS [52].
Recently, new generations of biological therapeutics (e.g. nucleic acid
constructs, neurotrophic factors and therapeutic proteins) have shown
promising efficiency in treating ALS [26]. For instance, the use of an
adeno-associated virus serotype 9 (AAV9) vehicle to deliver SOD short
hairpin RNA (shRNA) led to a reduction in the synthesis of ALS-causing
human Cu/Zn superoxide dismutase 1 enzyme (SOD1) mutants. This
biomolecule extended survival in SOD1G93A mice by delaying both
disease onset and slowing disease progression [53]. However, SOD1
shRNA is not BBB permeable and is susceptible to the action of biological
enzymes, as evidenced by the extremely short half-life of SOD1 shRNA
[39]. These limitations significantly hamper the effectiveness of SOD1
shRNA, and other similar biomolecules, as potential ALS therapies.
Again, nanotechnology offers potential solutions to these problems.

4.3. Systemic distribution and clearance

Another major obstacle limiting drug delivery to CNS is the tendency
of many lipophilic drugs to become systemically distributed, which at-
tenuates the ‘on-target’ effect of drugs. As discussed in section 4.2, many
lipophilic drugs passively diffuse into the central nervous system, but
these lipophilic therapeutics are also more readily absorbed by cells in
other tissues after intravenous injection [54]. Consequently, a larger drug
dose must be given to achieve the required therapeutic concentration in
the CNS. This non-specific systemic distribution may lead to increased
5

systemic toxicity and adversely impact patient quality of life [55,56].
Additionally, the rapid systemic clearance of many drugs also signifi-
cantly affects the concentration of drug reaching the CNS. A specific
example is the oral suspension form of riluzole (Tiglutik™) whichmay be
subject to enzymatic and non-enzymatic degradation in the gastrointes-
tinal (GI) tract, thereby limiting systemic bioavailability [57]. While
intravenous administration circumvents these problems, the major
problem is that hydrophilic drug molecules typically suffer rapid renal
clearance on account of poor reabsorption after glomerular filtration,
whereas lipophilic drugs are often converted into hydrophilic metabo-
lites in the liver before renal or biliary excretion [54]. Therefore, it was
deduced that the suboptimal therapeutic efficacy of riluzole or edaravone
might reflect the systemic distribution and fast systemic clearance [58].

5. Opportunities for nanotechnology to mediate CNS drug
delivery in ALS

In the past few decades, several nanomedicines have been approved
by the FDA that have shown far greater therapeutic efficacy than the
parent drugs by themselves. Examples include Genexol-PM®, Abrax-
ane®, Kadcyla® [59]. The advent of these nanomedicines suggests the
strong possibility that a similar therapeutic benefit most likely will be
achieved if nanotechnology is applied to develop ALS nanomedicines
[59]. In particular, for CNS drug delivery, nanocarriers confer great op-
portunities to effectively package and protect the therapeutic agents with
subsequent transport across the BBB thereby avoiding extensive systemic
distribution [12].
5.1. Overcoming the BBB/BSCB

5.1.1. Non-invasive approach to cross the BBB/BSCB
Recently, great progress has been made in delivering drugs or diag-

nostic agents into the brain or spinal cord using nanotechnology. How-
ever, many features can affect the efficiency of NPs traversal through the
BBB/BSCB. Nanoparticle type, size and surface charge, and surface
functionalization are among the key features that have been extensively
reviewed by Saraiva et al. [60], which are depicted in Fig. 2B [60]. The
different nanostructures (e.g. Lipid NPs [61], Polymer NPs [62], Gold
NPs [63], Dendrimer [64], Carbon-based nanomaterials [65]) that can be
engineered to cross the BBB/BSCB are shown in Fig. 2C. The three major
pathways by which nanomaterials cross the BBB/BSCB are
absorptive-mediated transport (AMT), receptor-mediated transport
(RMT) and cell-mediated transport (CMT) [28] as described in Fig. 2D.
These approaches have been widely used to transport nanomaterials
loaded with drugs or imaging substances to the CNS [28]. Nanoparticles
are also usually co-engineered with various ligands that facilitate
BBB/BSCB traversal. Ligands that are capable of adsorbing brain/spinal
cord penetrating proteins (e.g. tween 80), ligands that are capable of
interacting directly with brain/spinal cord endothelial cell receptors (e.g.
transferrin, brain-specific antibody and peptides) and ligands that are
able to increase endothelial cell endocytosis (e.g. cationic polymer,
amphipathic peptides) are often used. Ligands that are capable of
improving blood circulation (e.g. poly ethylene glycol) (PEG), cell
membrane) are also widely used in coating nanomaterials [60,66].
Moreover, the capability of nanoparticles to cross the BBB/BSCB can be
enhanced by utilizing a combination of additional techniques that
manipulate the BBB/BSCB. For example, the BBB can be temporarily
forced open with certain drugs or physical stimulation that allows better
nanoparticles to penetrate the tight junction (TJ) of the brain capillary
endothelial cells (BCECs) [28]. Furthermore, nanoparticle delivery of
therapeutic agents can also be enhanced by coloading inhibitors of efflux
pumps, especially polymeric P-gp [67]. Considering the diversity of
nanostructures, we will provide a detailed illustration in section 6 to
discuss the types of nanostructures that can be employed to combat
specific pathophysiology relevant to ALS disease progression.
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5.1.2. Invasive approach to cross the BBB/BSCB
Direct injections, such as intrathecal (IT) and intracranial injection, that

can deliver large doses of therapeutic drugs directly into the cerebrospinal
fluid (CSF), have received widespread attention as potential methods of
ALS treatment [68–70]. However, direct injection of CSF in patients with
ALS is still a daunting challenge in the clinic due to the serious potential
risks, such as infection, edema, and neuronal damage [28,71]. In addition,
poor solubility, insufficient pharmacokinetics, neurotoxicity, rapid clear-
ance, non-specific targeting, and limited tissue diffusion of drugs are some
of the vital obstacles that hinder the development of IT for clinical trials
[28,71]. Given the fact that nanoscale carriers can be featured with
increased drug solubility, extended SCF or SCF retention, enhanced tissue
diffusion, controlled drug release, as well as facilitated cell-specific tar-
geting, direct injection of nanomedicines can provide alternative solutions
for introducing drugs into the CNS [72,73]. For example, Antonello
Spinelli and colleagues, studied the kinetic distribution and stability of
PEG-coated AuNPs in mice after intracisternal administration, and found
that these NPs resulted in high brain penetrance, long-lasting stability, and
targeting of neurons [74]. This approach might be purchased to carry ALS
therapeutic agents inside the diseased sites by bypassing the BBB/BSCB.
Moreover, given the poor prognosis of ALS patients and the need for actual
clinical research in the near future, direct injection of nanomedicine re-
mains a promising option for ALS treatment.

5.2. Improving bioavailability and increasing drug exposure time in the
body

Many newly discovered drug molecules are insoluble in water and
must be used with additional additives, such as surfactants, oils or
ethanol, that normally cause inconvenience in administration or side-ef-
fects [26]. SP600125 (an anthrapyrazolone inhibitor of the c-Jun N-ter-
minal kinase, JNK pathway), for instance, can be used to stabilize
stathmin 2 (STMN2), a protein that has recently been found to stimulate
axonal growth. Hence, SP600125 may be a potential therapy for ALS but
as SP600125 is poorly soluble in water, dimethyl sulfoxide (DMSO) has
been needed in in-vivo experiments performed ahead of clinical usage,
which is a barrier for human clinical trials [75]. Nanotechnology offers
the potential to encapsulate hydrophobic drugs, like SP600125, inside the
NPs or conjugate hydrophobic drugs to the NP surface, resulting in
increased solubility [76,77]. Another problem that hinders the application
of many drugs in the CNS is short half-life due to rapid systemic excretion
or enzymatic degradation. The half-life of edaravone, for example, is only
4.5–6 h while the half-life of nucleic acid constructs is even shorter
(several minutes), thus higher doses and more-frequent dosing would be
required for chronic lifelong treatment, leading to declined quality of life
and increased risk of side-effects [78]. Drug agents encapsulated in
nanocarriers have been successfully applied to various diseases, showing
prolonged drug retention time in blood circulation [39]. First, as renal
clearance is prevented once size <15 nm, nanoparticle encapsulation of
drugs can reduce renal clearance if the particle size is increased beyond
this threshold [79]. Second, nanoparticle formulation may also provide a
physical barrier that protects drugs from metabolizing enzymes in the
liver and other tissues [80]. Third, controlled release of drugs from
nanocarriers is highly feasible making it possible to maintain an effective
blood drug concentration for longer periods. Finally, by surface coating
nanocarriers with extracted cell membranes (e.g. red blood cell or leu-
komonocyte cell membrane), natural polysaccharides (e.g. lipid) or
stealth peptides (e.g. CD44) [81], the resulting nanocarriers acquire
‘stealth’ properties that can further protect drugs from clearance by the
immune system, thus extending drug exposure time in the body.

5.3. Controlled drug release and targeted drug delivery

5.3.1. Controlled drug release
Therapeutic drugs absorbed, encapsulated or conjugated on/in nano-

carriers allow efficient delivery of drug molecules into the CNS [82]. Most
6

payloads in drug/nanocarrier complexes must be effectively released to
exert their effort. The release mechanism can be vary depending on the
drug loading manners, the inherent property of drugs, and the type of
nanocarriers [83]. For example, physically adsorptive drugs can be
released by molecular exchange; Encapsulated drugs can be released from
nanocarriers by molecular diffusion or after the expansion or degradation
of the nanostructure; And the conjugated drug can be released under
certain stimulation [83]. In some cases, the drugs can still exert their
functionwithout being released. For example, in a study conducted by Bao
et al. the anti-oxidative drug edaravone were absorbed on the surface of
CeO2 NPs and showed very limited Edaravone release (lower than 4%
within 24 h) in the phosphate buffer saline (pH ¼ 7.4). Due to a lower
density of polymer wrapped on the NPs, the absorbed edaravone was still
effective at scavenging free radicals [84]. Given the fact that chemical
conjugation of drugs to NPs may change their pharmacological properties,
physical absorption or encapsulation is regarded a more effective
approach for drug loading [85]. However, in the last few years, re-
searchers have developed many sensitive linkers to conjugate the drug
on/in nanocarriers. These linkers can be effectively cleaved under specific
circumstances including changes in pH, enzymatic cleavage, and exposure
to light [86,87]. Therefore, regardless of the drug loading manners, the
drugs encapsulated or conjugated in/on nanocarriers can be released in an
increasingly controlled manner, thus reducing the frequency of drug
administration as well as systematic side-effects [83,88]. For example, in
the study conducted by Bushra Nabi et al. riluzole was encapsulated in
chitosan nanoparticles (CSNPs) through ionic gelation method, enabling
continuous drug release for up to 24 h. This controlled drug release
facilitated greater accumulation of the drug in the brain and resulted in a
greater therapeutic effect [89]. Additionally, in some special designs,
drugs encapsulated or conjugated on/in nanocarriers can be only effec-
tively triggered and released under certain stimulation, such as light [90],
reactive oxygen species (ROS) [91,92], ultrasound [93], these approaches
allow more drugs to be released in the needed site, thereby reducing
side-effects on other normal cells. Considering that excess ROS are widely
observed in ALS-related neurons [94], it is thought that ROS triggering
drug release is a viable method that can be used for targeting release of
therapeutic agents to ALS-related cells.

5.3.2. Targeting drugs to specific cells and locations
Wide systemic distribution of therapeutics can lead to insufficient

accumulation in disease-active regions [38]. Hence, to improve therapeu-
tics for ALS, targeted drug delivery is needed. For instance, nanovehicles
capable of selectively targeting neurons or axons should have significant
application in ALS, as thesewould allow specific visualization of peripheral
axonal and neuronal compartments, which could be highly useful prog-
nostically [95]. Additionally, nanocarriers functionalized with neuro-
n-targeting ligands, such as ten-eleven translocation methylcytosine
dioxygenase 1 peptide (TET1 peptide) [96], MLR2 antibody (antibody
specific to the neurotrophin receptor p75) [97] and rabies virus glycopro-
tein peptide/rabies virus-derived peptide (RVG/RDP peptide) [98], could
also deliver therapeutics directly to injury sites. Exploiting the presence of
ganglioside monosialotetrahexosylganglioside (GM1), GD1a, GD1b, and
GT1b (the most abundant gangliosides in the neuronal and axonal com-
partments of mammalian nerves) [99] may provide a means to achieve
specific targeting. These moieties localize in the outer leaflet of plasma
membranes. The head-groups of these gangliosides are accessible to lectins
present in bacterial toxins or antibodies [100]. Thus, itmay be possible that
bacterial toxins or antibodies can be grafted onto the nanocarrier surface to
facilitate specific delivery of therapeutic agents to peripheral neurons or
axons. An alternative approach used an in vivo phage-display screen, to
identify a targeted axonal import (TAxI) peptide, that delivered protein
cargo directly to spinal cord motor neurons after intramuscular injection
[101]. In addition to neurons, it is believed that diseased astrocytes also
play an important role in the progression of ALS [102]. Synthetic nano-
particles such as antibody-modified chitosan nanoparticles [103],
Glucose-Coated Gold Nanoparticles [104], peptide-modified
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biodegradable polymathic nanoparticle [105] can be potential candidates
for astrocyte specific targeting that may be possibly utilized to target
deliver drugs to these cells and subsequently slow down the progression of
the ALS. These examples illustrate the opportunity for ‘arming’ nano-
materials to selectively deliver ALS therapeutics to injury sites.
5.4. Real-time tracking and imaging

In the drug development process, it is crucial to evaluate whether a
drug agent has reached the desired target. However, most drugs lack an
intrinsic trackable signal and attempting to conjugate a fluorophore to
the drug has the potential to unfavorably change pharmacological
properties. Thus, nanotechnology offers an opportunity to incorporate
sensitive, selective and rapid real-time tracking and imaging function-
ality [106–108]. For example, magnetic NPs (MNPs), with intrinsic
magnetic properties, are well-positioned as the most promising nano-
material for use as contrast agents for magnetic resonance imaging (MRI)
[109]. Quantum dot (QD) nanoparticles with unique optical, excitatio-
n/emission and photostable properties imbue them with several advan-
tages over the use of chemical fluorophores in bio-imaging [110].
Carbon-based nanomaterials, such as carbon nanotubes, carbon nano-
dots or graphene nanoflakes, with high aqueous solubility, low cost,
easily functionalized surface, ideal biocompatibility, as well as remark-
able resistance to photobleaching also show great potential for in-time
tracking and imaging [111]. Polymer NPs, or solid lipid NPs, can also
be functionalized with a wide variety of biomolecules with unique
chemistries to also facilitate drug detection and their in vitro and in vivo
bio-distribution [112]. Other nanomaterials, such as intrinsically fluo-
rescent dendrimer [112], upconversion nanoparticles (UCNPs) [113],
and gold nanoparticles, with unique optical and physical properties are
also showing excellent capability for real-time tracking or imaging. A
practical example is the development by Linying and coworkers of a
tri-responsive polymer–gold nanoparticle that can codeliver gene
(siRNA) and the small-molecule drug (Curcumin) for Parkinson's disease
(PD) treatment as shown in Fig. 3 [114]. In this system, siRNA is released
and plays its role after endosome escape, meanwhile small molecule
drugs are released and exert their effect after being stimulated by excess
ROS in diseased cells. Additionally, aggregated Au clusters have been
developed that specifically target diseased cells (PD dopaminergic neu-
rons) allowing for accurate imaging of PD via enhanced computed
7

tomography (CT) [114]. Similarly, nanotechnology could also provide
the opportunity for accurate ALS imaging and precise drug delivery.

6. Designing advanced therapeutic nanomaterials specifically
targeting ALS pathophysiology

The effective delivery of therapeutic drugs, trophic factors and bio-
macromolecules across the BBB/BSCB to CNS remains a challenge for
ALS treatment [9]. As discussed in Section 3, the rapid development of
nanotechnologies offers potential solutions to a variety of factors that
currently limits the therapeutic efficacy of ALS treatments. In this section,
various mechanisms of ALS pathophysiology are revisited and how
nanomaterials may be designed and utilized to combat these are dis-
cussed, providing stimulus to transform nanomedicine from theory to
ALS clinical trials.
6.1. Glutamate excitotoxicity

Glutamate is a primary excitatory neurotransmitter in the CNS with
important roles in learning and memory. However, excess glutamate can
lead to over-stimulation of N-methyl-D-aspartate (NMDA) receptors and
subsequently induce glutamate excitotoxicity [115]. Increasing evidence
suggests that glutamate excitotoxicity plays an important role in ALS
progression with more than 40 % of sALS patients showing glutamate
dysfunction [115–117]. Riluzole, the first US Food and Drug Adminis-
tration (FDA)-approved drug for ALS, is a well-described as an attenuator
of glutamate excitotoxicity by blocking the neuronal release of gluta-
mate. But its low aqueous solubility, short half-life (9–15 h after repeated
doses), insufficient cerebral accumulation, and side-effects at higher
dosage are major limitations that hinder its clinical efficacy [118]. In the
last few years, diverse nanoformulations aimed at enhancing the neu-
roprotective power of Riluzole have been developed. For example, Sa
Bondì and coworkers produced riluzole-loaded solid lipid nanoparticles
(SLNs) which increased riluzole delivery to the brain (1.3 times higher
than free drug after 8 h I.V.). Moreover, the SLNs showed reduced
Riluzole distribution in liver, spleen, kidneys, heart, and lungs compared
to free Riluzole, which may have potential benefits in reducing side--
effects in those organs [119]. In addition to using drugs to control
glutamate release, re-establishing glutamate homeostasis by upregulat-
ing the expression of glutamate transporter 1 (GLT1) has demonstrated
Fig. 3. Schematic illustration of the formation of
MBPC nanoparticles and their switchable assembly in
vivo. a) Assembly of levodopa-quinone gold nano-
particles (GNP) and pro-drugs BPC and MPC to form
MBPCs and the siRNA loading procedure. b) Switch-
able assembly of GNP in vivo: 1-1 drug-gene codeliv-
ery as MBPCS circulates in the blood; 1–2 MBPCS
penetrate the BBB via B6 peptide-mediated transport;
1–3 Neuron targeting via Mazindol (MA); 2 ROS-
mediated drug release; 20 Aggregated Au clusters
permit imaging via enhancing computed tomography
(CT). Reproduced with permission from Refs. [114].
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promise in animal models [117,120]. However, unfavorable pharmaco-
kinetic properties such as poor water solubility, low oral bioavailability,
as well as severe peripheral adverse effects may diminish the clinical
efficacy of GLT1 regulators (e.g. ceftriaxone) [120,121]. Recent advances
have demonstrated the possibility of encapsulating GLT1 upregulators in
nanostructures (e.g. liposomes, polymer nanoparticles, nano-micelles) to
address the above pharmacokinetic issues. For example, Sandeep Kumar
et al. have encapsulated ceftriaxone (the only intravenous beta-lactam
antibiotic that has been investigated in ALS clinical trial) inside the li-
posomes through water-in-oil-in-water (w/o/w) type double emulsifi-
cation method, and showed sustained drug release for up to 24 h [122].
Given the flexibility of drug encapsulation capability of nanocarriers,
other GLT1 upregulators such as neuroimmunophilin compound
GPI-1046 and the glutamate transporter activator
(R)-(�)-(5)-methyl-1-nicotinoyl-2-pyrazoline (MS-153) can also be
loaded in these nanoformulations to exert optimal therapeutic effects
[120]. Further functionalization of GLT1 upregulator-loaded nano-
complexes with brain targeting agents will facilitate their transportation
across BBB to CNS (Fig. 4). GLT1-upregulator release from nanocarriers
should upregulate GLT1 expression in astrocytes, thereby leading to
increased astrocytic glutamate uptake and reduced glutamate excito-
toxicity to neurons (Fig. 4). Other drugs that influence glutamate levels in
ALS are also under active investigation (e.g. α-amino-3--
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), Gacyclidine, Val-
proic acid). These drugs can also be packaged as CNS targeted
Fig. 4. Schematic illustration of glutamate transporter 1 (GLT1) regulator loaded nan
NPs can be facilitated to cross BBB through surface functionalization with brain tar
subsequently restore their role in regulation glutamate balance. Reproduced with pe
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nanomaterials for optimal therapeutic effect [120]. In addition, gene
therapy approaches to regulate the glutamate uptake system (e.g.
Glutamate-dehydrogenase 2 (GDH2) EAAT2 excitatory amino acid
transporter 2 (EAAT2)) are also under extensive investigation [123].
Given the advantages in nanotechnology-based strategies for gene CNS
delivery in disease therapy [39,124], using nanotechnology to transport
these glutamate uptake regulatory genes to the targeted site will greatly
accelerate the application of gene therapy in ALS treatments. For
example, an artificial virus system (RRPHC) has shown high efficiency in
delivering different kinds of gene cargoes (including siRNA, pDNA and
CRISPR-Cas9) in vivo. [125] Given the flexibility of the virus biomimetic
structure, it becomes possible to design a virus system which targets
specific cell types. As an illustration, the engineered virus biomimetic
structure modified with peptides such as T-L5 peptide [105], short
gH625 peptide [126], and AS1 homing peptide [127] can be used to
deliver gene therapeutics specifically towards astrocytes [128].

6.2. Oxidative stress

The excessive production of ROS combined with impaired oxidant
defense mechanisms has been recognized as a major pathogenic event in
ALS [116]. The second FDA approved ALS treatment edaravone (EDV) is
well known for its anti-oxidant function. It protects nerve cells by
clearing damaging reactive oxygen species (ROS) in the body [25]. To
improve the therapeutic efficiency of EDV in ALS, several nanostructures
oparticles traversing the BBB to regulate GLT1 expression. GLT1 regulator loaded
geting ligands. Drugs absorbed in astrocytes will regulate GLT1 expression and
rmission from Refs. [117].
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have been developed to better deliver EDV to the brain, such as agonistic
micelles and solid lipid nanoparticles [129,130]. Additionally, the com-
bined administration of EDV and agents that transiently open the BBB
have demonstrated highly efficient delivery of EDV to the brain. For
example, Qu et al., encapsulated EDV into the inner hydrophobic core of
the organic micelle (EDV-AM) while the outer hydrophilic shell was
conjugated with an adenosine 2A receptor (A2AR) agonist. Specific de-
livery of EDV for the treatment of brain ischemia was facilitated by
temporarily triggering tight junction (TJ) opening of the BBB by
EDV-AM-A2AR signaling (Fig. 5A) [129]. After EDV release from the
EDV-AM complex, a significant reduction in ROS production by diseased
brain cells was noted. Importantly, irreversible BBB damage was signif-
icantly minimized with the rapid restoration of the TJs [129]. Other
anti-oxidative drugs, such as Bromocriptine and Manganese Porphyrin
have also been engaged in different types of nanostructures to enhance
their efficiency [131]. In addition to small molecule radical scavengers,
various metal oxide nanoparticles were also shown to be effective in
eliminating ROS, such as magnetite nanoparticles (Fe3O4 NPs),
CuFe-PB-like NPs, cerium oxide nanoparticles (CeO2 NPs) [132,133].
Their function as free radical scavengers mainly arising from
non-stoichiometric crystal defects and oxygen deficiencies. CeO2 NPs, for
instance, mediated significant anti-oxidant effects that were shown to
ameliorate muscle strength and prolonging life in an ALS mouse model.
Treatment with CeO2 NPs prolonged median survival after symptom
onset in ALS mice from 22.0 � 2.5 days (control treated vehicle) to
33.0 � 3.7 days [134]. Although promising, these CeO2 NPs did not
feature any strategy to improve BBB permeability which may have
limited their accumulation in the CNS and reduced therapeutic efficacy.
Functionalization of these, and similar, metal oxide nanoparticles with
BBB penetrating agents (e.g. peptide, antibody, transferrin) would
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potentially maximize their efficacy as neuroprotective agents. Indeed, an
effective stroke therapeutic has been developed by Bao and coworkers by
coupling monodispersed ceria nanoparticles (CeO2 NPs) with BBB
penetrating agents [84]. Specifically, the surface of CeO2 NPs were
functionalized with Angiopep-2 (ANG-2) and -polyethylene glycol (PEG)
to facilitate BBB penetration and system circulation, with edaravone
loaded by surface adsorption as shown in Fig. 5B [84]. Selective accu-
mulation of CeO2 NPs in brain tissues was demonstrated by
receptor-mediated transport, and the elimination of ROS was achieved by
the synergistic effect of the loaded edaravone and ceria nanoparticles
[84]. However, optimal structures, cargoes, delivery strategies and safety
of these metal nanoparticles in ALS animal models still require further
investigation.
6.3. Inflammation

Current research and clinical discoveries have shown that inflamma-
tion in the CNS plays a vital impact in causing ALS [135]. Increasing ev-
idence suggests that the abnormal immune/inflammatory activity of
non-neuronal cells, such as microglia and astrocytes, plays a crucial role
in the disease onset and progression rather than an autoimmune attack of
neurons [136]. An acute neuroinflammation response may benefit the
survival of motor neurons while chronically activated astrocytes and
microglia may be harmful to motor neurons. In ALS patients, chronic
inflammation and infiltrating immune cells are suggested to be a major
pathological event in ALS progress. Additionally, a large number of anti-
and proinflammatory growth factors and cytokines (e.g. IFN-γ, IL-6,
vascular endothelial growth factor (VEGF), tumor necrosis factor alpha
(TNF-α), IL-1β, and IL-10) were found involved in pathological changes
that linked to ALS [136]. Hence, targeting inflammatory mediators with
Fig. 5. (A) Edaravone-encapsulated-agonistic
micelles enhanced BBB penetration by tempo-
rarily triggering TJ opening to rescue ischemic
brain tissue. Reproduced with permission from
Ref. [129]. (B) Edaravone-loaded ceria nano-
particles penetrate the BBB and mediate neuro-
protection in a model of stroke. Reproduced with
permission from Ref. [84]. (C) Anti-inflammatory
drug-loaded silica-based drug delivery system
specifically targets brain injury and SCI sites.
Reproduced with permission from Ref. [136].
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anti-inflammatory therapeutic agents may thus be neuroprotective in ALS.
Indeed several clinical drugs with anti-inflammatory activity like thalid-
omide, celecoxib, and minocycline have demonstrated efficiency in
halting or delaying disease progress in ALS animal models [26,137,138].
However, clinically used anti-inflammatory drugs are often systemically
administered at high doses to exert an effect and have noted side-effects
due to cell toxicity. More effective and biocompatible methods for drug
delivery could potentially increase the usefulness of anti-inflammatory
drugs in ALS. The developments in nanotechnology noted above suggest
pathways to improve the ‘on-target’ accumulation of anti-inflammatory
drugs, and reduce systemic toxicity. Indeed, a practical application of
nanotechnology for anti-inflammatory drug delivery has been demon-
strated by the development of cluster-like mesoporous silica NPs (MSNs)
loaded with the anti-inflammatory drug arctigenin (traditional Chinese
herbal medicine) and surface functionalized with a peptide sequence of
four amino acids, cysteine, alanine, glutamine, and lysine, CAQK peptides
(a short peptide identified by in vivo phage display screening) to target
brain and spinal cord injury (SCI) sites in an animal model as shown in
Fig. 5C [136]. The smaller size of MSN-based drug delivery system
(<100 nm) enables the nanocomplexes to pass through the BBB and BSCB.
Enhanced neuronal protection and accelerated SCI recovery were
demonstrated in an animal model by inhibiting the activation of astro-
cytes and diminishing the expression of interleukin-17 (IL-17) and other
inflammatory factors [136]. In another study, Giuseppe Tripodo et al.
designed a mesenchymal stromal cells (MSCs) loading curcumin-INVITE
1(Inulin-d-alfa-tocopherol succinate)-micelles platform. In this system
the curcumin (a well-known anti-inflammatory drug) loaded micelles
(INVITE MC) are able to release the entrapped drug while reducing the
toxicity of curcumin on MSC, which has shown great potential in treating
ALS [139]. Given the flexibility in designing functional nanomaterials,
more engineered nanoparticles loaded with anti-inflammatory factors
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may become available for the potential treatment of ALS.

6.4. Transition-metal dyshomeostasis

A common pathophysiology involved in many neurodegenerative
diseases such as ALS is the excessive accumulation of the transition
metals like copper (Cu2þ) and iron (Fe3þ) in the CNS [29]. Although iron
does not directly induce disease, it is nonetheless increasingly viewed as
playing a crucial role in promoting disease progression by catalyzing the
formation of ROS and increasing oxidative stress. Thus, iron chelators
(e.g. Deferiprone, Clioquinol, Apocynin) have shown therapeutic benefit
in regulating transition-metal dyshomeostasis in many neurodegenera-
tive diseases [140,141]. However, these chelators normally have severe
adverse effects and lack of tissue-specific targeting. Thus, improving the
utility of metal-ion chelators with nanotechnology may improve their
efficacy by promoting efficient BBB traversal and increasing their
selectivity for injury sites [141]. For example, Gang Liu et al. developed
an iron chelator (e.g. (2-methyl-N-(2-aminoethyl)-3-hydroxyl-4-pyr-
idinone (MAEHP)) conjugated NPs platform and functionalized the
surface of NPs with PS80 to facilitate BBB penetration. These NPs pro-
vided safer and more effective chelation treatment in neurodegenerative
diseases [142]. In addition to small molecular iron chelators, several
unique inorganic nanostructures also show potential metal-chelating
capability that may be beneficial for reducing transition-metal dysho-
meostasis, thereby sidestepping the need for drug loading and release.
For example, black phosphorus (BP) nanosheets were designed as new
chelating agents to capture excess redox-active Cu [143]. It was shown
that these BP nanosheets were not only effective at capturing excess
Cu2þ to protect neuronal cells from transition-metal induced neurotox-
icity, but they also pass through the BBB under near-infrared laser
irradiation via its inherent photothermal effect (Fig. 6A) [143] which is
Fig. 6. (A) The application of Black Phos-
phorus Nanosheets for neurodegenerative
disease therapy. BP nanosheets cross BBB via
near-infrared laser irradiation and protect
neurons by selectively capturing excess Cu2þ.
Reproducedwith permission fromRefs. [143].
(B) Different CeO2 nanostructures eradicate
intracellular, extracellular, and mitochondria
ROS, respectively. Reproduced with permis-
sion from Refs. [146]. (C) Schematic illustra-
tion of T-L5-CoQ10-NP and T-L5-(Asp)4-NP
targeting mitochondria in astrocytes to facili-
tate neuroprotection by protecting astrocytes
frommitochondrial dysfunction and oxidative
damage. T-L5: TPP–(CH2)5–COOH. TPP:
Tri-phenyl-phosphonium. Reproduced with
permission from Ref. [105].
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a great advantage compared to conventional chelators. Additionally, the
excellent biostability and biocompatibility suggest a suitable profile.
However, further studies are needed to assess therapeutic efficiency in
ALS animal models.

6.5. Mitochondrial dysfunction

Mitochondria play an important role in cellular respiration, energy
production, and calcium homeostasis. Mitochondrial dysfunction in
neurons significantly affects normal cellular function. Neuronal cell
death caused by mitochondrial dysfunction has been proposed as a major
contributing factor in ALS progression due to the abnormal generation of
ROS [144]. As discussed in 4.2, various anti-oxidants and metal oxide
nanoparticles were shown to be effective in combating oxidative stress
[133]. Hence, selectively delivering anti-oxidants or metal oxide NPs to
mitochondria might be a beneficial strategy for the therapy of neurode-
generative disease, including ALS [145]. Indeed, studies have shown that
it is possible to selectively scavenge extracellular, intracellular, and
mitochondrial ROS by applying different types of ceria nanoparticles
(Fig. 6B) [146], Hyek Jin Kwon et al. have used these NPs for treating
Parkinson disease (PD) [146,147]. In another study, Bapurao et al.
developed an alternative biodegradable nanoparticle platform with high
BBB penetration efficiency (~12%) and marked ability to accumulate in
brain astrocytes to facilitate neuroprotection by enhanced protection of
astrocytes from mitochondrial dysfunction and resultant oxidative
damage (Fig. 6C) [105]. These preliminary data suggest that it should be
possible to design similar nanoparticles for ALS treatment. Additionally,
loss of Cu/Zn superoxide dismutase 1 enzyme (SOD1) was believed to
induce accumulation of mitochondrial ROS [148], exogenous supple-
mentation of anti-oxidant enzymes have shown therapeutic potential in
eliminating the ROS-associated mitochondrial dysfunction [149]. Thus it
is possible to envisage a nanotechnology-based therapeutic approach that
enhances SOD1 expression as a promising regulator for mitochondrial
dysfunction. For example, SOD1-loaded poly (lactic-co-glycolic acid)
(PLGA) NPs have been reported to confer human neuron protection by
eliminating hydrogen peroxide-induced oxidative stress [149]. However,
whether such nanoparticles offer a genuine therapeutic opportunity in
ALS needs verification in follow-up studies.

6.6. Protein misfolding and aggregation

Increasing evidence has demonstrated the crucial role of protein
misfolding and aggregation in ALS affected neurons and glial cells, and
the lack of clearance mechanisms has been recognized as one of the
major factors influencing the pathogenesis of ALS [16,150]. Protein
misfolding results in the formation of toxic protein aggregates and pro-
tein inclusions which affect normal neuronal function. Several proteins
aggregate-prone proteins such as TDP-43, SOD1, and Ubiquilin-2, are
widely found aggregated within the CNS of ALS patients [151]. In
particular, protein aggregates of the RNA-binding protein TDP-43 in the
brain and spinal cord neurons are found in nearly all ALS patients and
rare mutations in the gene encoding TDP-43 can cause ALS [152]. ASOs
therapy targeting mutant SOD-1 has been shown to substantially slow
disease progression in a rat model of ALS. However, SOD1mutations only
account for 2–5% of ALS cases [152], thus therapeutic targeting of
TDP-43 should, in theory, benefit the majority of ALS patients. However,
downregulating the expression of TDP-43 is not feasible, given its critical
cellular function [153]. Thus, more advanced strategies have emerged to
combat TDP-43 aggregation. One particularly exciting strategy involves
targeting ataxin-2, a gene modifier of TDP-43 aggregation. For example,
Lindsay et al. developed ataxin-2 targeting ASOs and administered to the
CNS in TDP-43 transgenic mice. After a single treatment pathology was
largely reduced and the lifespan of mutant animals was markedly
extended, which suggests that targeting ataxin-2 could represent an
effective therapeutic strategy for ALS patients [154]. More recently,
post-translational stabilization of stathmin 2 (STMN2) by SP600125 (an
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anthrapyrazolone inhibitor of c-Jun N-terminal kinase (JNK) pathway)
was found to rescue neurite outgrowth and deficits in axon regeneration
induced by TDP-43 depletion and significantly improved survival of
mutant ALS mice [75]. As nanotechnology has been widely used for gene
and drug delivery and great progress has been achieved in CNS disease,
using nanovehicles to deliver these, and potentially other ASOs or in-
hibitor drugs to target TDP-43 aggregation may be a promising strategy
for improved ALS therapeutics.

6.7. Gene defects

In ALS, around 5%–10%of cases show familial inheritance and to date,
more than 25 genes have been identified that contribute to ALS, which are
estimated to be involved in 70% of the familial amyotrophic lateral scle-
rosis (fALS) and 15% of the sporadic ALS (sALS). Among them, mutations
in SOD1, TARDBP, FUS or hexanucleotide expansions in chromosome 9
open reading frame 72 (C9orf72) genes account for the majority of fALS
cases (>60%) and some sALS cases. Therapeutic approaches targeting
these mutations include RNA interference (RNAi) technology, antisense
oligonucleotides or other small nucleic acids. Several of these have shown
the ability to delay disease progression in animals [155]. However,most of
these studies utilized viral vectors such as adenovirus (AAV), herpesvirus
(HSV) or and lentivirus to facilitate delivery [156–158]. The immunoge-
nicity and safety of these carriers is a major obstacle that hinders their
further clinical application [159]. The rapid development of nanotech-
nology has made it possible to deliver novel DNA, antisense oligonucleo-
tides (ASOs) and RNA for gene therapy, largely superseding viral vectors
[160] with the distinct advantages of decreased immune response and
design flexibility to overcome biological barriers [161]. For example, to
deliver SOD1 ASOs to motor neurons, Chen et al. prepared calcium
phosphate lipid-coated nanoparticles (CaP-lipid NPs) that could effectively
and safely deliver SOD1ASOs tomotor neurons [162], the efficacy of these
is currently being assessed in a mutant SOD1 mouse model. In another
study, therapeutic siRNA targeting the β-site amyloid precursor
protein-cleaving enzyme 1 (BACE1), that plays a role in the development
of amyloid plaques in Alzheimer's disease (AD) was prepared through a
unique self-assembly process (Fig. 7A) [163]. Using a BBB targeting pep-
tide (CGN) and amyloid targeting ligand (QSH), the siRNA loaded nano-
complexes could actively cross BBB and accumulate in neurons near
amyloid plaques. A single treatment was found to effectively reduce the
expression of BACE1at the mRNA and protein levels, thereby reducing the
production of Aβ production and limiting neuronal damage in an AD
mouse model [163]. This practical example showcases how nanotech-
nology could be applied to the delivery of ALS-related therapeutic genes
past the BBB to target specific injury sites. Despite these encouraging re-
sults, the reliability of nanomaterials to transport genes and ASOs and the
credibility of targets still needs further studies.

6.8. Neurotrophic factors

Another potential treatment modality in ALS is increasing the expres-
sion of neurotrophic proteins or drug compounds that promote neuronal
survival and regeneration. In the last few years, a large number of neu-
rotrophic factors including brain-derived neurotrophic factor (BDNF),
ciliary neurotrophic factor (CNTF), glial cell line-derived neurotrophic
factor (GDNF), insulin-like growth factor 1 (IGF-1), fibroblast growth
factor (FGF), vascular epidermal growth factor (VEGF), and Granulocyte-
colony stimulating factor (G-CSF) [164] have been investigated in ALS
models. These neurotrophic therapeutics have recruited large patient
populations in Phase 3 trials, however, they have largely failed due to short
half-life and low BBB permeability [82,83]. Encouragingly, the application
of nanotechnology greatly enhanced the biological stability, brain target-
ing, pharmacokinetic efficiency of neurotrophic factors [165,166]. For
example, nanocarriers were functionalized with an efflux inhibitor and
brain-specific antibody to enable the delivery of a variety neuroprotectors
across BBB by receptor-mediated transcytosis [167]. In another study by



Fig. 7. (A) Delivery of small interfering RNA
(siRNA) to neurons via a polymer nanoparticle
platform to improve the therapeutic efficacy of
amyloid-targeting ligand (QSH) in Alzheimer's
disease where CGN functions as a BBB targeting
peptide. Reproduced with permission from
Ref. [163]. (B) Schematic illustration showing the
preparation of a nanoparticle platform to deliver
neurotrophic factors to the brain. The surface of
NPs can be engineered with brain-specific anti-
bodies, proteins and efflux inhibitors that facili-
tate NPs penetration. Reproduced with
permission from Refs. [167].
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Igor and coworkers [168], poly (lactic-co-glycolic acid) (PLGA) nano-
particles were coated with poloxamer 188 (PX) to enable NPs to traverse
the BBB with BDNF encapsulated in the NPs (NP-BDNF-PX). After intra-
venous (IV) injection in mice with traumatic brain injury (TBI), a signifi-
cantly higher level of BDNF was detected in the brain compared to control
and the neuroprotective effect was also markedly improved. A schematic
of a practical approach to deliver neurotrophic factors to the brain is
shown in Fig. 7B [167]. These studies illustrate how nanotechnology could
be applied to improve the performance and efficacy of neurotrophic fac-
tors for ALS treatment.
6.9. Defects in axonal transport

Axonal transport is an essential cellular process responsible for the
shuttle of lipids, mitochondria, synaptic vesicles, proteins and other or-
ganelles into and out of the cell body of a neuron, and plays an important
role in maintaining proper neuron function [169]. Increasing evidence
from ALS patients and animal models have suggested that defects in
axonal transport are largely involved in ALS process, even at a very early
stage [170,171]. Genetic interference or pharmacological inhibition of
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histone deacetylase 6 (HDAC6) expression have been shown to effec-
tively restore the axonal transport defects by increasing α-tubulin acet-
ylation and endoplasmic reticulum (ER)–mitochondrial overlay [172].
However, most of HDAC6 inhibitors, such as Tubastatin A, ACY-738, are
water-insoluble and inevitably hinder their clinical application. Given
that HDAC6 inhibitor-encapsulated nanoparticles have been intensively
investigated in cancer therapy [173,174], designing high drug loading,
desirable BBB penetration, targeted neuronal delivery nanoparticles will
be of great advantage in promoting those inhibitors therapeutic effect
toward ALS involved axonal transport defects.
6.10. Stem cell therapy

Stem cell therapy is considered a promising alternative in ALS therapy
that can potentially address many complex disease pathogenesis, and
several early stage clinical trials have been initiated to verify the effec-
tiveness of stem cells in ALS patients [175]. The transplanted stem cells
could not directly replace the diseased motor neurons, they mainly
differentiated into various supporting cells (e.g. astrocytes and microglia)
under the stimulation of neurotrophic factors, and further formed a
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neuroprotective microenvironment, thus slowing down the degeneration
or death of motor neurons [175]. Nanotechnology could not directly affect
the effectiveness of stem cell therapy in ALS, but in terms of real time
imaging or bioluminescence imaging in stem cell studies, nanotechnology
can provide less invasive and higher resolution than traditional imaging
methods (e.g. computed tomography and magnetic resonance imaging
(MRI)) [176]. For example, with a dramatic enhancement of detection
sensitivity, as few as ~10 UCNP-labeled mesenchymal stem cells (MSCs)
can be detected in a mice model, which cannot be achieved with con-
ventional exogenous agents [177]. Additionally, nanotechnology also
works in improving the efficiency of stem cell transport to the brain or
spinal cord, regulating cellular microenvironment, increasing the survival
of the transplanted stem cells, and facilitating the stem cell differentiation
efficiency, thereby promoting the effectiveness of stem cell therapy [178].
For example, in study conducted by Yung-Chih Kuo et al. heparin and
nerve growth factor (NGF) loaded lipid nanoparticles can stimulate the
differentiation of induced pluripotent stem cells (iPSCs) into neurons,
thereby showing great potential in restoring neuron function that may
beneficial to ALS patients [179].
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7. Other emerging nanotechnologies with potential utility for
ALS drug delivery

With the rapid development of nanotechnology, a variety of new
approaches have been applied to the problem of penetrating the BBB to
increase the therapeutic index of a variety of therapeutics.

7.1. Glycosylated nanocarrier

Glucose transporter-1 (GLUT1) is expressed in BCECs at a much
higher level compared to many other transporters and receptors.
Recently, researchers exploited this fact to enhance nanoparticle delivery
across the BBB in an animal model [180]. After fasting, GLUT1 migrates
from the luminal to abluminal plasma membrane. Nanocarriers func-
tionalized to recognize and bind to GLUT1 are then delivered across the
BBB following administration of glucose [180] (Fig. 8 A, B). Notably, an
increase in nanocarrier accumulation in neurons was observed in mouse
brain after glucose treatment in overnight fasted mice [180], demon-
strating that glycosylated nanocarriers have the potential for brain drug
delivery to treat neurons affected by neurodegenerative disease such as
ALS.
Fig. 8. glycemic control of GLUT1 expression
increases the ability of glycosylated nanocarriers
to cross the BBB into the brain. (A) Visualize the
process of glycemic controlled glycosylated
nanocarriers cross the brain blood vessel; After
fasting for 24 h, mice were intravenously injected
with 25%Gluc(6)/m(red) and intraperitoneal
injected with 20% glucose 30 min later. (B) Bio-
distribution of Null/m and Gluc(6)/m in mice
after different feeding control. Data were
collected at 48 h post the injection. Reproduced
with permission from Refs. [180].



Fig. 9. (A) Rabies virus mimicking silica-coated gold nanorods bypass the BBB via neuronal pathways to treat brain disease. Reproduced with permission from
Ref. [181]. (B) Delivery of therapeutic siRNA to the mouse brain by systemic injection of exosomes. (a) Schematic illustration of the preparation of exosomes; (b) Gene
silencing efficiency by different vehicles. Reproduced with permission from Refs. [184].
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7.2. Virus mimic nanomaterials

The human brain can be infected by various viruses like HIV, rabies
virus and adenovirus. Nanocarriers can be designed that mimic the
ability of viruses to penetrate the BBB. For example, Lee et al. have
fabricated rabies virus- inspired silica- coated gold nanorods (AuNRs@-
SiO2) that replicate the size, shape and surface glycoprotein character-
istics of the rabies virus [181]. The surface of the AuNRs@SiO2 NPs were
covered with RVG29, a peptide derived from the rabies virus glycopro-
tein, to enable the NPs to mimic the in vivo behavior of the rabies virus in
respect of penetrating the BBB and travelling into the brain through the
neuronal pathway (Fig. 9A) [181]. The peptide coating also had the
advantage of dramatically improving the nanosystem's biostability and
biocompatibility that should ensure biosafety for potential clinical
application. Therefore, nanomaterials which mimic viruses provide a
new template for the delivery of therapeutic agents to the CNS.

7.3. Exosomes

Exosomes are intracellular membrane-based natural nanomaterials
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that have shown great advantages over other nanomaterials due to their
non-immunogenic features and their ability to deliver a variety of cargoes
[182,183]. For instance, Lydia et al. have developed exosomes can
deliver siRNA into the brains of mice [184]. To reduce immunogenicity,
exosomes were extracted from dendritic cells harvested from bone
marrow after stimulation with interleukins. To promote brain targeting,
the dendritic cells were engineered to express Lamp2b, an exosomal
membrane protein, fused to the neuron-specific RVG peptide, as shown in
Fig. 9B [184]. The fabricated exosomes could deliver siRNA specifically
to microglia, neurons, or oligodendrocytes in the mouse brain to result in
cell-specific gene knockdown [184]. In another study, exosomes were
produced from human mesenchymal stem cells (MSCs) that were acti-
vated with interferon gamma (IFN-γ) (IFN-γ was used to raise the pro-
duction of several important immunosuppressive cytokines in MSCs)
[185]. After loading anti-inflammatory, neuroprotective RNA and pro-
tein molecules, these exosomes were intravenously administrated in an
autoimmune encephalomyelitis (EAE) mouse model, showing good BBB
penetration and encouragingly restoring motor skills [186]. As exosome
delivery systems show good biological tolerance this should enable them
to rapidly advance to clinical trials. Novel exosome nanotechnology,
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therefore, has the potential to deliver a wide range of therapeutics
through the BBB to treat a variety of neurological diseases, including ALS
[182].

8. Conclusion and perspectives

Scientists are striving to continually unravel the molecular and
cellular, events that lead to ALS. To date, great progress has been made in
identifying pathological mechanisms, revealing the way forward for the
development of potential therapies for ALS. Indeed, a wide variety of
potential therapeutic agents have been assessed in animal models of ALS.
However, due to the lack of safe and effective delivery routes, efficacy is
suboptimal and these promising agents are still a long way from clinical
use [187]. In the last few years, significant progress has been achieved in
the nanotechnology field, opening the gate for the development of
nanobased therapeutic strategies in ALS. Drug properties like bioavail-
ability, biostability, BBB penetration and ability to target neurons or
astrocytes can be greatly enhanced by utilizing nanotechnology. Many
therapeutic macromolecules, such as siRNA, ASOs, pDNA, their effi-
ciency in treating ALS can also be significantly improved by using
nanocarriers. Multifunctional methods of delivery combined with im-
aging capability will significantly benefit the field. Moreover, nano-
technology also makes it possible to transport multiple therapeutic
substances simultaneously (e.g. small molecules, genes, and therapeutic
proteins) to potentially facilitate more effective synergistic therapeutic
outcomes [186,188].

In the last decades, nanosized biomaterials such as liposomes and
polymers have been approved for clinical use [189]. However, newer
classes of nanomaterials such as gold NPs, Qdots, and metallic nano-
particles are probably years away from reaching clinical trials. One of the
key concerns to be addressed is that of nanomaterial biosafety, as the
majority of work performed within the past decade has been focused on
proof-of-principle demonstrations of nanomaterials for biomedical ap-
plications [190]. Additionally, the large-scale production of nanodrugs is
another major obstacle for their clinical application [190,191].
Notwithstanding these current limitations, given the rapid growth of
nanotechnologies, revolutionary new transportation and targeting stra-
tegies should emerge and increasing the likelihood that nanotechnol-
ogies will contribute to ALS treatment.
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