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ABSTRACT

The progressive neurodegenerative illness known as amyotrophic lateral sclerosis is characterized by the death of motor neurons, which causes
paralysis, muscle atrophy, and ultimately fatal respiratory failure. Despite advances in understanding its molecular pathology, currently approved
therapies such as Riluzole and Edaravone offer only modest clinical benefits, largely due to limited central nervous system exposure. The blood-
brain barrier remains a major challenge for effective drug delivery to neural targets. In this context, intranasal nose-to-brain delivery has emerged
as a promising non-invasive strategy to bypass the blood-brain barrier via olfactory and trigeminal neural pathways, enabling direct drug transport
to the brain while reducing systemic exposure. Recent preclinical studies have explored a range of nanocarrier-based systems, including polymeric
nanoparticles, lipid-based carriers, nanoemulsions, and hybrid formulations, to enhance nasal residence time, epithelial uptake, and neuronal
transport. Functionalization with targeting ligands and mucoadhesive components has further improved brain targeting efficiency and therapeutic
retention. However, challenges related to formulation complexity, long-term safety, scalability, and clinical translation remain unresolved. This
review critically evaluates recent advances in nanocarrier-mediated nose-to-brain delivery for amyotrophic lateral sclerosis, highlighting current
limitations and future directions required for successful clinical application.
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INTRODUCTION

The disease of the central nervous system is a major health concern
attracting the researcher’s interest, and it also poses a notable
challenge to humans. Neurological illness is the main cause of
mortality and infirmity worldwide. “In 2016, neurological diseases
were the second greatest cause of mortality [9.0 million (8.8-9.4)]
and the main cause of disability-adjusted life-years (DALYs) [276
million (95% UI 247-308)] worldwide.” This indicates that CNS
illnesses are contributing more and more to the worldwide health
challenge [1-3]. There is no well-established diagnosis and
treatment for neurological diseases.

Neuroprotective agents should enter the brain to show their efficacy.
The brain is the organ that controls various physiological processes of
the body. It is encased in the endothelium fluid barrier, which is densely
packed, and is protected by the skull. The cells of the endothelium of the
microvascular barrier protect the brain from external stimuli; these
barriers comprise the brain cerebrospinal fluid barrier, meningeal
barrier, blood-brain barrier (BBB), and circumventricular organ barrier.
The complicated mechanism of the ciliary endothelial cell controls
permeability through the brain barrier [4-7].

Limited blood-brain barrier (BBB) permeability, which limits
effective brain accumulation, and inadequate access to CNS-resident
immune cells, is a significant obstacle in the development of
neurotherapeutics [8-10]. To enhance BBB penetration, of drugs
with tiny molecules that target CNS illnesses are typically made to be
somewhat lipophilic and to have molecular weights of less than
400-500 Da [11]. Despite this, insufficient pharmacologically
relevant BBB transport causes many candidates to fail early
screening. Endothelial transporters further regulate and limit drug
entrance, and only tiny lipophilic substances, such as alcohol and
steroid hormones, easily cross the blood-brain barrier through
transcellular processes [10, 12].

“Neurotherapeutics treats the CNS disorders-like Parkinson’s,
Alzheimer’s, and ALS by targeting the drug directly to the brain or
spine [13, 14].” The blood-brain barrier significantly impedes the
direct targeting of a substance to the brain [15]. To bypass the BBB,
researchers explore options such as intranasal (nose-to-brain)
delivery, which uses the olfactory nerve or trigeminal nerve

pathway [16]. This non-invasive route enables fast, targeted CNS
delivery while reducing systemic exposure [17-19].

“Amyotrophic lateral sclerosis (ALS) is a deadly neurodegenerative
disorder that leads to the sequential decline of motor neurons'
function in the cerebrum, brainstem, and spinal cord [20].”
Unfortunately, there are few or limited potential treatments that
give fair clinical benefits. Potential treatment approaches are few
and limited to modest clinical gains. “The first drug approved by the
FDA for ALS was Riluzole.” Riluzole reduces glutamate-driven
excitotoxicity. It improves patients' survival by about 2-3 mo. P-
glycoprotein and high hepatic first-pass metabolism affect the
advantage of Riluzole [21].

“The second approved therapy, Edaravone, is applied for ALS as a
free radical scavenger, countering oxidative stress, and is proposed
as another hallmark of ALS pathology.” However, herculean dosing
regimens associated with long-term uncertainty, coupled with
intravenous-only use, limit its clinical application [22, 23].
“Tofersen, an antisense oligonucleotide against SOD1 mutations, and
AMX0035, a combination of sodium phenylbutyrate and
Taurursodiol, are some newer therapies.” These treatments offer
promise for a specific genetic form of ALS but have challenges in
permeating the blood-brain barrier [24].

To cope with the trouble of the restricted bioavailability of the brain
for certain drugs, N2B drug delivery systems have become an
alternative. N2B drug delivery provides a non-intrusive route
through the trigeminal or olfactory nerve pathway. This route
provides direct access to the brain by bypassing the BBB [25]. Parikh
and Patel et al. (2014) formulated a nanoemulsion for the direct
targeting of Riluzole to the brain, which showed faster action and
better brain uptake compared to the oral formulation [26]. Banerjee
et al. (2023) formulated Edaravone nanoparticles to target them
directly to the CNS via the intranasal route; the second drug
approved for ALS treatment also showed better brain targeting and
reduced oxidative damage in the ALS model [27, 28].

To overcome nasal enzyme-mediated and mucus drainage degradation
in the nasal passage while enhancing drug solubility, permeability, and
sustained release, advanced nanocarriers are currently being developed,
including polymeric nanoparticles (e. g, PLGA, chitosan), solid lipid
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nanoparticles (SLNs), and thermo-responsive in situ gels [29]. Advanced
neural therapies like gene therapies, neurotrophic factors, and
antioxidants, which are being investigated for the treatment of ALS, are
well-delivered by these platforms.

By addressing oxidative stress, neuroinflammation, mitochondrial
dysfunction, and excitotoxicity all at once, these approaches offer a
potent new frontier in neurotherapeutics that offers painless,
targeted, and patient-compatible drug delivery that closely matches
the pathophysiology of ALS [30, 31].
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Literature search strategy

A comprehensive literature search was conducted in PubMed,
Scopus, ScienceDirect, Google Scholar, and ClinicalTrials. gov for the
period 2010-2025 using the keywords and Boolean combinations:
‘amyotrophic lateral sclerosis’, ‘ALS’, ‘nose-to-brain delivery’,
‘intranasal’, ‘nanocarrier’, ‘nanoparticle’, ‘liposome’, and ‘ALS
therapy’. Only English language, peer-reviewed original research
and review articles were included. Non-peer-reviewed sources,
conference abstracts, and duplicate records were excluded.
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Fig. 2: Advantages of nose-to-brain drug delivery (made with BioRender)

Nose-to-brain drug delivery system

The cure of CNS disorders like amyotrophic lateral sclerosis
continues to be limited by the restrictive nature of the BBB, which
selectively hinders the entry of nearly 98% of small-molecule drugs
and almost all biologics into the brain [55, 56]. This poses a serious
problem for the efficient treatment of neurological conditions where
direct drug access to the brain is necessary for therapeutic
efficiency, such as amyotrophic lateral sclerosis, Alzheimer's disease,
brain tumors, Parkinson's disease, and epilepsy [57, 58]. To
overcome this obstacle, the nose-to-brain (N2B) targeting is a
possible alternative, bypassing the BBB entirely [59, 60]. This route
leverages the different anatomical and physiological characteristics
of the nasal cavity, providing a straight pathway to the brain via
olfactory and trigeminal neural pathways [61, 15, 62].

Despite these advantages, we need to address other physiological
and formulation challenges. These include the restricted surface of
the olfactory epithelium, restricted drug absorption volume,
enzymatic degradation, and rapid mucosal clearance [63, 64].
Additionally, variability in nasal anatomy and physiology among
patients leads to inconsistent drug delivery outcomes [65].

Advanced drug delivery technologies, including liposomes, in situ
gels, mucoadhesive polymers, and nanoparticles, have been
developed by researchers [66, 67]. These formulations improve
nasal residence time, protect labile drugs, and improve transport
across the nasal epithelium, thereby increasing CNS drug delivery
efficiency [68].

With the growing prevalence of brain-related disorders and the
limitations of traditional delivery systems, N2B delivery is garnering
more attention as a viable, innovative platform for both biological
and small molecules targeted at brain diseases [69].

Anatomy of the nose

The nostril has been split into two symmetrical halves by the nasal
septum, each extending from the external nostrils to the choanae, which
open into the nasopharynx [70]. “Each side is further subdivided into
three turbinates (inferior, middle, and superior), which increase surface
area and create turbulence for better air filtration and drug deposition
[71, 72].” It is bordered superiorly by the cribriform plate, which plays a
key role in the olfactory transport [68].

Each nasal passage consists of three regions

Vestibular region-It is located interior to the nostrils, lined by
stratified squamous epithelium and vibrissae (coarse hairs). It
provides mechanical filtration of large particles and is not suitable
for drug absorption due to limited vascularization [65, 73].

Respiratory region-It engages most of the nasal epithelial surface
(~90%) and borders with pseudostratified ciliated columnar
epithelium and goblet cells, making it extensively vascularized due
to its rich supply of capillaries, making it ideal for systemic
absorption [63, 74].

Olfactory region-The olfactory region, positioned at the top of the
nostril, is directly connected to the olfactory bulb via sensory
neurons that traverse the cribriform plate [75]. This facilitates drug
transport through intracellular (neuronal) and paracellular (and
perineural) (extracellular) routes, enabling rapid and effective CNS
delivery [57].

Likewise, trigeminal nerve branches in the respiratory epithelium
offer a direct pathway for delivery of medication to the brain [76,
77). These pathways collectively allow drug molecules to penetrate
the brain within minutes of administration, offering a key benefit
compared to conventional systemic methods [78].

Vascular and neural supply

The rich vascular network of the respiratory mucosa allows for
rapid systemic absorption and avoidance of presystemic metabolism
[68, 79]. Blood supply is acquired from branches of both the
ophthalmic artery and the sphenopalatine, facial, and maxillary
arteries, contributing to a dense capillary network [80].

Neural pathway for N2B transport

The nose connects to the brain via two major neural pathways:
Olfactory nerve (cranial nerve I)-Axons in the olfactory surface,
which are extended from the cribriform plate into the olfactory bulb
by OSNs in the olfactory nerve. It uses neural, transcellular, and
paracellular transport systems to allow medication delivery straight
to the forebrain [81].

Trigeminal nerve (cranial nerve V)-Innervates both the olfactory
and respiratory systems. It offers a different route to the brain stem
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and spinal cord, specifically for drugs targeting extensive brain
structures [82].
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The nostril offers an absorptive surface area of 150-200 cm?, facilitated
by the nasal turbinates, which increase surface folding [83].
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Fig. 3: Transport of a drug from nose-to-brain (made with BioRender)

Mechanism of nose-to-brain drug delivery

“Once the drug is administered intranasally, it gets deposited in the
nasal cavity, particularly in the olfactory region, which is located at
the top of the nasal cavity.” It begins here, then goes through the
cribriform plate to join the olfactory bulb of the brain. The
medication travels across the olfactory epithelium by paracellular
transport. From here, the chemicals are carried intracellularly by
axonal transport into the CNS [57]. This transport allows molecules
to bypass liver processing and systemic circulation, leading to rapid
CNS delivery. The trigeminal nerve pathway serves as a different
way for drug transport; it penetrates deeper into the brain [17, 75].

Bulk flow movement of molecules is facilitated by the perineural and
perivascular channels that surround the nerve, enhancing drug
penetration into the brain parenchyma. Small molecules and
macromolecules reach the CNS compartment by intracellular axonal
transport facilitated by extracellular diffusion. Apart from neural
pathways, the rich vasculature of the nasal mucosa can absorb drugs into
systemic circulation, but does not guarantee efficient brain targeting and
may result in side effects. So, to enhance the drug's stay time, protect the
drug from enzymatic breakdown, and enhance transport efficiency
through neural pathways, formulations are designed with mucoadhesive
properties and nanoparticle carriers [29, 84].

This multimodal transport system offers a powerful platform for
delivering neurotherapeutics directly to the brain, especially for
medicines that are otherwise restricted from penetrating the BBB
effectively [59].

Barriers to nasal drug delivery

Although the nasal cavity offers an appealing route for drug delivery
due to its high vascularization, large surface area, and direct
connection to the brain, several physiological, enzymatic, and
anatomical barriers often hinder efficiency, particularly for nose-to-
brain (N2B) applications.

Mucociliary clearance-There is a built-in cleaning system in our nose
that acts like a moving walkway. Cilia, tiny hair-like structures, push
mucus backwards through the nose and down into the throat. This
mucus catches the dust, germs, and medication before clearing them
out. When medicine is sprayed into the nose, this system starts
working immediately. It gives the drug just about 20 min to be
absorbed before it's swept away. That short window makes it harder
for some medicines to fully take effect. Certain substances can
change how this cleaning system works. Some help speed things up
(like acetylcholine and salmeterol), while others can slow it down or
stop it altogether, especially some preservatives and chemicals used
in nasal products [85].

Enzymatic degradation-When drugs enter the nose, they come in
contact with enzymes that break them down, especially protein-
based ones like peptides. These are similar to proteases and
aminopeptidases found in the nasal lining. Another challenge is that
some peptides may bind to immune proteins (immunoglobulins),
creating larger complexes. That makes them harder to absorb
through the nasal membrane because their size reduces
permeability [86].

Low membrane permeability-Low membrane permeability in the
nasal cavity makes it hard for drugs, especially large and water-
soluble ones, to get absorbed. Small molecules under 1000 Daltons
can sometimes pass through tight junctions between cells, but larger
one’s face restrictions. Enhancers may improve absorption but can
also cause irritation or damage to the nasal lining, especially in
humans [61].

The respiratory and olfactory epithelium-The olfactory and
respiratory tissues that help access the brain’s olfactory and
trigeminal pathways are situated deep in the top-back part of the
nasal fossa. That area is hard to reach, even during regular
breathing. The respiratory zone, which lines much of the nostrils,
doesn’t directly connect to the brain and usually clears substances
out through the nostrils. Because of that, drugs delivered here often
have little to no chance of entering the bloodstream or reaching the
central nervous system [87, 12, 88].

Low volume capacity-The nasal cavity can only hold 100-200 pl of
administered volume per nostril. Larger volumes may drain out or
be swallowed, affecting dosing accuracy and reducing local/systemic
bioavailability [89].

Epidemiology and clinical features of ALS

“Amyotrophic lateral sclerosis is also known as Lou Gehrig's
disease.” The degeneration of motor neuronal tissue, which is crucial
for voluntary motion, occurs in this disease. When they degenerate,
it leads to immobility and weakness of muscles and eventually
respiratory insufficiency [32, 33]. Adults between the ages of 40 and
70 are primarily affected. Males are affected more commonly than
females. Normal survival of a patient after getting diagnosed with
ALS is 3-5 years, which may be longer in a few patients [34].

Early clinical symptoms of ALS include fasciculations, limb
weakness, and dysarthria, which further lead to loss of all
voluntary function. Significantly, between 35 and 50 percent of
patients experience cognitive impairment, and some go on to
develop frontotemporal dementia (FTD), demonstrating that ALS
is a condition that affects more than just motor degeneration
[35].
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Types of ALS

Sporadic ALS (sALS)-It contributes to about 90-95% of ALS cases. It
is caused by complex gene-environment interactions, oxidative
stress, and excitotoxicity [32].
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Familial ALS (fALS)-It contributes to about 5-10% of ALS cases. It is
associated with a mutation in genes such as SOD1 (superoxide
dismutase 1), C9orf72 (hexanucleotide repeat expansion), FUS, and
TARDBP [36, 37].
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Fig. 1: Normal motor nerve, slightly degenerated motor nerve, severely degenerated motor nerve. (made with BioRender)

Table 1: Types of ALS based on site

Type Symptoms Reference

Bulbar Hindered Speech and swallowing ability [38]

Classic Affect limbs

Predominantly upper motor neuron Paresis

Flail arm Weakness of the upper arm

Flail leg Weakness of the lower leg

Respiratory Difficulty breathing

Etiology (causes of ALS) Excessive glutamate activity leads to excitotoxic neuronal damage, while

ALS is thought to result from multiple interacting factors rather than a
single cause. Genetic mutations in genes such as SOD1, C9orf72,
TARDBP, and FUS can impair motor neuron survival, even in individuals
without a clear family history. Abnormal protein misfolding and
aggregation, particularly of TDP-43, disrupt normal cellular processes.

oxidative stress and mitochondrial dysfunction reduce the ability of
neurons to cope with metabolic stress. Persistent neuroinflammation
further accelerates motor neuron loss [36]. In addition, environmental
factors such as exposure to toxins, pesticides, heavy metals, smoking,
and repeated physical trauma may act as triggers in genetically
susceptible individuals [38, 39, 43].

Table 2: Causes of ALS

Category Causes
Genetic mutation SOD1, C9orf72, TDP-43, FUS (Taylor et al., 2016) [36]
Environmental * Pesticides and herbicides induce oxidative stress and neurotoxicity [38]
¢ Heavy metal exposure-interferes with neuronal function and mitochondrial activity [39]
« Military service-chemical exposure, head trauma, or exertion [40]
¢ Viral infections-hypothetical trigger for immune-mediated damage [41]
Lifestyle-related « Intense physical exertion may increase oxidative stress and glutamate toxicity [42]
¢ Smoking-promotes systemic inflammation and stress due to oxidation [43]
¢ Dietary factor-low intake of antioxidants may accelerate neuronal damage [44]
Cellular « Glutamate excitotoxicity-excess glutamate overactivates NMDA receptors, leading to Ca?*influx, causing neuron death [45]
mechanisms ¢ Oxidative stress-Imbalance of ROS production and clearance damages proteins and DNA [46]
¢ Mitochondrial dysfunction-Impairs ATP production and increases ROS [47]
¢ Protein aggregation (TDP-43, FUS)-Disrupts cellular homeostasis and axonal transport [48]
¢ Neuroinflammation-Microglial and astrocytic activation release toxic cytokines [49]
Pathophysiology Oxidative stress: When the generation of reactive oxygen and

Rather than having a single cause, ALS has a multifactorial
pathophysiology that involves multiple overlapping cellular and
molecular functions. This includes-

Glutamate excitotoxicity: Glutamate-induced excitotoxicity is the
earliest and most widely accepted hypothesis in ALS pathogenesis.
Glutamate gets accumulated excessively in the synaptic cleft due to a
decrease in the activity of FAAT2. This excessive accumulation of
glutamate triggers abnormal calcium influx, mitochondrial
dysfunction, and eventually neuronal death [50, 51].

nitrogen species surpasses the power of the organism's antioxidant
defense systems, oxidative stress takes place, leading to damage to
proteins, lipids, and nucleic acids. The result of a mutation in the
gene SOD1 [46, 52].

Protein aggregation: Proteins such as TDP-43, FUS, or (C9orf72
aggregate and interfere with RNA metabolism, proteasome function,
and cell survival [48].

RNA metabolism dysfunction: Proteins like FUS and TDP-43 are
RNA-binding proteins that play a role in the replication, folding,
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mobility, and processing of microRNA. In ALS, these proteins get
mislocalized to the cytoplasm and get aggregated, disrupting mRNA
splicing, axonal mRNA transport, stress granule dynamics, and
nuclear cytoplasmic transport [53, 54].

Neuroinflammation: In ALS, microglia and astrocytes get activated
and shift from protective to toxic phenotypes, resulting in the
secretion of pro-inflammatory cytokines, nitric oxide, and ROS,
which amplify neurotrauma [49].

Nanocarrier-enabled intranasal formulation strategies to
overcome delivery barriers

Nanocarrier-based formulations are essential for overcoming these
barriers by protecting therapeutic agents, enhancing residence time,
and actively targeting the neural pathways.

Nanocarriers explored for ALS treatment

Targeted Polymeric Nanoparticles: Kurano et al. (2022) utilized the
PEG-PCL-TAT polymeric nanocarrier (~ 294 @@) To deliver N-
acetyl-L-cysteine (NAC) in ALS mice. This approach leverages the
TAT peptide for enhanced neuronal targeting and cellular uptake,
while the polymeric core provides a sustained-release profile. The
significant survival extension in mice validates the use of peptide-
functionalized polymeric nanocarriers for delivering antioxidant
neurotherapeutics to treat chronic ALS progression [90].

Nanoemulsions: Parikh and Patel et al. (2016) formulated a riluzole-
loaded nanoemulsion with ultra-small droplets (~24 nm). The ultra-
small size and lipidic nature of nanoemulsions are a core strategy for
enhancing the nasal delivery of lipophilic drugs like riluzole. In vivo
studies confirmed higher brain uptake compared to oral dosing,
demonstrating that this platform is promising for boosting the
bioavailability of currently approved ALS drugs and circumventing
their high first-pass metabolism [91].

PLGA Nanoparticles: Lu et al. (2023) utilized poly(lactic-co-glycolic
acid) (PLGA) nanoparticles (~900@R)and nanocapsules of
edaravone for intranasal administration. PLGA, a widely used
biodegradable polymeric nanocarrier, successfully enhanced the
stability and sustained release of the free radical scavenger
edaravone. The nanoparticles showed superior antioxidant ability in
vitro by protecting BV-2 cells against H20 induced ROS generation.

Int ] App Pharm, Vol 18, Issue 2, 2026, 9-20

This demonstrated that PLGA carriers can protect and deliver agents
targeting oxidative stress, a core ALS pathology, for more efficient
brain delivery than the current intravenous formulation [92].

Dantrolene Nanoparticles: Bhuiyan et al (2025) delivered
dantrolene via nanoparticles to SOD1-G93A transgenic ALS mice.
This highlights the potential of nanocarriers to deliver compounds
that modulate motor neuron function, achieving therapeutic levels
in the spinal cord and slowing disease degeneration, which is the
primary site of motor neuron loss in ALS [93].

Extracellular Vesicles (sEVs): Zhou et al. (2024) used stem cell-
derived small extracellular vesicles (sEVs) wvia intranasal
administration. sEVs represent a highly biocompatible and naturally
targeted nanocarrier capable of modulating complex disease
pathways. They successfully reached the spinal cord, lowering
inflammatory responses and overactive immune signaling (NF-xB
signaling) linked to ALS progression. This is a crucial platform for
delivering complex biological signaling molecules (e. g., microRNAs,
proteins) that target neuroinflammation and glial dysfunction [94].

Targeted Lipid Nanoparticles (LNPs): Teixeria et al. (2022)
created lactoferrin-modified LNPs loaded with riluzole (high
encapsulation efficiency: ~ 94 —98%). Functionalization with
lactoferrin helps the LNPs cross the BBB by targeting highly
expressed receptors. This LNP strategy is essential for maximizing
the delivery of drugs by implementing active targeting at the BBB-
CNS interface [95].

Silica-based Nanoparticles for Combination Therapy: Diaz-Gracia et
al. (2022) used silica-based particles to deliver a combination of
leptin and pioglitazone. Silica nanoparticles offer high stability and
controlled release for combination therapy. This approach validates
the wuse of nanocarriers for delivering multiple agents
simultaneously to address the multifactorial nature of ALS [96].

Mucoadhesive Protein Nanohybrids: Gupta et al. (2025) developed a
protein nanohybrid system using carboxylated fullerene attached to
BSA protein nanoparticles. This nanohybrid strategy focuses on
overcoming the mucociliary clearance barrier. The BSA component
enhances drug retention, providing a sustained release
profile.(~ 76% over 48 h) Which is critical for efficient neural
uptake by prolonging exposure in the nasal cavity [97].

Table 3: Limitations of previous studies in ALS

Study Limitation

Kurano et al. (2022)

Conducted only in mice; human translation uncertain

Limited data on the long-term safety of PEG-PCL-TAT nanoparticles [90].

Parikh and Patel et al.(2016)

Nanoemulsion stability was tested for the short term; the long-term effects are unclear.

In vivo studies are limited; there are no human trials [91].

Luetal (2023)

Moderate drug loading (~3%) may limit the therapeutic dose.

Stability was shown only for 30 days; it needs longer evaluation [92].

Bhuiyan et al. (2025)

Used animal models; results may not fully predict human outcomes.

Functional improvements need confirmation with larger sample sizes [93].

Zhou et al. (2024)

The complexity of SEVs makes standardization and large-scale production challenging.

Mechanisms of SEV action in ALS require further elucidation [94].

Teixeria et al. (2022)

Lactoferrin targeting is promising but may vary in efficacy in humans.

Biocompatibility tested in vitro, lacking in vivo safety data [95].

Diaz-Gracia et al. (2022)

Silica nanoparticles’ long-term toxicity and clearance need assessment

Combination drug effects require more extensive behavioural and survival studies [96].

Gupta et al. (2025)

Nanohybrid complexity could pose manufacturing challenges.

Nasal retention benefits need validation in human subjects [97].

Collective analysis of the limitations reported in previous ALS
studies (table 3) reveals several recurring translational bottlenecks
that extend beyond individual formulations or carrier systems. A
predominant limitation across studies is the heavy reliance on
small-animal models, with limited predictive value for human ALS
pathology and virtually no validation in clinical settings. Short-
duration stability assessments and modest drug-loading capacities
further constrain the ability to extrapolate sustained therapeutic
efficacy, particularly for chronic neurodegenerative conditions such
as ALS. In addition, many advanced nanocarrier systems-including

extracellular vesicles, hybrid nanostructures, and inorganic
platforms-exhibit increasing formulation complexity, raising
concerns related to scalability, batch-to-batch reproducibility, and
regulatory feasibility. Importantly, long-term neurotoxicity,
biodistribution, and clearance profiles remain insufficiently
characterized across most platforms. Together, these shared
limitations highlight that the primary barrier to clinical translation
in ALS is not proof-of-concept efficacy, but rather the absence of
long-term safety data, standardized manufacturing strategies, and
human-relevant validation models.
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Critical comparison of nanocarrier system for N2b delivery in
ALS

Note-Several studies included in this table were conducted in non-
ALS disease models. These studies are discussed to highlight
transferable nanocarrier design principles relevant to ALS rather
than direct therapeutic evidence.

Although diverse nanocarrier platforms demonstrate improved drug
solubility, protection, and nasal uptake, the limitations summarized
in table 4 reveal several overarching translational challenges for
nose-to-brain delivery in ALS. First, polymeric and lipid-based
nanoparticles, while biodegradable and scalable, frequently suffer
from rapid mucociliary clearance and limited residence time, which
restrict sustained CNS exposure unless repeated dosing is employed.
Second, surface-modified systems that enhance targeting efficiency
often introduce formulation complexity, increased manufacturing
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cost, and batch-to-batch variability, raising concerns regarding
clinical scalability. Third, biologically derived carriers such as
exosomes offer superior biocompatibility and intrinsic targeting
potential, yet their clinical translation is hindered by stability issues,
low production yield, and insufficient standardization. Finally,
hybrid and inorganic systems, despite improved drug loading and
synergistic therapeutic effects, raise unresolved safety concerns
related to long-term accumulation and neurotoxicity. Collectively,
these limitations indicate that no single nanocarrier system
currently fulfills all the requirements for effective ALS therapy,
underscoring the need for rational carrier selection based on
therapeutic class, dosing frequency, and disease stage rather than
universal platform adoption.

Future nanocarrier development for ALS should therefore prioritize
disease-specific validation in ALS model, long-term safety
assessment, and manufacturability alongside delivery efficiency.

Table 4: Nanocarrier strategies for nose-to-brain delivery: evidence from ALS and related CNS model with potential applicability to ALS

Platform category Specific studies (Ref.) Unique features/Drug type Observed CNS effect and Major limitation
relevance to ALS pathology

Polymeric Kurano et al. [90] (PEG- Sustained Release; Active Chronic management; targeted Potential long-term

Nanoparticles PCL-TAT+NAC); Targeting (TAT peptide); delivery of antioxidants (NAC) toxicity/clearance issues;

Lipid Nanoparticles
(LNPs)/Nanoemulsions

Biological Carriers
(Extracellular Vesicles)

Hybrid/Inorganic
Carriers

Luetal [92]
(PLGA+edaravone);
Bhuiyan et al. [93]
(Dantrolene NPs)

Parikh and Patel [91]
(riluzole Nanoemulsion);
Teixeria et al. [95]
(Lactoferrin-LNP+riluzole)

Zhou et al. [94] (Stem cell-
derived sEVs)

Diaz-Gracia et al. [96]
(Silica NPs+Combination);
Gupta et al. [97]
(BSA/Fullerene
Nanohybrids)

Biodegradable polymers
(PLGA).

Enhanced solubility for
lipophilic drugs; receptor-
mediated targeting
(lactoferrin), and high
encapsulation efficiency.

Innate Homing mechanism;

superior biocompatibility;

ideal for delivering complex

biological cargo
(miRNA/proteins).

Mucoadhesion (BSA protein);

high stability; capacity for

combination therapy (Silica

NPs).

and motor-function modulators
(Dantrolene) to address
oxidative stress.

Maximized bioavailability of
approved drugs (riluzole) by
bypassing first-pass
metabolism; direct targeting of
the BBB interface.

Targets neuroinflammation and
glial dysfunction; offers a
systems-level approach to
disease modulation.

Overcomes mucociliary
clearance (BSA/Fullerene);
synergistic drug action
(Leptin/Pioglitazone) for
multifactorial disease.

moderate drug loading

(~3% for PLGA [92]); high
synthesis cost for targeted
ligands.

Shorter stability/shelf life
(~0 days for some
nanoemulsions [91]);
reliance on small droplet size.

Challenging Scalability and
Standardization for clinical
production [94]; risk of
variable cargo and yield.

High manufacturing
complexity (Nanohybrids)
[97]; unknown long-term
toxicity of inorganic
components (Silica NPs) [96].

Current therapeutic landscape and biomarkers in ALS

Analysis of approved ALS therapeutics (table 5) reveals overarching
limitations that rationalize the growing interest in alternative
delivery strategies, including intranasal and nanocarrier-based
approaches. All currently approved small-molecule drugs-riluzole
and edaravone-exhibit modest clinical benefit and require chronic
systemic administration, which is associated with limited CNS
bioavailability and significant interpatient variability. Although
AMXO0035 targets multiple pathological pathways, its oral route

remains constrained by gastrointestinal absorption and first-pass
metabolism, potentially limiting consistent CNS exposure. In
contrast, tofersen represents a paradigm shift toward disease-
modifying therapy through direct gene targeting; however, its
intrathecal administration necessitates invasive dosing and restricts
patient accessibility. Collectively, these limitations highlight that
current ALS therapies are constrained not only by pharmacology but
also by delivery route, reinforcing the need for non-invasive, CNS-
targeted delivery platforms capable of improving brain exposure
while reducing systemic burden.

Table 5: Approved drugs used in ALS

Drug name Mechanism of action Route Approval Patent no.

Riluzole Glutamase release Oral (tabletand  FDA (1995), approved US 5,527,814: ALS use (expired Jun 18, 2013)
inhibitor (reduces suspension) outside US. US8,763,150: riluzole suspension (expires Mar
excitotoxicity) 12,2029)

Edaravone Free radical scavenger IV and oral FDA, and approved Oral-US 6,933,310: ALS treatment (expired Nov

(reduces oxidative
stress)

AMXO0035 (sodium Reduces mitochondrial oral

outside US.

FDA (2022); marketing

13,2020) US 10,987,341 and US 11,241,416 and
others: oral suspension formulations (expires
Nov 01, 2039)

Patent status complex; key composition patents

phenylbutyrate+tauru  and ER stress subsequently expired/render commercially inactive.

rsodiol/Relyvrio) discontinued (2024)

Tofersen (Qalsody) SOD1-targeting Intrathecal US 10,385,341: SOD1 expression modulating
antisense (Apr1,2035) US 10,669,546 and
oligonucleotide US 10,968,453: family patents (Apr 1,2035)
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Table 6: Other experimental agents under approval to treat ALS. (clinicaltrials. gov)

Drug name Development status Note

Masitinib EMA Tyrosine kinase inhibitor

Methylcobalamin Japan High dose vitamin B12; some benefit in early ALS
ION541/BIIB105 Phase | ASO for ATXNZ2 (sporadic ALS)

Antisense for C9orf72 Phase | Target repeat expansion

IL-2+Riluzole (MIROCALS) Phase II Enhances T-regs, reduces inflammation

SOD1-targeted+anti-inflammatory drugs Early trials

Neurofilament light chain-NfL has gained recognition as a powerful
prognostic biomarker in amyotrophic lateral sclerosis (ALS).
According to Lu et al. (2015), elevated levels of NfL increase the
disease progression in ALS patients. This early study highlighted
how measuring NfL can help predict the course of the disease,
enabling better patient stratification [98]. Building on this, Benatar
et al. (2024) discuss the evolving role of NfL in both research and
clinical settings, emphasizing its qualification as a biomarker for
ALS. This study explores how NfL monitors the effectiveness of
treatment. According to this, NfL can speed up therapeutic
development by providing a sensitive marker of neurodegeneration.
Together, these studies establish NfL as a vital tool in ALS diagnosis,
prognosis, and treatment monitoring, moving the field closer to
personalized and effective interventions [99].

TDP-43-It is a protein that participates in RNA processing and has
become a key focus in ALS research due to its abnormal
accumulation in neurons of patients with ALS and frontotemporal
lobar degeneration (FTLD). According to Feneberg et al (2018),
TDP-43 detection in cerebrospinal fluid provides a biomarker to
improve diagnosis and track disease progression [100, 101].
Building on this, Gambino et al. (2023) conducted a systematic
review, in which they found TDP-43’s promise as a diagnostic
biomarker. Their analysis supports that altered levels of TDP-43 in
patients distinguish ALS from healthy individuals, although
challenges remain in standardizing measurement techniques and
confirming its clinical utility [102]. Overall, TDP-43 has a strong
potential as a biomarker to enhance early diagnosis and monitor
ALS progression, but further research is essential to know its
application in clinical practice.

Inflammatory cytokines-Inflammatory cytokines in the blood are
increasingly studied as one of the major biological markers for
amyotrophic lateral sclerosis (ALS) [103]. Hu Y et al. (2017) and Xu
CZ et al. (2024) conducted a meta-study revealing pro-inflammatory
cytokines are significantly higher in the peripheral fluid of ALS
patients compared to healthy patients. This finding highlights the
contribution of systemic inflammation in ALS pathology and
cytokines as a potential indicator for disease activity [104, 105].
Hence, the need for a standard method to improve accuracy [106].
Together, these studies highlight that inflammatory cytokines could

help track ALS progression and response to treatment, but more
work is needed before they become routine clinical tools.

Metabolic biomarker-Metabolic disturbances are increasingly
recognized in ALS, and Li et al. (2022) explored metabolic disruption
and biomarkers that are altered in ALS patients. Their study also
revealed significant changes in lipid, amino acid, and energy
metabolism, suggesting that ALS involves systemic metabolic
dysfunction beyond just motor neuron degeneration. Some
metabolites were even associated with disease progression,
highlighting their possible use in evaluating treatment response. In
short, metabolic biomarkers may offer a new window into ALS
pathology and therapeutic targeting, though further validation is
needed for clinical use [107].

Genetic biomarker-Genetic biomarkers play a crucial role in
understanding and diagnosing ALS. Calvo et al (2012) studied
transgenic SOD1G93A mice, a common ALS model, and identified
several genes whose altered expression correlates with disease
progression. These genes are linked to inflammation, cell death, and
muscle function, providing insight into the disease mechanisms and
potential early biomarkers to track ALS development [108]. Expanding
on this, Pampalakis et al (2019) reviewed the latest molecular
diagnostic approaches, emphasizing advances in identifying genetic
mutations and biomarkers associated with ALS. Their work highlights
that mutations in genes like SOD1, C9orf72, and TARDBP (which
encodes TDP-43) are key diagnostic markers. They also discuss
emerging trends, such as genetic screening and multi-omics
approaches, which promise earlier diagnosis and personalized
treatment strategies [109]. Together, these studies underscore the
importance of genetic biomarkers in improving ALS diagnosis,
understanding disease biology, and guiding therapeutic development.

Challenges, research gap, and future perspectives in intranasal
delivery for ALS

The clinical translation of the nose-to-brain (N2B) route for ALS is
hindered by several physiological and formulation challenges
inherent to the nasal cavity. Effective nanocarrier design must
directly address these hurdles and fill existing research gaps to
achieve consistent therapeutic drug concentrations in the central
nervous system (CNS).

Table 7: Formulation and physiological challenges

Challenge Impact on delivery Nanocarrier solution Supporting studies

Poor Nasal Rapid clearance (within 15-20 Mucoadhesive Strategies: Incorporate mucoadhesive Riluzole-loaded protein nanohybrid

Retention min) reduces the absorption polymers (e. g, chitosan, Carbopol) or use protein (PNH) systems, for instance, utilise

(Mucociliary window, leading to insufficient nanohybrids to dramatically increase residency time Bovine Serum Albumin (BSA) and

Clearance) drug transfer. on the nasal mucosa, enhancing absorption [110, Fullerene for improved mucoadhesion

111]. and sustained release [97].

Low Drug Low concentrations of therapeutic =~ Advanced Carrier Systems: Utilise high-capacity Edaravone-loaded PLGA nanocapsules

Loading/Stability agents, particularly large biologics carriers like Nanostructured Lipid Carriers (NLCs) or demonstrated superior stability and
or small molecules with poor Solid Lipid Nanoparticles (SLNs), which offer high sustained release compared to
solubility, limit the final brain loading efficiency and protection against enzymatic solution formulations [92].
dose. degradation [112, 113].

Epithelial Components (e. g., permeation Biocompatible Components: Prioritise biodegradable, =~ Nanocarriers utilising silica were

Toxicity/Irritation enhancers, solvents) can damage non-irritating materials (e. g., silk fibroin, PLGA, or shown to be effective for the delivery
the sensitive nasal epithelium or silica) [96]and precisely control the zeta potentialand  of leptin and pioglitazone without
cilia, leading to mucosal particle size (ideally<200 nm) to minimize tissue significant cytotoxicity [96].
inflammation. interaction.

Scalability and Complex, multi-step synthesis of Simplified Methods: Transition from solvent-intensive -

Sterility highly customised nanocarriers methods (e. g., double emulsification) to scalable, non-

makes large-scale manufacturing
difficult and costly.

toxic techniques such as spray-drying or microfluidic
continuous flow for industrial production.
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Research gap and future perspective

The future trajectory of N2B delivery for ALS must shift from
preclinical proof-of-concept to clinical translation by addressing
formulation realism and regulatory requirements.

1. Translational ASO and biologic delivery

The primary translational goal is to develop a non-invasive
alternative to intrathecal injections, such as that required for the
ASO Tofersen (Qalsody)[24]. This necessitates engineering
nanocarriers (e. g, lipid nanoparticles or polymer conjugates) with
surface modifications, such as blood-brain barrier-penetrating
peptides (BBBpp), to maximise CNS bioavailability [114]. The
research gap here is the lack of clinical validation showing that
nasally-administered ASOs achieve therapeutic concentrations in
the spinal cord, a critical target for ALS. Success in this area will
allow for non-invasive targeting of key genetic drivers like SOD1 or
C9orf72 in the brainstem and spinal cord without the risks
associated with systemic administration.

2. Device-driven precision and scale

Moving forward, research must prioritize the development of
specialised metered-dose nasal devices capable of delivering precise
nanocarrier doses to the high-absorption olfactory region, bypassing
the respiratory region. Simultaneously, focus must be placed on
developing robust, scalable manufacturing methods for these
complex nanocarriers that meet Good Manufacturing Practice (GMP)
standards, ensuring rapid translation from lab bench to clinical trial
[115]. The research gap involves optimizing device design
parameters (e. g, spray angle, velocity) to consistently target the
superior turbinate/olfactory area in human subjects, as current
devices primarily deposit in the lower respiratory region.

3. Validation of specific N2B pathways

A critical research gap is the lack of rigorous, quantitative
comparative studies needed to map the exact proportion of drug
reaching the CNS via the olfactory versus trigeminal routes in large
animal models. This mechanistic clarity will allow formulators to
design tailored carriers to achieve targeted drug release to specific
motor neuron pools, ultimately improving the therapeutic index for
ALS patients [116].

ABBREVIATIONS

Abbreviations Definitions

ALS Amyotrophic lateral sclerosis

BBB Blood-brain barrier

CNS Central nervous system

DALYs Disability adjusted life years

Da Dalton

FDA Food and Drug Administration

SOD1 Superoxidase dismutase 1

PLGA Poly(lactic-co-glycolic acid)

SLNs Solid-lipid nanoparticles

FTD Frontotemporal dementia

SALS Sporadic amyotrophic lateral sclerosis
fALS Familial amyotrophic lateral sclerosis
C9orf72 Chromosome 9 open reading frame 72
FUS Fused in sarcoma

TARDBP Transactive response DNA-binding protein
EAAT?2 Excitatory amino acid transporter 2
EMA European medical agency

PMDA Pharmaceutical and medical devices agency
v Intravenous

ER Endoplasmic reticulum

NfL Neurofilament light chain

FTLD Frontotemporal lobar degeneration
N2B nose to brain

Nm nanometer

AgNPs silver nanoparticles

CONCLUSION

The exploration of nose-to-brain (N2B) pathways marks a
significant paradigm shift in the therapeutic landscape of

Int ] App Pharm, Vol 18, Issue 2, 2026, 9-20

Amyotrophic Lateral Sclerosis (ALS). For decades, the management
of this neurodegenerative pathology has been hampered by the
physiological constraints of the blood-brain barrier (BBB), which
effectively isolates the central nervous system from the majority of
circulating pharmacological agents [117]. By circumventing this
barrier through the olfactory and trigeminal nerve clusters, N2B
delivery offers a strategic bypass that not only enhances drug
concentration within the brain parenchyma but also mitigates the
systemic side effects typically associated with high-dose oral or
intravenous regimens [118].

Current evidence suggests that the success of these emerging
strategies hinges on the synergy between innovative delivery routes
and advanced material science. The integration of mucoadhesive
nano systems and in situ gel technology represents a vital step
forward in overcoming the natural limitations of nasal anatomy,
such as rapid mucociliary clearance and enzymatic degradation
[119]. While these neurotherapeutic frontiers offer a promising
outlook for extending the functional lifespan of motor neurons, the
clinical translation of these systems remains the final hurdle. Moving
forward, rigorous human trials focusing on the pharmacokinetics of
nasal-to-CNS transport will be essential to validate these localized
therapies as a standard of care for ALS patients [120].
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